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ABSTRACT 

ABSTRACT 

Background 

Treponemal diseases pose significant global health risks, presenting severe challenges to public health 

due to their serious health impacts if left untreated. Despite numerous genomic studies on Treponema 

pallidum and the known possible biases introduced by the choice of the reference genome used for 

mapping, few investigations have addressed how these biases affect phylogenetic and evolutionary 

analysis of these bacteria. In this study, we assessed the impact of selecting an appropriate genomic 

reference on phylogenetic and evolutionary analyses of T. pallidum.  

Results 

We designed a multiple-reference-based (MRB) mapping strategy using four different reference 

genomes and compared it to traditional single-reference mapping. To conduct this comparison, we 

created a genomic dataset comprising 77 modern and ancient genomes from the three subspecies of 

T. pallidum, including a newly sequenced 17th-century genome (35X coverage) of a syphilis-causing 

strain (designated as W86). Our findings show that recombination detection was consistent across 

different references, but the choice of reference significantly affected ancient genome reconstruction 

and phylogenetic inferences. The high-coverage W86 genome obtained here also provided a new 

calibration point for Bayesian molecular clock dating, improving the reconstruction of the 

evolutionary history of treponemal diseases. Additionally, we identified novel recombination events, 

positive selection targets, and refined dating estimates for key events in the species' history.  

Conclusions 

This study highlights the importance of considering methodological implications and reference 

genome bias in High-Throughput Sequencing-based whole-genome analysis of T. pallidum, 

especially of ancient or low-coverage samples, contributing to a deeper understanding of this 

pathogen and its subspecies. 

 

KEYWORDS: treponematoses, mapping strategy, reference genomes selection, bacterial 

recombination, natural selection, timescale estimation, reference bias
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BACKGROUND 1 

Treponemal diseases such as syphilis, caused by Treponema pallidum subsp. pallidum (TPA), present 2 

persistent global health risks and can lead to severe health issues if left untreated (1,2). Historically, 3 

syphilis, mainly transmitted through sexual contact, has caused global epidemics since the end of the 4 

15th-century until the era of effective antibiotic treatment. Currently, it is re-emerging worldwide in 5 

human populations. Two closely related treponematoses commonly transmitted through skin contact, 6 

yaws (caused by T. pallidum subsp. pertenue, TPE) and bejel (caused by T. pallidum subsp. 7 

endemicum, TEN), persist in developing countries (3,4). Yaws predominantly affects children (3,5–8 

7) while there is limited epidemiological data available for bejel. However, bejel appears to be 9 

resurging in an unexpected clinical context (8,9).  10 

Advances in high-throughput sequencing (HTS) technologies have enabled hundreds of new T. 11 

pallidum genomes to be published in recent years (10–23). Furthermore, several ancient genomes of 12 

this bacterium (24–27) have been reconstructed, using DNA extracted from archaeological remains 13 

of disease-causing organisms, a possibility previously inconceivable. This significant progress has 14 

provided detailed insights into the genomics of T. pallidum and facilitated vital epidemiological and 15 

evolutionary studies due to the significant incidence of treponemal diseases. Despite these 16 

developments, acquiring T. pallidum genomes remains a costly and labor-intensive procedure. 17 

Although an in vitro culture system exists (28,29), there is no standardized version applicable to all 18 

T. pallidum subspecies. Consequently, an enrichment process for the scarce DNA in clinical samples 19 

is still required.  20 

Two primary methodological strategies are typically used to reconstruct individual pathogen genomes 21 

from the raw data from HTS: mapping to a reference genome and de novo assembly. However, 22 

achieving high-quality sequencing results necessary for de novo assembly can be challenging, even 23 

with modern samples. Consequently, mapping emerges as the predominant strategy for processing 24 

sequencing data of T. pallidum and obtaining the final modern genome sequences. While it has been 25 
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possible to obtain ancient genomes from other pathogens through de novo assembly (30–35), the 26 

fragmented and degraded nature of ancient T. pallidum DNA presents significant challenges. Due to 27 

the low quantity of T. pallidum DNA and the presence of a wide range of other microbial DNA in the 28 

samples, no ancient T. pallidum genome has so far been obtained using this strategy. Nonetheless, 29 

well-characterized reference genomes and bioinformatic tools specifically designed for ancient data 30 

analysis, such as EAGER pipeline (36), are now enabling relatively efficient mapping for ancient 31 

treponemal genomes. 32 

It should be noted that choosing the mapping strategy requires selecting the most closely related 33 

genome reference to the data being analyzed (37). Here, the best T. pallidum reference genomes 34 

among the known lineages were considered to be Nichols (CP004010.2) from TPA (Nichols lineage), 35 

SS14 (NC_021508.1) from TPA (SS14 lineage), CDC2 (CP002375.1) from TPE, and BosniaA 36 

(CP007548.1) from TEN, as these strains represent complete genomes obtained by de novo assembly 37 

(not partial or draft genomes), with minimal missing data (172 Ns out of 1.1Mb at most) (38). 38 

Moreover, the gaps between the contigs obtained from these samples have been closed by PCR and 39 

subsequent sequencing with Sanger technology. However, a recent study revealed point mutations in 40 

some of these genomic assemblies, resulting from successive passages in rabbits aimed at amplifying 41 

the DNA quantity for successful sequencing (29). The impact of these mutations requires further 42 

investigation, highlighting the need for careful consideration of the use of these reference genomes 43 

for mapping.  44 

Despite the increase in genomic studies and the acknowledged potential for reference bias (37), few 45 

studies have reported detailed comparisons on the effects of reference selection (25,39,40). The 46 

investigations that have made such comparisons using different T. pallidum genomic references 47 

generally concluded that the differences were not significant and did not affect the conclusions, 48 

regardless of the chosen reference. However, these studies are constrained by the limited or unequal 49 

availability of genomic data across the subspecies and strains, particularly for TPE and TEN. 50 
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Furthermore, no publications have considered the effect of reference selection on ancient genomes, 51 

which are by default more sparsely covered and possibly more derived, making them likely more 52 

vulnerable to these biases. 53 

In this study, we explore the impact of the choice of genomic reference on the phylogenetic and 54 

evolutionary analyses of T. pallidum across its different subspecies, and in the context of an authentic 55 

ancient genome, reconstructed from a 17th-century strain (W86) at 35X coverage. Using a multiple-56 

reference-based (MRB) mapping strategy with four reference genomes and traditional single-57 

reference mapping, we examine 77 T. pallidum genomes, including the ancient W86 sample. Our 58 

findings reveal consistent recombination detection across diverse references and highlight the 59 

profound effect of reference choice on ancient genome reconstruction and phylogenetic 60 

interpretations. We also identify novel recombination events, positive selection targets, and refined 61 

dating estimates for key evolutionary events. Addressing these methodological implications and 62 

reference genome biases is crucial for advancing HTS-based whole-genome analysis of T. pallidum. 63 

RESULTS 64 

Pathogen screening for the new historical sample W86 65 

A tooth sample yielding the new treponemal genome for this study was collected from individual 66 

W86, from the 17th century Ostrów Tumski cemetery in Wroclaw, Poland, documented to date from 67 

between 1621 and 1670 (41). The sample did not display paleopathological signs of infection and the 68 

genetic signal for T. pallidum was detected through a routine PCR-based screening for the presence 69 

of a range of selected pathogens. More information about the archaeological context of the newly 70 

obtained historical sample, as well as its anthropological and chemical characterization are detailed 71 

in Supplementary Notes 1-2. 72 

The W86 sample was subsequently subjected to a screening procedure using direct shotgun 73 

sequencing (25,42,43). This process resulted in 581 unique reads that mapped against the SS14 strain, 74 
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used as a T. pallidum genome reference, confirming the sample as positive for T. pallidum DNA. The 75 

reads showed 20% deaminated bases at the 5′ ends and 12% at the 3′ ends, with an average fragment 76 

length of 68 bp, signaling authenticity of ancient DNA (44,45) (for the damage profile, see 77 

Supplementary Figure 1). Following these screening and authentication steps, genome-wide 78 

enrichment for T. pallidum DNA (25,42,43) and HTS were conducted, resulting in 87.8 million raw 79 

reads. 80 

Single-reference-based (SRB) genome datasets and new ancient genome reconstruction 81 

We generated four single-reference-based (SRB) genome datasets by mapping each of the 77 82 

genomes selected for this study against each of the four genomic references chosen as representatives 83 

of T. pallidum subspecies and/or clades (CDC2, BosniaA, Nichols, and SS14) (see Supplementary 84 

Table 1). We will denote these SRB mapping datasets as CDC2-SRB (Supplementary File 1), 85 

BosniaA-SRB (Supplementary file 2), SS14-SRB (Supplementary file 3), and Nichols-SRB 86 

(Supplementary file 4) datasets, respectively. We obtained the following lengths and number of SNPs 87 

for each one of these mapping-genome datasets: CDC2-SRB (1,139,744 bp, 3529 SNPs), BosniaA-88 

SRB (1,137,653 bp, 3403 SNPs), SS14-SRB (1,139,569 bp, 3429 SNPs), and Nichols-SRB 89 

(1,139,633 bp, 3593 SNPs). 90 

After generating the four SRB genome datasets, a maximum likelihood (ML) tree was constructed 91 

for each one. We then analyzed the newly acquired ancient genome, W86, to determine its position 92 

in each of the phylogenetic trees derived from the four SRB genome datasets. This analysis aimed to 93 

ascertain its classification within the three subspecies and/or clades of T. pallidum. The SS14 strain 94 

was identified as the most closely related reference genome to the ancient genome W86, leading to 95 

the classification of W86 as an SS14-like strain of T. pallidum pallidum (TPA) (see Supplementary 96 

figure 2). 97 

The W86 sample produced 524,587 unique treponemal reads successfully mapped to the SS14 98 

reference. This resulted in a comprehensive coverage of 98.21% of the bases by a minimum of 3 reads 99 
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and a median depth coverage of 35X (Supplementary Table 1). The variant calling process revealed 100 

the presence of 163 SNPs with respect to the SS14 reference genome. In order to analyze the 101 

sensitivity of this new ancient genome to macrolide antibiotics, two known T. pallidum 23S ribosomal 102 

RNA gene mutations (A2058G and A2059G) were examined. However, neither of these mutations 103 

were present in the W86 genome, indicating that this strain is sensitive to macrolide antibiotics. 104 

 105 

Figure 1. Circular plot of the W86 genome. Circles indicate, from inside outwards: genomic position, GC skew (pink and 106 
green); GC content (black) and coverage (orange). The outer rim (gray) shows the direction of protein-coding regions 107 
according to the annotation of the SS14 reference genome (CP000805.1): forward, outermost circle. 108 

Multiple-reference-based (MRB) alignment 109 

A multiple-reference-based (MRB) genome alignment was created for the 61 T. pallidum strains from 110 

previous studies with available raw data, using their nearest reference genomes (Supplementary File 111 

5). Furthermore, for the 15 strains lacking raw data, their genome assembly sequences were added to 112 

the previously obtained MRB alignment and realigned. This MRB genome alignment of 77 different 113 

genomes (including the newly acquired ancient genome, W86, whose sequence was selected from 114 
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SS14-SRB) covers a total of 1,141,136 nucleotides (Supplementary File 3). In this alignment, 4,822 115 

SNPs were identified. Detailed information on each of these genomes is available in Supplementary 116 

Table 1. 117 

To detect orthologous genes in the four reference genomes employed and to identify the location of 118 

genes in the MRB genome alignment, we first conducted an orthology analysis with the four reference 119 

genomes (Supplementary Table 2). This analysis revealed a total of 1137 distinct orthology groups, 120 

21 of which were found to have more than one gene per subspecies/sublineage, resulting in a total of 121 

1158 unique genes. Additionally, some tpr genes (tp0316, tp0317, tp0621, tp0620) known to undergo 122 

gene conversion and to occupy different genomic locations among the four reference genomes were 123 

extracted separately, yielding a total of 1161 genes. The genomic coordinates for the individual 1161 124 

genes in the MRB genome alignment and the SNPs detected in each of them are detailed in 125 

Supplementary Tables 3 and 4, respectively. We also generated a ML tree for the MRB alignment as 126 

we did for each one of the SRB genome datasets. 127 

MRB alignment comparison with SRB genome datasets 128 

We assessed topological and evolutionary differences among the four SRB trees and the MRB tree 129 

by computing Robinson-Foulds (RF) distances with RAxML (Table 1). The average RF distances 130 

following pairwise tree comparisons were relatively similar to each other.  131 

 132 

 133 

 134 

 135 

 136 

 137 
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Table 1. Robinson-Foulds distance (RF) obtained by RAxML of the trees obtained from the distinct mapping datasets 138 
and the whole-genome phylogeny. 139 

Tree1 Tree2 

Number of Branch 

changes 

RF value Average RF value 

BosniaA CDC2 72 0.487 

0.493 

BosniaA Nichols 64 0.432 

BosniaA SS14 74 0.500 

BosniaA MRB 82 0.554 

CDC2 Nichols 70 0.473 

0.483 CDC2 SS14 72 0.487 

CDC2 MRB 72 0.487 

Nichols SS14 60 0.405 

0.449 

Nichols MRB 72 0.487 

SS14 MRB 54 0.365 0.439 

MRB - - - 0.473 

 140 

Furthermore, the four SRB trees obtained were visually compared with the MRB phylogeny to 141 

identify any topological differences (see Supplementary Figures 2-5). 142 

Based on our findings, and building on previous phylogenetic classifications and nomenclature of the 143 

SS14 lineage (42,46), we defined the SS14-Ω sublineage as the clade that includes most of the SS14 144 

genomes from clinical and modern samples, which was previously defined as a mostly epidemic, 145 

macrolide-resistant cluster that emerged after, and possibly prompted by, the discovery and 146 

widespread use of antibiotics (42,46). The SS14 lineage includes all ancient TPA genomes (including 147 

the new ancient genome W86) and the Mexico A strain, while the SS14-Ω sublineage encompasses 148 

all modern SS14 genomes from clinical samples.  149 
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The most relevant topological variations in the SRB trees, in comparison with the MRB tree, were 150 

found in the SRB trees generated from datasets where BosniaA, CDC2, and Nichols were used as 151 

reference genomes. These trees exhibited topological changes across all clades (TEN, TPE, Nichols, 152 

and SS14), with the most notable ones occurring in the Nichols and SS14 clades (Supplementary 153 

Figures 2-5).  154 

The most remarkable differences affected the SS14 strains, especially the four ancient TPA genomes 155 

(including W86) and the Mexico A strain. Specifically, in the tree derived from the BosniaA-SRB 156 

genome dataset (Supplementary Figure 3B), the ancient genomes 94A and 94B were at the base of 157 

all TPA strains, and Mexico A was located within the SS14-Ω clade. This is in contrast to the MRB 158 

tree (Supplementary Figure 3A), in which both ancient genomes were basal to all SS14 strains. 159 

Similar topological incongruences were observed in the tree obtained using CDC2-SRB with regards 160 

to the 94A and 94B ancient genomes (Supplementary Figure 2B), although in this dataset, Mexico A 161 

remained basal to all SS14 strains. 162 

However, in the tree obtained using the Nichols-SRB genome dataset (Supplementary Figure 4B), 163 

the most notable topological change occurred with the Mexico A strain. Similarly to the tree obtained 164 

from the CDC2-SRB dataset (Supplementary Figure 2B), Mexico A was located within the SS14-Ω 165 

clade and not basal to the entire SS14 clade. Unlike the ML trees obtained from the previously detailed 166 

SRB genome datasets (Supplementary Figures 2-4), the ancient strains 94A and 94B occupied the 167 

same position in the tree as in that obtained using the MRB genome alignment. Nevertheless, the 168 

ancient strain SJ219 appeared in the ML tree obtained with the Nichols-SRB dataset (Supplementary 169 

Figure 4B) with a much longer branch, implying many more inferred substitutions in this strain. 170 

Moreover, in all four ML trees obtained with the SRB genome datasets (Supplementary Figures 2-5) 171 

remarkable changes were also observed in the Nichols clade when they were compared to the ML 172 

tree obtained with the MRB genome alignment. In the trees obtained using the BosniaA-, Nichols-, 173 

and SS14-SRB genome datasets (Supplementary Figures 3B-5B), the Seattle 81-4 strain, which was 174 
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basal to all the strains of the Nichols clade in the MRB tree, grouped among other strains of the 175 

Nichols clade. Additionally, a remarkable change was observed regarding strain CW82. Instead of 176 

grouping with other Nichols strains as in the MRB tree, it occupied a basal position to the Nichols 177 

strains in all four of the ML trees obtained using the SRB genome datasets (Supplementary Figures 178 

2B-5B). 179 

Analysis of recombination 180 

To obtain a reliable phylogenetic reconstruction, it is necessary to remove genomic regions that are 181 

not strictly subject to vertical inheritance, e.g. recombinant regions or loci with intra- or intergenic 182 

conversion. Previous studies examining different sets of genomes have identified and analyzed such 183 

loci (25,38,40,42,47–49). Here, we proceeded to carry out a comprehensive investigation of 184 

recombination and its impact, using the MRB genome alignment generated. Our detailed 185 

recombination detection pipeline, the phylogenetic incongruence method (PIM), yielded 28 186 

recombinant regions. These derived from 20 different genes, and encompassed a total of 1,114 SNPs 187 

(21.24% of the total SNPs) among the T. pallidum strains analyzed here (Table 2). The average length 188 

of the recombinant regions was 441 bp, with a minimum length of 4 bp and a maximum of 2,097 bp. 189 

Details on the intermediate results of the likelihood mapping and topology tests from the PIM 190 

procedure applied to these genomes are provided in the Supplementary Material (Supplementary Note 191 

4 and Supplementary Tables 4-6).  192 

 193 

 194 

 195 

 196 

 197 

 198 
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 199 

Table 2. Recombination events detected in T. pallidum. The gene ID names correspond to the general gene nomenclature 200 
for T. pallidum. For each recombination event, coordinates for the start and end position in the multiple genome alignment 201 
are provided (Supplementary File 5). The strains involved are detailed, with an arrow separating the donor strains from 202 
the recipient strains. Events with an asterisk may represent more than one recombinant transfer depending on the 203 
placement of the involved strains in the reference tree.  204 

Gene 

ID 
Event Start End 

Minimum 

size (bp) 
SNPs Strains Involved 

tp0131  1 152624 153390 766 333 
Gauthier, LMNP-1, CDC_2575 → Nichols, Chicago, BAL3,BAL73, 
NIC2 

tp0136  

1 158235 158247 12 4 TPE → NL16 

2* 158281 158292 11 4 Seattle 81-4 → CW82, CW83 

3 158292 158310 18 4 
TPE clade, excluding HATO, OKA_2116 and LMNP-1 → Seattle 81-
4 

4 158414 158418 4 4 TPE → Nichols-lineage clade excluding CW82 

5 158483 158507 24 8 TEN → Nichols-lineage clade 

6* 159058 159119 61 4 TEN/TPE→ PD28 and Nichols-lineage clade excluding CW82 

7 159452 159466 14 6 TEN/TPE → Nichols-lineage clade 

tp0164  1* 187135 187320 185 5 TEN/TPE → Seattle 81-4, CW86, CW59, NE20, 94A, 94B 

tp0179  1* 198183 198571 388 9 TEN/TPE → Nichols-lineage clade, W86, PD28 

t0012  1  233067  233223 71 33 TEN/TPE excluding CDC_2575, SamoaD, K363, K403 → Mexico A 

t0015 1  281513  281670 74 48 TEN/TPE excluding CDC_2575, SamoaD, K363, K403 → Mexico A 

tp0326  1 346656 348753 2097 59 
TEN → SS14-lineage clade, excluding Mexico A and syphilis ancient 
genomes 

tp0346 1* 373266 373282 16 3 TEN/TPE → 94A, 94B 

tp0462 1 493382 494407 1025 55 TEN/TPE → CW86, Seattle86, NE20, CW59 

tp0488 1* 524108 524906 798 54 TPE/TEN → Mexico A, W86 

tp0515 1 557164 559063 1899 24 TEN/TPE → Nichols-lineage clade 

tp0548 1* 596164 596828 664 57 TEN/TPE → Nichols-lineage clade, W86 

tp0558 1 607533 607953 420 4 TEN/TPE → SS14-lineage clade and syphilis ancient genomes 

tp0621 

1 676649 676897 248 137 TEN/TPE → Seattle 81-4 

2 677030      677215 185 125 TEN/TPE→ Seattle 81-4 

tp0859 1 939420 939442 22 11 External sources →TPE 

tp0865 
1* 946548 946950 402 19 TEN/TPE → CW86, Sea86, NE20, CW59 and Seattle 81-4 

2* 947238 947556 318 26 TEN → CW86, Sea86, NE20, CW59 and Seattle 81-4 

tp0896 1* 977297 977302 5 4 All primate strains → NL14, CW59 

tp0967 1 1052520 1053803     1283 22 TEN/TPE →  Seattle 81-4 

tp0968 1 1053915 1055118 1203 33 TEN → Seattle 81-4 
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tp1031 1 1128223 1128350 127 19 External sources → SS14-lineage clade 

We detected 17 genes with one recombinant region and 3 genes with more than one: tp0136 with 7 205 

regions, tp0621 and tp0865 with 2 recombinant regions each (Table 2). Interestingly, the sequences 206 

corresponding to the putative recombinant regions detected in two genes, tp0859 and tp1031 (Table 207 

1), could not be found in any public database, and therefore most probably resulted from an external 208 

horizontal gene transfer event from a so far unidentified Treponema subspecies. Strikingly, the most 209 

likely scenario for the majority of the observed recombinant genes suggests an inter-subspecies 210 

transfer from TPE/TEN to TPA. However, one recombinant region in the tp0136 gene corresponded 211 

to an intra-subspecies transfer within TPA (Table 1). 212 

 213 

The inclusion of ancient genomes in our study allowed us to explore the role of these strains in 214 

recombination and their impact on current patterns of T. pallidum’s genetic diversity. Overall, we 215 

found eight recombinant regions and events involving the ancient genome lineages, four of these 216 

involving W86, the newly sequenced ancient genome. One of these genes, tp0488, was found in 217 

previous studies to have an unusual sequence in the strain Mexico A (40,49,50), which clusters with 218 

TPA sequences; this sequence was identical to TPE/TEN strains. Our study indicates that this region 219 

in tp0488 was most probably transferred from TPE/TEN to both Mexico A and W86 lineages. An 220 

event in the tp0179 gene was detected with the W86 and PD28 strains and the modern Nichols lineage 221 

clade as recipients and the TPE/TEN clades as putative donors. Furthermore, the W86 lineage was 222 

involved in two additional recombination events detected in the tp0548 and tp0558 genes. For the 223 

event involving tp0548, the W86 lineage and Nichols lineage clade were the recipients whereas 224 

TPE/TEN were the putative donors. For the event in tp0558, all TPA ancient genomes and the 225 

common ancestor of the complete SS14 lineage clade were recipients and TPE/TEN the putative 226 

donors. The lineages of the ancient genomes 94A and 94B strains were also involved in the 227 

aforementioned event detected in tp01031, whereas all the other strains from the SS14 lineage were 228 
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the putative recipients from an external transfer. In the events detected for the genes tp0179, tp0488, 229 

tp0548 and tp1031, the other TPA ancient genomes might also have been involved, but the missing 230 

data for the SNPs that define the recombination event precludes a stronger inference. 231 

 232 

Additionally, we compared the recombination analyses with the four SRB genome datasets generated 233 

(see supplementary Note 4) and the previously described results obtained with the MRB genome 234 

alignment (Table 3). The number of SNPs detected per gene and the results of the topology tests 235 

conducted with PIM are detailed in the Supplementary Tables 7-8. 236 

 237 

Table 3. Summary of recombination results obtained by PIM for the MRB alignment and the diverse SRB genome 238 
datasets 239 

Dataset 
Number 

of genes 

Number of 

genes with 

> 3 SNPs 

Number of 

genes analyzed 

by PIM  

Number of 

genes with 

phylogenetic 

signal 

Number of 

genes with 

reciprocal 

incongruence 

Number of 

genes detected 

as recombinant 

MRB 1161 317 317 160 91 20 

CDC2-SRB 1125 302 230 - 47 10 

BosniaA-SRB 1122 301 229 - 46 11 

Nichols-SRB 1035 306 238 - 48 12 

SS14-SRB 1032 289 226 - 43 11 

 240 

The first PIM step, which evaluates phylogenetic signal, could not be performed on the four SRB 241 

genome datasets due to missing data. Genomes distant from the reference genome often lacked reads 242 

mapping to several genes present in the references. Consequently, the analysis proceeded directly 243 

with the assessment of reciprocal incongruence in genes containing more than 3 SNPs (Table 3). This 244 

approach identified between 10 and 12 recombinant genes per dataset (Table 3). All these genes were 245 

also detected as recombinant in the MRB genome alignment, with no additional recombinant genes 246 

found beyond those identified using the MRB genome alignment. This indicates that the MRB 247 
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genome alignment did not produce any false negatives while detecting nearly twice as many putative 248 

recombinant genes. 249 

 250 

Phylogenetic reconstruction  251 

To build a vertical-inheritance genome phylogeny, we removed the 20 recombinant genes detected 252 

in the MRB genome alignment, as well as three genes that are hypervariable and/or subjected to gene 253 

conversion (tp0316, tp0317, and tp0897), from the original alignment (1,141,136 bp with 4,822 SNPs, 254 

Supplementary File 5). The resulting alignment encompassed 1,106,409 bp with 3,047 SNPs 255 

(Supplementary File 6). Both multiple genome alignments were used to construct maximum-256 

likelihood trees. The removal of non-vertically inherited genes had a notable effect on the  257 

phylogenetic reconstruction of T. pallidum. The topologies of the two ML trees, with and without 258 

these loci, are compared in Figure 2.  259 

 260 

Figure 2. Comparison of topologies between the two maximum likelihood trees from the MRB genome alignment, A) 261 
obtained with all genes included in the whole-genome alignment, and B) obtained after excluding tp0897, tp0316, tp0317, 262 
and 20 recombinant genes from the whole-genome alignment. The different clades corresponding to yaws (TPE) and bejel 263 
(TEN) subspecies, and the Nichols and the different SS14 lineages of the syphilis clade (TPA) are indicated with colors, 264 
according to the corresponding color legend. Bootstrap support values higher than 70% are indicated by red circles, which 265 
are larger in better supported  nodes. To enhance the clarity of the ML tree visualization, the clade comprising clinical 266 
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and modern SS14-Ω strains, which exhibits minimal variation compared to other T. pallidum clades, has been collapsed 267 
(to see the full ML tree, see Supplementary Figure 6).  268 
 269 

In both phylogenetic trees, a consistent classification of strains into the three subspecies and the two 270 

main lineages of TPA (Nichols and SS14) is evident. However, a noteworthy deviation occurs in the 271 

TPE clade, where specific strains (Gauthier, GHA1, CDC-2575, LMNP-1, OKA_2116, HATO, and 272 

BAK_2117) no longer constitute a well supported subclade in the tree without recombination (Figure 273 

2B), contrasting with their arrangement in the whole genome tree (Figure 2A). 274 

 275 

The phylogenetic positioning of the ancient SS14 genomes (94A, 94B, SJ219, PD28, and W86) 276 

remains consistent in the reconstructed tree with all genes, placing them all within the SS14 clade 277 

(Figure 2A). However, minor adjustments are noted for SJ219, PD28, and W86, with PD28 no longer 278 

being basal to all ancient genomes (Figure 2B). Notably, after excluding recombinant genes, the new 279 

historical W86 genome maintains a robustly supported basal position in the SS14 lineage, affirming 280 

its initial classification as a TPA genome (Figure 2). 281 

 282 

Nonetheless, several topological incongruities emerged between the two ML trees obtained (Figure 283 

2) for the Nichols subclade. The unexpected location of Seattle 81-4 in the whole genome tree, 284 

distanced from all TPA genomes and basal to the joint Nichols and SS14 lineages, undergoes a shift 285 

after removing the genes mentioned above (Figure 2B) to occupy a basal position within the Nichols 286 

lineage. Moreover, strain CW82, originally situated within it in the ML tree obtained using the whole 287 

genome alignment (Figure 2A), is now firmly situated at the base of the Nichols lineage in the tree 288 

obtained using the recombination-free alignment (Figure 2B). 289 

 290 

Interestingly, for this study we analyzed two pairs of samples: 1) IND1 and K363, and 2) Nichols, 291 

and NIC2; each pair originating from the same clinical sources but sequenced using different 292 

methods. NIC1 and Nichols were originally from the same sample which was cultured through 293 
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multiple rabbit passages before sequencing (42,51). Similarly, IND1 and K363 also come from the 294 

same original sample, but while K363 underwent rabbit passage, IND1 did not (42,47). Comparative 295 

analysis revealed SNP variations between both pairs of samples, with notable discrepancies in the 296 

phylogenetic tree placements of IND1 and K363. These differences were primarily attributed to 297 

flagged recombinant genes, emphasizing the need for careful interpretation of genomic data. For 298 

further details on these analyses, see Supplementary Note 3. 299 

Natural selection analysis  300 

To study the effects of natural selection, using the MRB genome alignment, from the total set of 1161 301 

genes (Supplementary Table 3), 317 genes with three or more SNPs were analyzed in HyPhy, using 302 

aBSREL, a "branch-site" model to detect positive selection. This analysis identified 28 genes showing 303 

evidence of positive selection (Supplementary Table 9 and Figure 3), all of which have a large number 304 

of SNPs in the strains comprising our dataset. These genes included 10 putatively recombinant genes 305 

(tp0131, tp0136, tp0462, tp0621, tp0856 tp0865, tp0859, tp0967, tp0968 and tp1031). Although most 306 

branches in which these recombinant genes were found to be under positive selection corresponded 307 

to the deeper branches of the phylogeny, including the branch leading to the MRCA of the TPE/TEN 308 

subspecies, in some cases the signature of selection was limited only to branches leading to the 309 

specific strains found to be involved in recombination events of these genes. 310 
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 311 

Figure 3. Maximum likelihood tree derived from the MRB genome alignment, obtained with all genes included in the 312 
whole-genome alignment, in which genes found under positive selection have been represented on their branches. For 313 
more details about the analysis results see Supplementary Table 9. 314 

Interestingly, despite poor coverage of the tpr genes in some genomes, apart from two tpr genes that 315 

had also been detected previously as recombinant (tp0131 and tp1031), we found two more genes of 316 

this family (tp0620 and tp0117) with evidence of positive selection. For the locus tp0620 (tprI), the 317 

branch leading to the MRCA of the TPE and TEN strains in the phylogeny appears to be under 318 

positive selection. This gene has been previously described (47) as having a modular genetic structure 319 

in certain T. pallidum strains. This structure differs from that of other T. pallidum subspecies, which 320 

might explain the detection of positive selection. Moreover, aBSREL detected the tp0117 (tprC) gene 321 

to be under positive selection in the branch leading to the MRCA of TPE and TEN strains, and for 322 

the recombinant tp0131 (tprD) gene in the branch leading to the MRCA of Nichols, Chicago, LMNP-323 
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1, Gauthier, and CDC_2575 strains. Previous studies have considered these two genes as paralogs 324 

(47,49), created by a gene conversion mechanism that would have copied a portion of the tp0117 325 

gene into tp0131, thus explaining differences between these genes in some strains (Gauthier, LMNP-326 

1, CDC_2575, Nichols and Chicago).  327 

We also detected evidence of positive selection in loci tp0314 and tp0619 in the branch leading to the  328 

MRCA of TPE and TEN strains. This could be a consequence of a previously described gene 329 

duplication (52), in which a paralogous sequence covering the tp0314 and tp0619 genes was found 330 

to be almost identical to the region containing the two tpr genes tp0620-tp0621 (tprIJ) in all the TPE 331 

and TEN strains analyzed.   332 

In addition, other loci (tp0856, tp0856a, and tp0858) also showed a modular structure in previous 333 

analyses (47), apart from the putative recombinant genes tp0136 and tp0620 (tprI), both previously 334 

described. All of these genes were found to be under positive selection in our analysis. The modular 335 

nature of these genes and the branches detected to be under positive selection together suggest that 336 

the recombination events occurred through gene duplication and gene conversion within treponemal 337 

genomes, and that they could result in substantial changes in gene and protein sequences.  338 

Furthermore, 11 non-recombinant genes were detected to be under positive selection in the branch 339 

leading to the MRCA of TPE and TEN strains. Two other non-recombinant genes, tp0134 and tp0833, 340 

were detected to evolve under positive selection in the branch leading to the MRCA of the historical 341 

genomes of TEN. Specifically, only the branches leading to the OKA2116 and HATO strains for the 342 

tp0134 gene and the branches leading to the WP00227.liq and WP00227.scab strains for the tp0833 343 

gene exhibited signal of positive selection. 344 

As we observed a close relationship between recombination and selection, we also examined the 345 

functional roles of the proteins coded for by the recombinant and additional genes found to be under 346 

positive selection, according to Uniprot and a literature search (detailed in Supplementary Table 10). 347 

Despite some proteins having an unknown function, most of the proteins identified here appear to 348 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 2, 2024. ; https://doi.org/10.1101/2023.02.08.526988doi: bioRxiv preprint 

https://paperpile.com/c/QWRCp9/F1Uo+801Mm
https://paperpile.com/c/QWRCp9/k46O4
https://paperpile.com/c/QWRCp9/F1Uo
https://doi.org/10.1101/2023.02.08.526988
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

play an important role in the defense of the pathogen against the host immune system and are 349 

potentially involved in virulence. 350 

Molecular clock dating analysis 351 

Molecular clock dating analysis (Figure 4) using an uncorrelated lognormal relaxed clock and a 352 

Bayesian skyline population model was performed on the dataset of 75 genomes (sequences IND1 353 

and NIC2 were removed as duplicates to avoid overinflation of genetic signal from these samples). 354 

We also removed the 23 recombinant or hypervariable genes as described above. The alignment was 355 

reduced to only variable sites (3,047 bp) to facilitate handling and computation. The inferred time to 356 

the most recent common ancestor and the 95% Highest Posterior Density (HPD) intervals estimated 357 

for the major T. pallidum clades are detailed in Table 3.  358 

The divergence time between the TPE/TEN and TPA, i.e. the tMRCA for the entire T. pallidum 359 

family, was broadly estimated to fall between 9430 BCE and 60 CE (median 3210 BCE), in 360 

accordance with a previous estimate (53). Consistent with previous studies (39,53), we dated the 361 

tMRCA of all TPA lineages between 120 CE and 1280 CE (median 850 CE), the TPA Nichols lineage 362 

between 1270 and 1810 CE (median 1650 CE), and between 780 and 1650 CE (median 1260 CE) 363 

when also including Seattle 81-4 as part of the Nichols lineage. The SS14 lineage was dated to 364 

between 830 and 1410 CE (median 1190 CE) and lineage SS14-Ω to 1820 - 1965 CE (median 1910 365 

CE). The TPE/TEN MRCA was estimated between 1430 BCE and 1200 CE (median 290 CE) and 366 

the MRCA of all TPE genomes between 830 and 1380 CE (median 1170 CE). All these nodes 367 

obtained a Bayesian posterior probability of at least 0.99. 368 

The median evolutionary rate was estimated to 4.56×10-5 substitutions/SNPsite/year (95% HPD 369 

interval: 2.84 - 6.53×10-5), which corresponds to 1.26×10-7 substitutions/site/year (95% HPD interval: 370 

0.78 - 1.8×10-7) for the non-SNP-restricted Treponema genomes with hypervariable and recombining 371 

genes excluded. 372 
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 373 

Figure 4. Maximum Clade Credibility tree representing the time-aware Bayesian phylogeny of T. pallidum estimated 374 
using BEAST 2. See main text for further details on the data employed in this analysis. Numbers denote the median age 375 
estimates for the main nodes. Pink bars show the 95% HPD of the node age estimate. The different clades corresponding 376 
to the yaws (TPE) and bejel (TEN) subspecies, and the Nichols and the different SS14 lineages of the syphilis clade (TPA) 377 
are indicated in the figure with colors, according to the corresponding color legend. Bayesian posterior probabilities higher 378 
than 95% are indicated by red circles. The clade comprising clinical and modern SS14-Ω strains was collapsed to improve 379 
readability (see Supplementary Figure 7 for the fully dated tree).  380 

 381 

DISCUSSION 382 

The relevance of the right reference genome 383 

In this study, we examined the impact of genomic reference selection on the phylogenetic and 384 

evolutionary analyses of T. pallidum. Our findings highlight the importance of this choice, as using a 385 

inappropìate reference genome for mapping HTS reads can introduce errors that affect downstream 386 

analyses, such as recombination detection and phylogenetic inference. This is consistent with 387 

previous research by Valiente-Mullor et al. (37)  which showed that relying on a single reference in 388 
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microbial genomics can lead to inaccuracies, especially when dealing with genetically diverse 389 

isolates.  390 

To date, no previous study has conducted a comprehensive evaluation of the impact of utilizing 391 

various genomic references in the mapping process to obtain complete genomes of T. pallidum. 392 

Specifically, there has been little focus on how this affects the integration of ancient genomes with 393 

modern genomes of this bacterium. In the study by Pla-Díaz et al. (54), the influence of three distinct 394 

references (CDC2, Nichols, and SS14) on recombination detection was assessed with a dataset 395 

encompassing clinical and modern genomes of the three T. pallidum subspecies. The conclusion 396 

drawn was that recombination detection remained consistent irrespective of the genomic reference 397 

chosen. However, BosniaA was not included in that investigation as an additional potential genomic 398 

reference because it was the only genome available representing the TEN subspecies at that time. 399 

Furthermore, the genomic diversity, measured in terms of variation, was lower in the SRB genome 400 

dataset used by Pla-Díaz et al. (2,625 SNPs) compared to the 4,822 SNPs present in the final MRB 401 

genome alignment utilized in the current study. Moreover, our updated genome database includes not 402 

only modern genomes, as in Pla-Díaz et al., but also ancient genomes.  403 

Our results further indicate that the choice of genomic reference could substantially affect the 404 

reconstruction of ancient genomes, thereby influencing the resulting phylogenetic inferences. 405 

Specifically, failure to select the closest-reference genome for T. pallidum may significantly impact 406 

phylogenetic reconstruction, particularly when applied to a dataset containing genomes from all three 407 

T. pallidum subspecies, and when including ancient genomes (Supplementary Figures 2-5). While the 408 

calculation of average RF distances in pairwise tree comparisons reveals relatively similar means, a 409 

closer examination of the ML trees derived from each of the four SRB genome datasets against the 410 

ML tree obtained using the MRB genome alignment, reveals significant topological incongruities. 411 

This is particularly evident in the placement of ancient TPA genomes and the Mexico A strain. 412 
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The Mexico A strain genome, derived from rabbit cultivation and dating back to a sample taken in 413 

1953, is closer to the ancient genomes which generally fall basal to the SS14 strains, than to the SS14-414 

Ω sublineage that includes the majority of the contemporary clinical strains of the clade. Unlike the 415 

clonal SS14-Ω strains, ancient TPA genomes and Mexico A exhibit greater genomic variation, 416 

affecting consensus genomic sequences when using different references. In the case of Mexico A this 417 

variation might result from microevolution during rabbit culturing, as shown in a 2023 study by 418 

Edmondson et al. (29). Consequently, many studies exclude rabbit-cultivated strains from molecular 419 

clock dating to avoid phylogenetic noise. However, two new genomes (MD18Be and MD06B), not 420 

cultivated in rabbits from clinical strains isolated in the USA in 1998, cluster with Mexico A (55), 421 

suggesting that much of Mexico A's variation is genuine. Due to time constraints, some of the most 422 

recently published genomes were omitted from our analyses. These genomes deserve further 423 

exploration and should be incorporated in future studies on the impact of closely related genome 424 

references, especially in the context of ancient T. pallidum genome analyses. 425 

In this study, we also aimed to investigate the potential impact of using different genomic references 426 

on recombination detection. We compared genes identified as recombinant using the PIM method 427 

across four SRB genome datasets reconstructed with distinct T. pallidum genomic references (CDC2, 428 

BosniaA, Nichols, and SS14) against recombination detected in the MRB genome alignment 429 

generated by our new mapping strategy utilizing the closest genome reference. The findings revealed 430 

that none of the SRB genome datasets identified new recombinant genes not detected in the MRB 431 

genome alignment. However, many of the 20 genes identified with PIM in the new dataset generated 432 

by the revised mapping strategy were not found in the four SRB genome datasets due to substantial 433 

missing data in the gene sequences. This underscores the critical importance of selecting a closely 434 

related genomic reference for achieving accurate and high-quality genomic sequences. Using a 435 

closely related reference genome not only enhances the accuracy of the reconstructed sequences but 436 

also significantly improves the overall genome coverage. 437 
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As we delve into the importance of genomic references for mapping accuracy, evaluating the 438 

reliability of sequencing techniques is also important. For this purpose, we included in our genome 439 

dataset four selected samples—IND1 and K363 from one clinical specimen, and Nichols and NIC2 440 

from another—that were obtained in previous studies (42,47) using different sequencing and/or 441 

processing methods. Based on the obtained results (see Supplementary Note 3), notable differences 442 

are evident among the sequences derived from strains originally sourced from the same sample, 443 

particularly noticeable between strains IND1 and K363. This underscores the critical importance of 444 

obtaining high-quality sequences and highlights how errors in sequencing techniques, as well as DNA 445 

enrichment through rabbit passage, can significantly impact subsequent sample analyses. 446 

Given the absence of a standardized culture method for T. pallidum, Whole Genome Amplification 447 

(WGA) is a PCR-based technique that is effective for modern samples, especially when dealing with 448 

low quality DNA. However, as demonstrated by Forst et al. (56), WGA can struggle with the low 449 

DNA concentrations typically found in ancient DNA (aDNA) extracts. This limitation is similar to 450 

the challenges faced by PCR in general. Therefore, WGA is not recommended for ancient samples. 451 

In contrast, in-solution target enrichment is the most effective method for ancient genomes and low-452 

quality samples, yielding consistent results across studies (12,19,24–27,39,46).  However, while this 453 

method is beneficial for ancient samples, it may introduce bias if the probes are designed using a 454 

reference genome that differs significantly from the sample being enriched, potentially leading to a 455 

loss of authentic DNA fragments. This issue was observed in the IND1 sample, a TPE sample for 456 

which TPA-specific baits were used (42). The choice of enrichment technique is crucial, depending 457 

on the sample's characteristics, to avoid the potential loss of authentic Treponema DNA fragments or 458 

other biases. 459 

Insights into T. pallidum evolution 460 

Despite the persistent challenges in elucidating recombination mechanisms in T. pallidum, various 461 

studies (47,49,52,54,57–62) have explored the occurrence of recombination in this bacterium and the 462 
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potential impact of natural selection on the transferred genetic material. Using the PIM method  463 

(27,42,53,63–67), we identified 28 recombinant regions in 20 different genes, unveiling a new 464 

recombinant gene (tp0621) not previously detected with this method (25,27,42,54,63). Despite 465 

revealing this new recombinant gene, the enhanced quality of the draft genomes achieved through 466 

our novel mapping approach only partially addresses the considerable number of missing positions 467 

in certain loci, which for modern samples stems from the unavailability of a standard culture system, 468 

and for the ancient samples from the highly degraded nature of ancient DNA. For both, mapping short 469 

reads is particularly challenging for paralogous and repetitive genomic regions, as observed in some 470 

tpr genes and underscores the complexities associated with working with low-quality genomes.  471 

The observation that all identified recombination events involve transfers between subspecies 472 

(TPE/TEN to TPA), except for a notable occurrence in the tp0136 gene between the Nichols and 473 

SS14 TPA lineages, aligns with the results in Pla-Díaz et al. (54). This is compelling due to the 474 

specific geographical niches TPE and TEN occupy today. To consider the possibility of 475 

recombination between TPE/TEN and TPA strains, we must assume the coexistence of diversified 476 

clades in a sympatric manner, allowing them to simultaneously infect a common host. Yet, there is 477 

currently no evidence of human coinfection. Furthermore, the involvement of ancient genomes from 478 

both TPE and TPA lineages in recombination events across eight different genes adds complexity to 479 

the puzzle. Key questions that emerge are the locations and timelines of these intriguing events. 480 

Recent indirect evidence from ancient genomes suggests a prolonged and intricate coexistence of 481 

syphilis and yaws in historical Europe (24,68,69). Despite this, the origin and divergence of T. 482 

pallidum subspecies remain debated among scientists and historians. Using an enhanced dating 483 

approach, we estimate the time to the most recent common ancestor (tMRCA) for the entire T. 484 

pallidum family to be between 9430 BCE and 60 CE, with a median of 3210 BCE. Additionally, a 485 

recent study by Majander et al. (27) confirms the presence of the TEN subspecies of T. pallidum in 486 

the Americas before Columbus' arrival. However, there is still no evidence for the presence of TPA 487 

or TPE in the Americas prior to this event, leaving the origins of these subspecies unresolved. 488 
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Based on our divergence time estimates—850 CE for TPA and 290 CE for TPE/TEN—and detected 489 

recombination events between subspecies, there are indications of potential geographic overlap 490 

facilitating genetic exchange, although direct evidence is lacking. The diversity and wide 491 

geographical span of contemporary lineages in early modern Europe reduce the likelihood of yaws 492 

and syphilis being newly introduced simultaneously. Some exchanged genes may have facilitated 493 

rapid adaptation to environmental or host behavioral changes, as revealed by the natural selection 494 

analysis. Many recombinant genes have undergone evolution through positive selection, with most 495 

playing crucial roles in virulence and immune evasion (see Supplementary Table 10). However, the 496 

exact functional roles of these gene variants in transmission and virulence remain unclear, limiting 497 

the explanatory power of ancient genetic variation.  498 

While our natural selection analysis follows standard approaches to test for positive selection, we 499 

acknowledge that the presence of recombination within genes could potentially confound these 500 

results. A single phylogenetic tree may not fully capture the evolutionary history of recombinant 501 

genes, leading to possible biases in branch-length estimation and, consequently, in the detection of 502 

positive selection. To address this problem, we took this into account by using the phylogenetic tree 503 

obtained for each gene in the inference of positive selection, following Pla-Díaz et al. (54). A more 504 

detailed analysis of natural selection throughout the T. pallidum genome, beyond the scope of this 505 

work, will benefit from independently analyzing the recombinant and non-recombinant regions of the 506 

recombinant genes, as we did in previous work (54). Considering the confirmed presence of TPE and 507 

TPA in early modern Europe as distinct species at the genomic level, genetic exchange between 508 

subspecies likely facilitated the global spread and adaptation of these diseases. However, these 509 

hypotheses require further substantiation with robust evidence. 510 

CONCLUSIONS  511 

Our study thoroughly examines the impact of choosing an appropriate genomic reference on the 512 

phylogenetic and evolutionary analyses of T. pallidum. We observed that while recombination 513 
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detection was consistent across different references, the selection of a specific reference had a 514 

substantial effect on the reconstruction of ancient genomes and the resulting phylogenetic 515 

interpretations. These findings suggest that creating an artificial most recent common genome, akin 516 

to what has been done for the M. tuberculosis complex (70,71), could be advantageous for future 517 

mapping efforts. Such a development could help reduce biases from mapping strategies and improve 518 

the accuracy of ancient T. pallidum genomes. Additionally, we identified new recombination events, 519 

positive selection targets, and refined dating estimates for significant events in the species' history. 520 

Our work underlines the importance of recognizing methodological implications and reference 521 

genome bias in HTS-based whole-genome analysis, contributing to a more profound understanding 522 

of T. pallidum and its subspecies. 523 

 524 

MATERIALS AND METHODS 525 

A summary of the workflow used in the analysis of the 77 T. pallidum genomes is shown in Figure 526 

5. 527 
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 528 

Figure 5. Analysis workflow for the genomic and phylogenomic analysis of the 76 previously published T. pallidum 529 
genomes and one new historical genome obtained in this study (W86). The hypervariable genes indicated by * are tp0897 530 
and tp0316. 531 

Sample processing 532 

The upper-left premolar tooth sample was collected from human remains at the Wrocław University 533 

of Environmental and Life Sciences archaeological collection as part of the study project focusing on 534 

Wrocław’s 17th century population genetics. Treponemal infection was not identified 535 

anthropologically. The sample was pretreated in clean room facilities, dedicated to state-of-the-art 536 

ancient DNA work, at the Museum and Institute of Zoology, Polish Academy of Sciences, in Warsaw. 537 

To avoid possible human and environmental DNA contamination, the surface of the tooth was sanded 538 

off with a hand rotary tool. The tooth was then washed with 5% sodium hypochlorite, molecular-539 

grade water and 75% ethanol, UV-irradiated for 10 minutes on each side and then pulverized using a 540 

Retsch MM200 mixer mill. All sampling tools and all reusable items were regularly cleaned with 541 
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diluted bleach and UV irradiated between each use to minimize the risk of  contamination. As a part 542 

of the project, screening for specific pathogens was conducted using a PCR-based test for selected 543 

genetic markers (See Supplementary Note 1). 544 

DNA extraction and library preparation 545 

DNA extraction (72) and double-stranded Illumina library construction were performed according to 546 

an established protocol (73,74) in the clean room facilities dedicated to ancient DNA processing at 547 

the Institute of Evolutionary Medicine in Zurich (75). Library pools were shotgun sequenced with an 548 

Illumina NextSeq platform using a NestSeq 500 Mid Output Kit (75 cycles paired-end) for the initial 549 

pathogen screening. 550 

 551 

UDG treated libraries  552 

Subsequently, to remove ancient-DNA-specific DNA damage, the Uracil-DNA glycosylase (UDG) 553 

(76) was used to treat the additional libraries prepared from the same DNA extract. 554 

 555 

Whole genome capture 556 

A custom target enrichment kit (Arbor Biosciences) was used for the whole genome capture as in 557 

Majander et al. (25). For this purpose, 60 bp long RNA baits with a 4 bp tiling density and 99% 558 

identity were designed based on a selection of  representative genomes (Nichols: GenBank 559 

CP004010.2, Fribourg Blanc: GenBank CP003902, SS14: GenBank CP000805.1) from each 560 

Treponema pallidum subspecies or clade. UDG-treated libraries were pooled in equimolar 561 

concentration, and 500 ng final pools were hybridized in 60°C for 48 hours following the 562 

manufacturer's instructions. 10 nM capture pools were sequenced using an Illumina NextSeq 500 563 

High-throughput Kit (75 bp paired-end). Sequencing reads obtained for each UDG-treated, enriched 564 

library were processed with the EAGER pipeline (v.1.92.55) (36). After removing the adapter 565 

sequence using AdapterRemoval v. 2.2.1a (77), libraries from the W86 individual were merged and 566 
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processed as paired-end sequencing reads. The authenticity of ancient DNA was assessed by EAGER 567 

analyzing C to T deamination at the terminal base of the DNA fragment.  568 

 569 

Dataset selection and read processing 570 

We generated a genomic dataset comprising 68 modern T. pallidum draft genomes (47 TPA, 19 TPE 571 

and 2 TEN) from previously published studies, in addition to 8 published historical genomes, and one 572 

new ancient genome we obtained (W86). The modern genomes were selected as a representative set 573 

of the diversity patterns observed in the phylogenetic trees reconstructed at the start of this study in 574 

2020-2021. The ancient draft genomes selected were those with a minimum coverage of 5X among 575 

those published up to that date (24–26,78). Out of the total of the 76 genomes selected for analysis, 576 

raw sequencing data were available for 61, while for the other 15 only the consensus genome 577 

sequences files could be obtained (see Supplementary Table 1). The raw data and the consensus 578 

genome sequences were downloaded from the NCBI and ENA databases (79,80). For the 15 genomes 579 

without raw data available, HTS-like reads were simulated based on their genome assembly files 580 

using the tool Genome2Reads (integrated in the EAGER pipeline (36)) for a posterior comparison 581 

with their assembly consensus genome sequences available and downloaded from the public 582 

databases. 583 

To reconstruct all the individual genomes from the raw short-read data (including the simulated raw 584 

data for 15 samples without available raw data) we carried out raw read quality control and 585 

preprocessing, removed duplicates and identified variants using the programs implemented in the 586 

EAGER pipeline (v.1.92.55) (36), as in previous studies (25,36,42). After processing the de-587 

multiplexed sequencing reads, sample sequencing quality was analyzed with FastQC version 0.11.5 588 

(81). Following processing by AdapterRemoval ver. 2.2.1a (77), the mapping was carried out using 589 

CircularMapper version 1.0 (36), with default BWA (-l 32, -n 0.04, q 37) parameters (82) and Nichols 590 

(NC_021490.2) and SS14 (NC_010741.1) genomes, which represent the two main groups of TPA, 591 
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and the CDC2 (NC_016848.1) and BosniaA (NZ_CP007548.1) genomes, which are well-studied 592 

TPE and TEN strains, respectively, as reference. Each of the genomes in the dataset was mapped to 593 

each of these four references. The MarkDuplicates method provided by the Picard Toolkit (2019) was 594 

applied to remove duplicate reads and DamageProfiler version v0.3.12 was utilized to estimate the 595 

DNA damage parameters for the new ancient genome obtained (83). Indel realignments were 596 

performed using GATK (version 3.6) (84) and single nucleotide polymorphisms (SNPs) for the 597 

resulting mappings were called using GATK UnifiedGenotyper with the following parameters for 598 

SNP calling: -nt 30, -stand_call_conf 30, --sample-ploidy 2, -dcov 250, --output_mode 599 

EMIT_ALL_SITES; and the following parameters for SNP filtering: DP>5, QUAL>30. The 600 

reconstructed W86 genome and its main features were represented graphically using BRIG (85) . 601 

Antibiotic resistance 602 

Two mutations on the 23S ribosomal RNA operon, A2058G and A2059G (46,86), were investigated 603 

to assess macrolide azithromycin resistance in the newly obtained ancient genome W86. For this 604 

purpose, 23S rRNA gene sequences for operons 1 and 2 with 200 bp added to the 5’ and 3’ flanking 605 

regions were extracted from the Nichols reference genome and aligned to the W86 genome. 606 

Subsequently, the presence or absence of each of the two mutations was assessed with variant calling.  607 

Obtaining the different Single-reference-based (SRB) genome datasets 608 

To assess the influence of different genomic references on mapping in terms of phylogenetic 609 

assignment, we conducted the following analysis. We used the 77 samples selected for this study to 610 

create four distinct SRB mapping-genome datasets. Each sequence in these datasets was mapped 611 

using each of the four different genomic references, corresponding to the three T. pallidum subspecies 612 

and the Nichols and SS14 clades: Nichols, CP004010.2; SS14, NC_021508.1; CDC2, CP002375.1 613 

and BosniaA, CP007548.1. For the 15 genomes without raw data available, HTS-like reads were 614 

simulated based on their genome assembly files using the tool Genome2Reads (integrated in the 615 

EAGER pipeline (36)). The parameters used are consistent with those outlined in the Dataset 616 
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Selection and Read Processing section. Henceforth, we will denote each of these SRB genome 617 

datasets as Nichols-SRB, SS14-SRB, CDC2-SRB, and BosniaA-SRB dataset, respectively.  618 

For each of the 4 generated SRB genome datasets, a Maximum likelihood (ML) tree was generated 619 

with IQ-TREE (version 1.6.10) (87), using GTR+I as the evolutionary model with 1000 bootstrap 620 

replicates. Regarding the newly acquired ancient genome, W86, its position in each of the 621 

phylogenetic trees derived from the four SRB datasets was examined to ascertain its classification 622 

within the three subspecies and/or clades of T. pallidum. 623 

Multiple-reference-based (MRB) final genome alignment 624 

As it is known that SNP calling in a genome is dependent on the choice of the reference used for 625 

mapping (37), we carried out a proximity evaluation to determine the closest reference for each of the 626 

genomes to reconstruct the final genome alignment to be used in the subsequent evolutionary 627 

analyses.  628 

The process involved selecting the genomic sequence for each of the 62 strains with available raw 629 

data from the four SRB genome datasets obtained earlier. This selection was based on the strain 630 

classification into the three different T. pallidum subspecies and/or subclades (TPE, TEN, Nichols, 631 

and SS14) established in previous studies, which provided the genomes for this investigation. 632 

Subsequently, the chosen genome sequences for the 62 strains, according to their closest genome 633 

reference from the four genome-mapping datasets, were consolidated into a single MRB-mapping 634 

multiple genome alignment. 635 

Next, we incorporated 15 previously assembled genomes, which were downloaded from public 636 

databases without accompanying raw data, into the single MRB-mapping multiple genome alignment 637 

we previously obtained. We chose not to use their consensus genome sequences obtained by 638 

simulating their reads in this new alignment. Instead, we believe that the assembled genomes from 639 

public databases, as obtained in their respective studies, are of higher quality than those generated by 640 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 2, 2024. ; https://doi.org/10.1101/2023.02.08.526988doi: bioRxiv preprint 

https://paperpile.com/c/QWRCp9/lmwX
https://paperpile.com/c/QWRCp9/qIhja
https://doi.org/10.1101/2023.02.08.526988
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

simulating reads. Our goal is to compare a posteriori, their placement in a phylogeny using the 641 

simulated reads versus their original assembly consensus sequences. 642 

We realigned all sequences, producing a new whole-genome alignment comprising 76 T. pallidum 643 

genomes. The selected sequence mapping version for the W86 genome from the SRB genome 644 

datasets according to its closest genome reference was then added to this whole-genome alignment, 645 

which underwent realignment again. The result was a final whole-genome alignment of 77 sequences. 646 

Subsequently, using this MRB-based multiple genome alignment, we generated a maximum 647 

likelihood (ML) tree with IQ-TREE (version 1.6.10) (87), employing GTR+G+I as the evolutionary 648 

model and performing 1000 bootstrap repetitions. 649 

Then, the four ML trees obtained before from the SRB genome datasets were compared with the 650 

whole-genome phylogeny of the final MRB alignment generated to analyze the topological 651 

differences between them.  652 

Furthermore, to quantify the topological differences between the four phylogenetic trees derived from 653 

the SRB-mapping datasets and the whole-genome phylogeny of the MRB multiple genome alignment 654 

generated, we computed the Robinson-Foulds (RF) distance among them using RAxML version 1.2.0 655 

(88). For this comparison, we computed the RF distance between all the trees. Additionally, we 656 

calculated the average of these distances to identify the most discrepant topology. 657 

Additionally, an orthology analysis was carried out with Proteinortho (version V6.0b) (89) to identify 658 

orthologous genes in the four reference genomes employed for mapping. The genomic coordinates of 659 

each gene present in at least one of the four reference genomes were then calculated according to 660 

their corresponding location in the final merged whole-genome alignment.  661 

The protein translations for all the genes present in at least one reference genome were compared to 662 

the original gff3 files of each of the four references, to ensure that the final MRB alignment generated 663 

was correct, and that no protein was accidentally truncated (Supplementary Files 7-8). 664 
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 665 

Recombination detection: PIM 666 

The presence of recombination in the complete genomes of T. pallidum could potentially interfere 667 

with the inference of phylogenetic tree topologies, as described in Pla-Díaz et al. (2022) (54). We 668 

thus used the PIM pipeline (54) to investigate putative recombining genes. In summary, the procedure 669 

included the following steps (with details provided in Supplementary Note 4): 1) A maximum 670 

likelihood (ML) tree was computed for the MRB genome alignment using IQ-TREE (87). 2) The 671 

1061 genes present in at least one of the reference genomes were extracted, and the number of SNPs 672 

per gene was computed using an in-house script (Supplementary File 9), discarding genes with less 673 

than 3 SNPs. 3) For each of the genes retained, the phylogenetic signal in each gene alignment was 674 

tested using likelihood-mapping (90) in IQ-TREE, retaining only those genes that showed some 675 

phylogenetic signal (see Supplementary Note 4). 4) For the remaining genes, an ML tree was 676 

computed using IQ-TREE. Next, topology tests for each candidate gene were performed by IQ-TREE 677 

using two different methods: Shimodaira–Hasegawa (SH) (91) and Expected Likelihood Weights 678 

(ELW) (92). First, using the corresponding gene alignment, we compared the likelihood of each 679 

individual gene tree to the reference genome-wide tree (the phylogeny constructed from the multiple 680 

genome alignment). Then, we compared the same likelihoods using the entire genome alignment. 681 

When both tests reject the topology that is not derived from the corresponding alignment, this is 682 

referred to as a reciprocal incongruence (individual gene in the first comparison, the complete genome 683 

in the second). 5) For all genes passing the previous filtering steps, the presence of a minimum of 684 

three consecutive homoplasic SNPs congruent with a recombination event were checked using 685 

MEGAX (93) to classify a gene as recombinant. 686 

Several genes have a large proportion of sites with missing data due to the challenges in mapping 687 

short read data from regions containing repetitive DNA. Most of these genes pertain to the tpr family, 688 

which comprises groups of paralogous genes. For each of these genes, strains with a high proportion 689 
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of missing data were removed, in order to be able to still analyze these interesting genes with the PIM 690 

pipeline. The hypervariable gene tprK (tp0897) was completely discarded from the recombination 691 

analysis following the results in Pla-Díaz et al. (2022) (54) because its seven hypervariable regions 692 

undergo intrastrain gene conversion, which have been studied in detail elsewhere (94–96). 693 

 694 

We conducted recombination analyses with the four datasets derived from each SRB-mapping 695 

dataset. The goal was to compare recombination patterns between the new mapping strategy and the 696 

use of a single genomic reference. Initially, we extracted genes from each of the four alignments, 697 

corresponding to the annotation file of the genomic reference employed for each SRB genome dataset 698 

generated. Subsequently, we applied the PIM method to assess recombination within each set of 699 

extracted genes per dataset, allowing for a comprehensive comparison of the results. It is essential to 700 

highlight that several genome sequences within each of the four SRB genome datasets exhibited a 701 

significant amount of missing data. This poses a challenge in performing the PIM recombination 702 

analysis. To address this, we carefully selected genes within each of the four SRB genome datasets, 703 

focusing on those with more than 3 SNPs. Subsequently, we proceeded directly to the topology test 704 

step without performing the likelihood mapping test. 705 

 706 

Phylogeny reconstruction 707 

Prior to the final phylogenetic analyses, genes identified by PIM as recombinant were excluded from 708 

the MRB genome alignment. To avoid introducing a potential bias into the phylogenetic signal, 3 709 

genes (tp0897, tp0316, tp0317) which contain repetitive regions and have previously been reported 710 

as hypervariable and/or under gene conversion (20,47,94–96) and thus induce recombination-like 711 

effects in phylogenetic inference, were also removed. As the tp0317 gene is embedded inside the 712 

tp0316 gene, and moreover the coordinates from the BosniaA reference genome for tp0316 spanned 713 

a longer region compared to the other reference genomes, tp0316 and tp0317 were removed according 714 
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to the BosniaA reference genome coordinates for tp0316. A maximum likelihood tree was then 715 

constructed with IQ-TREE, using GTR+G+I as the evolutionary model. 716 

 717 

Natural selection analysis 718 

In addition to recombination processes, natural selection also plays an important role in genetic 719 

diversity patterns. In prior research, Pla-Díaz et al. (2022) (54) demonstrated a close relationship 720 

between recombination and selection in T. pallidum, suggesting an important role of these processes 721 

in the evolution of this bacterial species, especially in TPA lineages. Here, we tested for positive 722 

selection in a subset of 317 (out of 1161) genes that comprised three or more SNPs. If a strain in the 723 

gene alignment had more than 50% missing data, it was excluded from the analysis. Additionally, 724 

tp0897, tp0316 and tp0317 were excluded from this analysis because of hypervariable regions and 725 

the gene conversion signal present in these genes (47,49,52,94). Then, to test if positive selection 726 

occurred along the different lineages of the phylogeny (97), we employed HyPhy (version 2.5.32) 727 

(98), using the aBSREL model (adaptive Branch-Site Random Effects Likelihood), which is an 728 

improved version of the commonly-used "branch-site" models (97,99). We used default settings and 729 

the ML phylogenies of each gene to prevent the confounding effects of recombination on the 730 

inference of positive selection, as we did in Pla-Díaz et al. 2022 [54] We assessed statistical 731 

significance using a likelihood-ratio test (LRT). 732 

 733 

Molecular clock dating analysis 734 

Molecular clock analysis was performed for the dataset comprising 75 genomes, because the IND1 735 

and NIC2 sequences were removed to avoid biasing the analysis by including duplicate samples. We 736 

used the MRB genome alignment after removal of genes with signals of recombination and 737 

hypervariable regions (1,106,409 bp with 3,047 SNPs). The timescale of T. pallidum molecular 738 

evolution was estimated using time-calibrated Bayesian phylogenetic inference implemented in 739 
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BEAST v2.6.3 (100). The alignment was reduced to variable sites and an uncorrelated lognormal 740 

relaxed molecular clock was calibrated using the ages of the samples (see Supplementary Table 1) 741 

with a diffuse prior (uniform 0 to infinity for the mean rate and a gamma distribution (α=0.5396, 742 

β=0.3819) for the rates’ standard deviation). Historical samples, for which only age ranges (based on 743 

archaeological contexts or radiocarbon dating) rather than exact ages were available, were assigned 744 

age priors spanning uniformly across the entire range. A strict clock was rejected based on the 745 

estimated coefficient of variation for the relaxed clock model, as the 95% HPD did not include zero 746 

(101). A coalescent Bayesian Skyline tree prior with 5 groups was used as a simple model that is 747 

sufficiently flexible to fit many different kinds of dynamics. We used bModeltest v1.2.1 (102) to 748 

average across all possible reversible substitution models. According to the results, the TVM model 749 

(123421) with no gamma rate variation and no invariable sites received the most support. The MCMC 750 

chain was run for 1 billion steps with every 50,000th step sampled. The first 10% of samples were 751 

discarded as burn-in. Convergence and mixing was inspected using Tracer v1.7.1 (103); the ESS of 752 

all parameters exceeded 100. The maximum clade credibility tree was generated using 753 

TreeAnnotator, a part of the BEAST v.2.6.1 software package, and visualized using FigTree v1.4.4 754 

(http://tree.bio.ed.ac.uk/software/figtree/).  755 
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