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Syphilis, caused by the bacterium Treponema pallidum subsp. 
pallidum (TPA), is a prevalent sexually transmitted infection 
that can cause severe long-term sequelae when left untreated. 

Historically, syphilis is commonly believed to have caused a large 
epidemic across Renaissance Europe, having previously been absent 
or unrecognized1,2. Although the origins of syphilis and the accurate 
dating of the most recent common ancestor of TPA are still the sub-
ject of debate3–6, it is suggested that the strains of TPA that persist in 
human populations today can be traced back to its introduction into 
Western Europe approximately 500 years ago, and its subsequent 
dissemination globally3,4,6.

Following the introduction of effective antibiotics after World 
War II, syphilis incidence fluctuated7 without disappearing, until the 
1980s and 1990s during the HIV/AIDS crisis when disease incidence 
declined markedly8, linked to community-wide changes in sexual 
behaviour, shifting of affected populations, AIDS-related mortality 
and widespread antimicrobial prophylaxis of HIV-infected popu-
lations. However, since the beginning of the twenty-first century, 

there has been a substantial resurgence in syphilis incidence9–14. In 
many countries, this has been associated with populations of men 
who have sex with men (MSM) engaging in high-risk sexual activ-
ity11,15. Transmission between MSM and heterosexuals is a partic-
ular concern due to the risk of in utero transmission to the fetus, 
leading to congenital syphilis16.

Previous genomic analyses of TPA genomes have described 
two deep-branching phylogenetic lineages, ‘SS14’ and ‘Nichols’3. 
SS14-lineage strains represent the vast majority of published 
genomes4, and phylogenetic analysis showed that the origins of the 
SS14 lineage can be traced back to the 1950s3, followed by subse-
quent expansion of sublineages occurring during the 1990s4. Our 
understanding of the Nichols lineage is predominantly limited to 
laboratory strains from the USA, with relatively few clinical strains 
sequenced4,17. However, most TPA genomes published to date origi-
nate from the USA4, Western Europe3,4,17,18 and China19,20, and our 
understanding of the true breadth of diversity of TPA is incom-
plete21. Our view of the diversity of syphilis samples pre-dating the 
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Syphilis, which is caused by the sexually transmitted bacterium Treponema pallidum subsp. pallidum, has an estimated  
6.3 million cases worldwide per annum. In the past ten years, the incidence of syphilis has increased by more than 150% in 
some high-income countries, but the evolution and epidemiology of the epidemic are poorly understood. To characterize the 
global population structure of T. pallidum, we assembled a geographically and temporally diverse collection of 726 genomes 
from 626 clinical and 100 laboratory samples collected in 23 countries. We applied phylogenetic analyses and clustering, and 
found that the global syphilis population comprises just two deeply branching lineages, Nichols and SS14. Both lineages are cur-
rently circulating in 12 of the 23 countries sampled. We subdivided T. p. pallidum into 17 distinct sublineages to provide further 
phylodynamic resolution. Importantly, two Nichols sublineages have expanded clonally across 9 countries contemporaneously 
with SS14. Moreover, pairwise genome analyses revealed examples of isolates collected within the last 20 years from 14 dif-
ferent countries that had genetically identical core genomes, which might indicate frequent exchange through international 
transmission. It is striking that most samples collected before 1983 are phylogenetically distinct from more recently isolated 
sublineages. Using Bayesian temporal analysis, we detected a population bottleneck occurring during the late 1990s, followed 
by rapid population expansion in the 2000s that was driven by the dominant T. pallidum sublineages circulating today. This 
expansion may be linked to changing epidemiology, immune evasion or fitness under antimicrobial selection pressure, since 
many of the contemporary syphilis lineages we have characterized are resistant to macrolides.

NATURE MiCROBiOLOGy | VOL 6 | December 2021 | 1549–1560 | www.nature.com/naturemicrobiology 1549

http://orcid.org/0000-0002-4740-3187
http://orcid.org/0000-0002-7585-4743
http://orcid.org/0000-0002-0205-9482
http://orcid.org/0000-0003-0977-5534
http://orcid.org/0000-0001-8519-9511
http://orcid.org/0000-0002-5584-3537
http://orcid.org/0000-0001-9879-378X
http://orcid.org/0000-0001-6320-9651
http://orcid.org/0000-0003-3286-798X
http://orcid.org/0000-0002-1165-0573
http://orcid.org/0000-0001-7363-6665
http://orcid.org/0000-0002-7028-098X
http://orcid.org/0000-0001-9778-3301
http://orcid.org/0000-0002-4432-8505
http://crossmark.crossref.org/dialog/?doi=10.1038/s41564-021-01000-z&domain=pdf
http://www.nature.com/naturemicrobiology


Articles NaTUrE MIcroBIology

twenty-first century is even more limited, and these issues are partly 
explained by the fact that it has not been possible to culture TPA 
outside of a rabbit until recently22.

In this multi-centre collaborative study, we used direct whole 
genome sequencing (WGS) to generate a global view of contem-
porary syphilis from patients in Africa, Asia, the Caribbean, South 
America and Australia sampled between 1951 and 2019. Our data-
set also includes a detailed analysis of the ‘within-country’ variation 
seen in TPA genomes in North America and Europe. We present 
evidence of globally spanning transmission networks with identical 
strains found in dispersed countries, indicating that, based on our 
data, TPA is genetically homogenous. Furthermore, we show that 
this genetic homogeneity is the result of a rapid and global expan-
sion of TPA sublineages occurring within the last 30 years follow-
ing a population bottleneck. This means that the TPA population 
infecting patients in the twenty-first century is not the same as that 
infecting patients in the twentieth century.

Describing the global population structure of T. p. pallidum
We performed targeted sequence-capture whole genome sequenc-
ing on residual genomic DNA extracted from diagnostic swabs 
taken from TPA PCR-positive syphilis patients and on TPA strains 
previously isolated in rabbits. We combined these data with 133 pre-
viously published genomes3,4,18–20,23–26. After assessment for genome 
coverage and quality, we had a total of 726 genomes with >25% of 
genome positions at >5X coverage (mean 82%, range 25–97%), 
which is sufficient for primary lineage classification. This dataset 
included 577 new genomes sequenced directly from clinical samples 
and 16 new genomes sequenced from samples passaged in rabbits.

Our dataset includes 23 countries (range 1–355 genomes 
per country; Fig. 1a,c), including previously poorly or unsam-
pled regions such as Africa (South Africa (n = 1) and Zimbabwe 
(n = 18)), Scandinavia (Sweden, n = 7), Central Europe (Hungary, 
n = 20), Central Asia (Tuva Republic, Russia, n = 10) and Australia 
(n = 5), as well as substantially increasing the sampling from North 
America (Canada, n = 157; the USA, n = 86) and Western Europe 
(Spain, n = 5; Belgium, n = 1; Ireland, n = 4; the UK, n = 355). We 
also included previously published genomes from South America 
(Argentina, n = 1), the Caribbean (Cuba, n = 3; Haiti, n = 1) and 
elsewhere. Due to a lack of long-term archived samples, 96.0% 
(n = 697) of samples were collected from 2000 onwards (Fig. 1b,e). 
Samples collected before 2000 (n = 29) were passaged in the in vivo 
rabbit model (Supplementary Data 1), whereas most samples col-
lected from 2000 onwards (89.8%, 626/697) were sequenced directly 
from clinical samples.

Phylogenetic analysis assigned all genomes into one of two 
deeply branching lineages (Nichols or SS14) (Extended Data Fig. 1). 
Looking across all well-sampled countries (Fig. 1c,d), from the first 
detection of the modern SS14 lineage (excluding the outlying 1953 
Mexico A strain) in the 1970s, we consistently see both lineages cir-
culating broadly through until 2019 (Fig. 1b,e). More specifically, 
81.3% (n = 590) of the genomes belonged to the SS14 lineage and 
18.7% (n = 136) belonged to the Nichols lineage, and in the 12 out 
of 23 countries where both lineages were present, 80.3% (544/677, 
median per country 75.3%, range 33.3–93.3%) were of the SS14 
lineage (Fig. 1d,f). Of the 11 countries showing only a single lin-
eage, most had three or fewer samples, the notable exceptions being 
Portugal (n = 19), Sweden (n = 7) and Russia (n = 10) (Fig. 1c).

Fine-scale analysis of SS14- and Nichols-lineage phylogenies
To answer finer-scale evolutionary questions, we filtered our 
dataset to focus on the 528 genomes with >75% genome sites at 
>5X (genome length 1,139,569 bp, mean % sites 92.9%, range 
75.1–96.9%) and a mean coverage of 111X (range 11X–727X). 
This filtered dataset comprised 401 new and 127 published 
genomes (Supplementary Data 1), but excluded the only sample 

from Belgium, leaving 22 countries in the analysis. After exclud-
ing 19 regions of recombination and genomic uncertainty due 
to gene paralogy or repetitive regions3,4,6, we used Gubbins27 to 
infer a further 19 regions of putative recombination (see Methods 
and Supplementary Data 2 for details). We refer to the resulting 
masked sequence alignment as the core genome and used it to infer 
a whole genome maximum likelihood phylogeny using IQ-Tree28 
(Supplementary Fig. 1). To define sublineage clusters, we used 100 
bootstrapped trees as independent inputs to rPinecone29 with a 10 
single nucleotide polymorphism (SNP) threshold as previously 
described4, and evaluated their consistency using hierarchical clus-
tering (Supplementary Fig. 2). We found broad support for the 
Nichols sublineages across all conditions evaluated, but some parts 
of the SS14-lineage phylogeny were less well supported. To focus 
on the more stable sublineages, we required that at least 5% of the 
bootstrap replicates supported a cluster (the most conservative 
threshold tested – see Supplementary Fig. 2 and Methods). Using 
this approach, we defined 17 sublineages and 8 singleton strains 
across both SS14 and Nichols lineages (SS14: 426 genomes divided 
into 5 sublineages and 4 singletons; Nichols: 102 genomes divided 
into 12 sublineages and 4 singletons; Fig. 2, Supplementary Fig. 1 
and Extended Data Figs. 2–4). Sublineage 6 diverged from other 
genomes very close to the common ancestor of TPA, and due to 
low total diversity in the dataset can appear on either side of the 
root (Nichols or SS14) depending on the phylogenetic approach 
used; for the purposes of this analysis, we classified sublineage 6 
strains as Nichols lineage since they are more distantly related to 
the recent contemporary SS14-lineage expansions.

From Fig. 2, it is apparent that the phylogeny of the SS14 lineage 
is dominated by SS14 sublineage 1 (n = 365), composed of closely 
related genomes present in 18 countries and 6 continental group-
ings (Asia, Caribbean, Europe, North America, Oceania and South 
America). The oldest example of sublineage 1 was collected in 1981 
(TPA_USL-SEA-81-3, Seattle, USA) and the most recent samples 
were from 2019 (Fig. 2c). Sublineage 2 (n = 32; Fig. 2e and Extended 
Data Fig. 2) contained samples from Canada, China, the UK and 
the USA. In a previous analysis4, we manually divided this sublin-
eage into two groups (one from China, one from the USA) on the 
basis of temporal and geospatial divergence, and the independent 
evolution of different macrolide resistance alleles. However, by add-
ing new genomes (Extended Data Fig. 2), we now see that even the 
original cluster of samples from China is interspersed with genomes 
from the UK (n = 1) and Canada (n = 4), indicating that this is not a 
geographically restricted group.

The twelve 2015 Zimbabwean genomes in our study formed two 
distinct clades, one nested within the SS14 lineage (sublineage 4, 
n = 8, also including a distantly related singleton from the US 1981 
sublineage, TPA_USL-SEA-81-8) and the other within the Nichols 
lineage (sublineage 13, n = 4) and exclusively found in Zimbabwe. 
We also examined 10 genomes collected in the Tuva Republic, cen-
tral Russia in 2013/2014, and these were distributed between three 
different SS14 sublineages (1, 3, 5). Sublineage 5 was found only 
in Tuva, while sublineage 3 was found throughout Europe (Czech 
Republic, Hungary, Sweden and the UK; Fig. 2e and Extended Data 
Fig. 2), with the remaining sample from Russia belonging to the 
highly expanded global SS14 sublineage 1.

Consistent with previous studies3,4,17, Nichols-lineage strains 
were genetically more diverse, with longer branch lengths and 
higher nucleotide diversity than SS14-lineage strains (Nichols 
π = 3.2 × 10−5, SS14 π = 6 × 10−6), reflecting the predicted time of lin-
eage diversification. However, our increased sampling also revealed 
two recent clonal expansions within the Nichols lineage: sublineage 
14 (n = 55), comprising samples from Canada, Hungary, Spain and 
the UK (Fig. 2e) and sublineage 8 (n = 15), comprising samples from 
Australia, Canada, France, Ireland, the Netherlands, the UK and the 
USA (Extended Data Fig. 3).
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In addition to observing evidence of recent clonal expansions, 
we also show greater resolution of Nichols-lineage diversity, iden-
tifying two new samples from UK patients (PHE130048A and 
PHE160283A collected in 2013 and 2016, respectively), which 
occupy positions basal to all Nichols-lineage strains (Extended Data 
Fig. 3). Indeed, this analysis suggests that the most recent common 
ancestor of this sublineage was very close to the root of all TPA.

Multiple derivatives of the highly passaged prototype 
Nichols-lineage strain (denoted Nichols-1912) isolated in 1912 were 
included in our analysis (Nichols_v2, Seattle_Nichols, Nichols_
Houston_E, Nichols_Houston_J and Nichols_Houston_O). Figure 
2b (Extended Data Fig. 4) shows that derivatives of Nichols-1912 
fall within a distinct clade that also includes independently collected 
contemporaneous clinical samples (some with minimal passage 
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through the rabbit model), including a sample (TPA_AUSMELT-1) 
collected in Australia in 197730. This clade could be subdivided 
into four sublineages (9, 10, 11, 12) and one singleton. Notably, the 
last sample belonging to this clade was collected in 1987 (TPA_
USL-Phil-3). Hence, within our sampling framework, this appears 
to be an example of a historic lineage declining to rarity or even 
becoming extinct. More broadly, we note that although this cluster 
of both clinical and laboratory strains were all passaged to varying 
degrees through the rabbit model, other samples passaged in the 

rabbit model were distributed throughout the phylogeny and were 
present in 9 out of 17 sublineages (Extended Data Fig. 5).

Temporal analysis of population dispersal. To infer temporal pat-
terns within the global phylogeny, we performed Bayesian phylo-
genetic reconstruction using BEAST31 under a Strict Clock model 
with a Bayesian Skyline population distribution. We excluded 8 
samples from strains known to be heavily passaged or with uncer-
tain collection dates from the previous dataset of 528, giving a  
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dataset of 520 samples and 883 variable sites. We inferred a median 
molecular clock rate of 1.28 × 10−7 substitutions per site per year 
(95% highest posterior density 1.07 × 10−7–1.48 × 10−7), which is 
equivalent to one substitution per genome every 6.9 years, consis-
tent with recent analyses4,6.

Within the global TPA phylogeny (Fig. 3a), we observed several 
patterns of genomic dispersal. The first reflects the separation of 
the Nichols and SS14 lineages (median date in our analysis 1534, 
95% highest posterior density 1430–1621), which is the subject of 
much previous analysis3,4,6. These data also showed that the com-
mon ancestor of these lineages was separated from recent samples 
by long phylogenetic branches and an absence of older ancestral 
nodes, suggesting unsampled historical diversity and that most con-
temporary TPA descended from much more recent ancestral nodes. 
We previously dated the common ancestors for clonal expansions 
of 9 SS14 sublineages between the 1980s and early 2000s4. With this 
expanded dataset, we focused on the major clonally expanded sub-
lineages 1, 2, 8 and 14, each having at least 15 samples.

Next, we used Bayesian Skyline analysis to determine the rela-
tive genetic diversity over different time periods in the phylogeny  
(Fig. 3b), and found a very sharp decline during the 1990s and 2000s, 
followed by an equally sharp rise that continued until the pres-
ent. To test the statistical support for this expansion, we extracted 
the proportion of trees in the posterior distribution supporting a 
>2-fold population expansion above the population mean (68.6%, 
9,263/13,503 trees) and plotted the distribution of expansion start 
dates (Fig. 3c) (median date 2011). We further tested the proportion 
of trees supporting a 2-fold population decline between 1990–2015 
(90.7%, 12,248/13,503 trees, median date 2000) and a 2-fold popu-
lation expansion between 1990–2015 (59.0%, 7,966/13,503 trees, 
median date 2012) (Supplementary Fig. 3). These findings were also 
apparent in SS14 sublineages 1 and 2 (Extended Data Fig. 6), but 
not in Nichols sublineage 8. We had insufficient temporal signal to 
repeat this analysis on multi-country expanded Nichols sublineage 
14 (Supplementary Fig. 4). We independently analysed the SS14 and 
Nichols lineages, and results indicated that the population decline 
was largely associated with the Nichols lineage and coincided with 
expansion of the SS14 lineage (Extended Data Fig. 7a). However, 
our analysis also shows that the Nichols lineage continued to diver-
sify after 2010 (Extended Data Fig. 7b), consistent with our analysis 
of clonally expanded Nichols sublineages.

Global sharing of sublineages and identical strains. To fur-
ther understand the patterns of recent population expansion, 
we sought evidence of sharing of sublineages among countries, 
classifying sublineages as singletons (n = 8), private to a country 
(n = 8) or multi-country (n = 9), and found that 20 out of 22 coun-
tries contained at least one multi-country sublineage (Fig. 4a and 
Supplementary Fig. 5). We inferred pairwise SNP distances for 
genomes within and between each country (Fig. 4c,d), and where 
there was more than one sample (n = 18), we found fewer than 26 
(SS14 lineage) and 80 (Nichols lineage) pairwise SNPs separating 
genomes within any one country (Fig. 4c), illustrating the close 
genetic relationships between samples (particularly for the SS14 
lineage). We also found very low genetic distance between paired 
samples from different countries, with 27 country pairings (14 
countries) showing zero core genome pairwise SNPs (Fig. 4d). In 
particular, Canada, the UK and the USA with the highest sampling 
(Fig. 4b), showed the most zero pairwise interactions with other 
countries (Fig. 4d). Therefore, we cannot rule out similar trans-
mission events occurring between other countries. We compared 
pairwise SNP distances with geographical distance between country 
centroids. Although we found a moderate correlation for Nichols 
lineage (Pearson’s correlation 0.49, P < 0.001, 9,620 comparisons), 
correlation was lower for the SS14 lineage (0.31, P < 0.001, 181,476 
comparisons) and for the four largest multi-country sublineages 

(sublineage 1: 0.09, P < 0.001, 133,225 comparisons; sublineage 2: 
0.43, P < 0.001, 1,024 comparisons; sublineage 8: 0.27, P < 0.001, 
225 comparisons; sublineage 14: 0.08, P < 0.001, 3,025 compari-
sons) (Extended Data Fig. 8). Hence, overall this indicates weak 
geographical structure for TPA.

To understand these observations more fully, we focused on 
British Columbia (Canada) and England, both of which have 
experienced a recent rise in syphilis incidence (Extended Data  
Fig. 9a), and for which we had a large number of samples. Included 
were 84 high-quality BC genomes collected by the BC Centre for 
Disease Control between 2000 and 2018. From England, we had 
240 high quality genomes from samples collected by the National 
Reference Laboratory at Public Health England (n = 198) and 
four non-referring laboratories (n = 42) between 2012 and 2018. 
In BC, SS14 sublineage 1 dominated throughout the 18 year sur-
vey period, representing 82% of all BC genomes (Extended Data  
Fig. 9b). In addition, isolated cases of SS14 sublineage 2 were seen 
in 2000 and 2012, as well as a single Nichols-lineage sample (sin-
gleton) in 2002 (Extended Data Fig. 9b). Then from 2013 onwards, 
we detected two new Nichols sublineages: Nichols sublineage 8 and 
sublineage 14. The latter two lineages were also found across the 
USA and Europe (Fig. 2e).

Both the Nichols and the SS14 lineages were consistently pres-
ent in the English samples between 2012 and 2018. All of the com-
mon sublineages (4/4) found in BC were also present in England, 
as well as 4 additional sublineages (Nichols sublineages 6, 15, 16; 
SS14 sublineage 3) and one SS14 singleton strain not detected in 
BC (Extended Data Fig. 9b). Sublineage 14, which was first detected 
in BC in 2013, was also the most numerous Nichols sublineage in 
England, but was not detected here until 2014.

Pairwise SNP distances between orthogonal genomes from the 
same sublineage showed 2,622 pairwise combinations of BC (n = 56) 
and English samples (n = 78) sharing zero pairwise SNPs over the 
core genome alignment for isolates collected between 2004 and 
2019. To understand the effect of temporal distance, we compared 
both the pairwise SNP distance and the pairwise time distance (in 
years) between genomes from the same sublineage (Extended Data 
Fig. 9d). These data showed that the mean number of years sepa-
rating identical core genomes was 2.5 years (range 0–15), and the 
mean temporal distances of identical genomes were similar within 
BC (2.9 years), within England (1.9 years) and between the two (2.7 
years). The number of pairwise SNPs increased with temporal sepa-
ration across all BC and English genomes from the same sublineage 
(Pearson’s correlation 0.126, P < 0.001, 55,841 comparisons), with a 
mean of 4.9 SNPs (range 0–23) separating genomes from the same 
year and sublineage, compared with 7.8 SNPs (range 6–11) after 19 
years (Extended Data Fig. 9d). This means that inference of direct 
patient-to-patient TPA transmission using the core genome will 
be challenging at the population level, and limits opportunities for 
real-time genomic epidemiology because identical genomes can be 
separated by many years, hence confidence intervals around tem-
poral reconstructions will be broad. In the case of sublineage 14, we 
first detected this in BC, then the following year in England. Since 
we had a deeply sampled survey of populations over time for both 
countries, it seems plausible that this represents a novel introduc-
tion into BC and England. However, low temporal rates and incom-
plete sampling mean that this must be interpreted with caution.

We also found some rarer sublineages – either as singleton strains 
or those private to a single country. While this might be expected in 
poorly sampled and geographically distant locations, such as Cuba, 
Haiti, Mexico and Zimbabwe, we found that the majority of private 
(6/8) and singleton (5/8) sublineages were actually from Canada, 
the UK or the USA (Fig. 4a), suggesting that deeper sampling else-
where may also find novel diversity.

Given our observations of individual sublineage expansion, we 
investigated whether the expansion could be related to antimicrobial 
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resistance. Overlaying SNPs known to confer macrolide resistance 
(A2058G, A2059G) in the ribosomal 23S rRNA gene on the phylogeny 
showed evidence of macrolide resistance in 6 out of 9 multi-country 
sublineage expansions (Extended Data Fig. 10), with the majority of 
samples being resistant in the largest sublineages 1, 2, 8 and 14. In 
contrast, only one private sublineage (sublineage 6, n = 2) contained 
a macrolide-resistant sample, suggesting that macrolide resistance is 
potentially linked to expansion in multi-country sublineages.

We further explored the genomic differences between SS14 and 
Nichols lineages in our core genome alignment, using ancestral 
reconstruction to infer the common ancestral sequences of con-
temporary SS14 and Nichols lineages (Supplementary Fig. 6). We 
identified 95 SNPs separating these clades, and functional annota-
tion indicated that 16 SNPs in 11 genes resulted in non-synonymous 
coding changes, 59 SNPs were synonymous and 20 were intra-
genic (Supplementary Data 3). We noted a high number of 
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non-synonymous changes to the bamA gene (TPASS_RS01600; 
involved in outer-membrane protein assembly), but none of these 
genes is known to confer a fitness advantage that may distinguish 
the two lineages.

Discussion
Previous attempts to understand the origins of the original syphi-
lis pandemic3,6,21, as well as the dynamics of the current one3,4, have 
been constrained by the technical difficulty in sequencing TPA 
genomes, as well as relatively small datasets with limited geographi-
cal diversity and sampling biases. In our study, we assembled the 

most comprehensive collection of syphilis samples from around 
the world to date, including samples from both the twentieth and 
twenty-first centuries. Despite this, we still find that the TPA popu-
lation consists of just two deep-branching lineages, the SS14 and the 
Nichols lineage, with no outlying lineages. We showed that these 
lineages are both globally distributed and, where we have densely 
sampled, we found the relative proportions of each to be consistent. 
Although the overall diversity detected within the Nichols lineage is 
far greater than that of the SS14 lineage, suggesting earlier dissemi-
nation, we also found that these two major lineages exhibit similar 
phylodynamics, with recent sublineage expansions being apparent 
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in both lineages. This suggests that both the Nichols and the SS14 
lineages are capable of exploiting the transmission pathways driving 
the current syphilis epidemic.

Among our data, we sequenced the first genomes from syphi-
lis patients in Africa, and our analysis shows that these genomes 
represented novel private sublineages, but their genomic diversity 
is nested entirely within the existing phylogenetic framework – 
these TPA genomes are not unusual. Indeed, we even observed the 
same pattern of Nichols and SS14 lineages, both being present in 
Zimbabwe, suggesting multiple introduction events into Zimbabwe. 
The same was true for genomes sequenced from Central Russia, 
where the private sublineage 5 represented novel, but entirely unre-
markable genomic diversity.

In our study, we found that sublineages and genetically simi-
lar genomes were more likely to be shared among deeply sampled 
countries. This suggests that sublineage sharing between countries 
is high and deeper sampling of other countries will probably reveal 
similar patterns of sharing. As sampling depth increased, we also 
found rarer sublineages, notably sublineage 6, representing novel 
outlying genetic diversity basal to all contemporary Nichols-lineage 
examples, in 2 out of 240 contemporary UK patients. This suggests 
that some sublineages may truly be rare, while the high frequency 
of other sublineages could reflect either fitness advantages or epi-
demiological factors such as infecting patients within particularly 
high-risk sexual networks, allowing these sublineages to expand 
more successfully. Singleton or private sublineages could reflect 
insufficient sampling of a country or region, or sampling biases 
within a country. These sublineages may therefore reflect transmis-
sion networks that are either contained within a less internationally 
mobile demographic, or may reflect transmission networks com-
mon in a region that is otherwise poorly sampled (for example, 
Africa).

Our observation that the well-studied Nichols reference genomes 
(largely derived from or related to the original Nichols-1912 isolate) 
form an isolated clade that is not represented in contemporary TPA 
is important. One possible explanation is that these samples form 
a distinct clade due to convergent evolution in the rabbit model. 
However, this clade contains samples that are both extensively and 
minimally passaged, while other samples passaged in rabbits are 
distributed throughout the broader phylogeny and are included in 
three SS14 sublineages (1, 2, 4) and two additional Nichols sublin-
eages (7, 8). This indicates that passage in the rabbit model has not 
biased other parts of the phylogeny. The majority of Nichols-lineage 
strains collected before 1988 belong to this clade, and these sam-
ples mostly come from a small group of laboratories in the USA. 
Therefore, it is also tempting to suggest that this reflects a sampling 
bias for that time period. However, the phylogenetic placement of 
TPA_AUSMELT-1—isolated in 1977 in Australia30, and indepen-
dently cultured and sequenced—within the same clade contradicts 
this hypothesis and may suggest that this clade represents the domi-
nant TPA of the period. The complete absence of related genomes 
in contemporary sampling could represent a decline to becoming a 
rare or even extinct lineage, and therefore implies that the Nichols 
reference strain is not representative of contemporary syphilis or 
even contemporary Nichols-lineage strains.

Our data show that for some sublineages, modern syphilis is a 
truly global disease with shared lineages, sublineages and indeed 
nearly identical strains found all over the world. The large expan-
sions of highly related genomes, in particular sublineage 1, repre-
sent the bulk of our dataset, and the widespread sharing of major 
lineages suggests that we have sampled from a series of globally con-
tiguous sexual networks.

Furthermore, we find evidence of a striking change in the genetic 
diversity and effective population size of TPA genomes, suggestive 
of a possible population bottleneck occurring between the late 
1990s and early 2000s. This was followed by a rapid expansion of 

certain sublineages, leading to the contemporary TPA population 
structure. This bottleneck, potentially a consequence of post-HIV 
safe-sex messaging, persistent antimicrobial prophylaxis in at-risk 
HIV-positive populations, and possibly HIV-associated mortality, 
appears to have led to a striking duality in the TPA dominating pop-
ulations before and after its occurrence. The rapid expansion may 
be attributed to a relaxation in sexual behaviour following the wide-
spread introduction of highly active antiretroviral therapy. Notably, 
although macrolide resistance was neither universally distributed 
throughout the phylogeny nor present in all sublineages, most of the 
multi-country sublineages were largely macrolide resistant, and this 
could have also played a role through off-target effects, for example 
during treatment of other (particularly sexually transmitted) infec-
tions32. Azithromycin and other macrolides are no longer recom-
mended treatments at any stage of syphilis in the European syphilis 
management guidelines33. A further possibility is that partial host 
immunity plays a role in sublineage dynamics, as suggested by 
previous modelling of aggregated national surveillance data34 and 
reported attenuated symptoms on reinfection35,36; this will require 
detailed investigation of well-characterized sexual networks and 
examination of hypervariable antigenic genes excluded from the 
core genome used in our phylogenetic analysis.

Our study has a number of limitations. Our samples were col-
lected in an opportunistic manner using residual samples avail-
able in regional or national archives. Since our sampling coverage 
was uneven, with some countries either missing or undersampled, 
it was not possible to infer the direction of transmission between 
countries. While sampling was particularly limited in Africa, Asia 
and South America, we still provide a snapshot of strains from these 
regions, all of which overlap with the genetic diversity of our more 
deeply sampled regions (North America and Europe), suggesting 
that we have captured dominant global lineages. We also show that 
even deeply sampled countries can harbour rare sublineages, and it 
is therefore likely that future studies will reveal further novel diver-
sity. Samples collected before the widespread adoption of molecular 
diagnostics in the early 2000s are limited here, and this is largely 
influenced by the difficulty in isolating new strains before the recent 
development of in vitro culture22 and the lack of long-term stor-
age of clinical swabs. Most (but not all) older strains come from 
the USA, and this could mean that we do not accurately reflect the 
global population structure before 2000. Moreover, because of lim-
ited sampling before 2000, historic lineages that lack extant descen-
dants (for example due to extinction) would not be modelled by 
our Bayesian Skyline, and this could limit our estimates of historic 
population diversity.

Despite these limitations, our data show that the T. pallidum 
infecting patients today is not the same T. pallidum infecting 
patients even 30 years ago – ancestral sublineages may have become 
extinct, being replaced by new sublineages that have swept to domi-
nance across the globe with the dramatic upswing in syphilis cases 
in the USA, the UK and other Western European countries, which 
were heavily sampled in our study. That such a bottleneck is linked 
to HIV-related behavioural change during the 1990s rather than the 
introduction of antibiotics after the Second World War, further sup-
ports the importance of sexual behaviour in transmission dynamics. 
In future work, it would be interesting to integrate epidemiological 
evidence of sexual networks in purpose-designed cohort studies to 
explore this further.

Methods
Samples. Overall ethical approval for receipt, handling and sequencing of all 
clinical samples, as well as for use of UK samples collected as part of public health 
surveillance and for research was granted by the London School of Hygiene and 
Tropical Medicine Observational Research Ethics Committee (REF No. 16014) and 
the National Health Service (UK) Health Research Authority and Health and Care 
Research Wales (UK; 19/HRA/0112). Samples were de-identified and not linked to 
any personal identifiable information. As no patient contact took place, no change 

NATURE MiCROBiOLOGy | VOL 6 | December 2021 | 1549–1560 | www.nature.com/naturemicrobiology1556

http://www.nature.com/naturemicrobiology


ArticlesNaTUrE MIcroBIology

to clinical care occurred, and as the study consisted only of the use of residual DNA 
from samples that were already routinely collected, patient consent was deemed 
unnecessary during ethical approval. Ethical approval for sequencing of samples 
from Belgium was covered by a provision of the Institutional Review Board of the 
Institute of Tropical Medicine that allows the further characterization of residual 
patient samples without additional Ethical Committee clearance. In addition, at 
the Institute for Tropical Medicine outpatient clinic, the patients are informed 
that their remnant samples may be used; if they do not consent, they have a form 
to complete (opt out). Samples from Hungary were collected and preserved as 
part of the routine diagnostics (standard care), and stored at laboratories that 
have approval for preservation of such and other clinical samples, and no patient 
identification information was available; accordingly, these samples did not need a 
separate ethical approval for use in an anonymized manner. Samples from Russia 
were collected as part of a previous study that involved molecular epidemiology, 
and this had ethical approval from The State Research Center of Dermatology, 
Venereology and Cosmetology of The Russian Ministry of Health (SRCDVC), 
Moscow, Russia. Samples from South Africa were collected as part of a study on 
the impact of episodic acyclovir therapy on ulcer duration and HIV shedding 
from genital ulcers in men, and ethical approval was granted by the Human 
Research Ethics Committee of the University of the Witwatersrand in South 
Africa (Clearance Certificate Nos. M040548 and M10201). All participants gave 
permission to store samples for future testing for infectious diseases. Zimbabwe 
samples were collected as part of the Zimbabwe STI Etiology Study, which had 
a provision for specimen storage and future studies, and the consent form had a 
specific opt-in/opt-out addendum for specimen storage and future studies. It also 
specifically asked for consent to have specimens shipped to the National Institute 
for Communicable Diseases in South Africa. The protocol and consent forms were 
approved by the Research Council and Medical Research Council of Zimbabwe. 
Samples from Canada (British Columbia and Alberta) were collected as part of 
public health surveillance, were de-identified before transfer between labs and were 
deemed exempt from requiring additional ethical approval. Samples from Australia 
were covered by Human Research Ethics Committee approval, and this approval 
included a waiver to obtain individual informed consent that was consistent with 
the requirements outlined in the Australian National Health and Medical Research 
Council National Statement. For samples from Spain, all the patients enrolled in 
the study provided written consent for collection of an additional ulcer swab  
and/or whole blood specimen to perform the TPA molecular studies. Institutional 
Review Board approval PR(AG)297/2014 was obtained from the Ethics Committee 
of Vall d’Hebron Research Institute. An amendment was also approved to allow 
WGS. For samples from Ireland, the study was approved by the ethics board  
of St James’s Hospital and Tallaght Hospital, and this included approval for 
molecular analyses.

Novel samples from Australia (Brisbane, Melbourne), Belgium (Antwerp), 
Canada (Alberta, British Columbia), Hungary (National collection), Ireland 
(Dublin), Russia (Tuva Republic), South Africa (Johannesburg), Spain (Barcelona), 
Sweden (National collection), the UK (National collection) and Zimbabwe (3 
regions) were sequenced directly from genomic DNA extracted from clinical 
patient swabs or biopsies, typically utilizing de-identified residual diagnostic 
samples that were further pseudonymized before analysis. Additional novel 
samples from Australia (Melbourne), Haiti and the USA (6 cities) were sequenced 
from historic freezer archives after previous passage in the rabbit model4.

DNA extracts were quantified by quantitative real-time PCR (qPCR; 
TPANIC_0574) as previously described4, and grouped into pools of either 32 or 
48 with similar (within 2 CT) treponemal load, with high-concentration outlier 
samples diluted as necessary. We added 4 μl pooled commercial human genomic 
DNA (Promega) to all samples to ensure total genomic DNA > 1 μg per 35 μl, which 
was sufficient for library prep.

Sequencing. Extracted genomic DNA was sheared to 100–400 bp (mean 
distribution 150 bp) using an LE220 ultrasonicator (Covaris). Libraries were 
prepared (NEBNext Ultra II DNA Library preparation kit, New England Biolabs) 
using initial adaptor ligation and barcoding with unique dual indexed barcodes 
(Integrated DNA Technologies). Dual indexed samples were amplified (6 cycles 
of PCR, KAPA HiFi kit, Roche), quantified (Accuclear dsDNA Quantitation 
Solution, Biotium), then pooled in pre-assigned groups of 48 or 32 to generate 
equimolar pools on the basis of total DNA concentration. Pooled DNA (500 ng) 
was hybridized using 120-mer RNA baits (SureSelect Target enrichment system, 
Agilent technologies; bait design ELID ID 0616571)4,37. Enriched libraries were 
sequenced on Illumina HiSeq 4000 to generate 150 bp paired-end reads at the 
Wellcome Sanger Institute (UK) as previously described38. For one rabbit-passaged 
sample from Melbourne, Australia (TPA_AUSMELT-1)30, genomic DNA extracted 
from historically archived tissue lysate was sequenced on Illumina NextSeq 500 
(150 bp paired-end reads, Nextera DNA Flex libraries) without any previous 
enrichment to an estimated 1 Gb per sample at the Doherty Institute (Australia).

Sequence analysis and phylogenetics. We filtered Treponema genus-specific 
sequencing reads using the full bacterial and human Kraken 2 (ref. 39) v2.0.8 
database (March 2019), followed by trimming with Trimmomatic40 v0.39 and 
downsampling to a maximum of 2,500,000 using seqtk v1.0 (available at  

https://github.com/lh3/seqtk) as previously described4. For publicly available 
genomes, raw sequencing reads were downloaded from the European Nucleotide 
Archive and subjected to the same binning and downsampling procedure. For five 
public genomes (Supplementary Data 1), raw sequencing reads were not available; 
for these we simulated 150 bp paired-end perfect reads at 50X coverage from the 
RefSeq closed genomes using Fastaq v3.17.0 (available at https://github.com/
sanger-pathogens/Fastaq).

For phylogenomic analysis, we mapped Treponema-specific reads to a 
custom version of the SS14_v2 reference genome (NC_021508.1) after first 
masking 12 repetitive Tpr genes (Tpr A–L), two highly repetitive genes (arp, 
TPANIC_0470) and five FadL homologues (TPANIC_0548, TPANIC_0856, 
TPANIC_0858, TPANIC_0859, TPANIC_0865) using bedtools41 v2.29 maskfasta 
(positions listed in Supplementary Data 2). We mapped prefiltered sequencing 
reads to the reference using BWA mem42 v0.7.17 (MapQ ≥ 20, excluding reads 
with secondary mappings), followed by indel realignment using GATK v3.7 
IndelRealigner, de-duplication with Picard MarkDuplicates v1.126 (available 
at http://broadinstitute.github.io/picard/), and variant calling and consensus 
pseudosequence generation using samtools43 v1.6 and bcftools v1.6, requiring a 
minimum of two supporting reads per strand and five in total to call a variant, 
and a variant frequency/mapping quality cut-off of 0.8. Sites not meeting our 
filtering criteria were masked to ‘N’ in the final pseudosequence. After mapping 
and pseudosequence generation, we repeated the masking of the 19 genes on the 
final multiple sequence alignment using ‘remove_block_from_aln.py’ available at 
https://github.com/sanger-pathogens/remove_blocks_from_aln/ to ensure sites 
originally masked in the reference were not inadvertently called with SNPs due to 
mapped reads overlapping the masked region. These 19 regions of recombination 
and genomic uncertainty due to gene orthology or repetitive regions3,4,6 accounted 
for 30,071 genomic sites (Supplementary Data 2).

For basic lineage assignment of genomes, we excluded sequences with >75% 
genomic sites masked to ‘N’. A SNP-only alignment was generated using snp-sites44 
v 2.5.1, and a maximum likelihood phylogeny was calculated on the variable 
sites using IQ-Tree28 v1.6.10, inputting missing constant sites using the ‘-fconst’ 
argument, and using a general time reversible substitution model with a FreeRate 
model of heterogeneity45 and 1,000 UltraFast Bootstraps46.

For fine-scale analysis of high-quality genomes, we excluded sequences with 
>25% genomic sites masked to ‘N’ (that is, >75% genomic sites passing filters 
at >5X and not masked). We used Gubbins27 v2.4.1 (20 iterations) to generate 
recombination-masked full genome length and SNP-only alignments. Gubbins27 
identified 19 further putative regions of recombination affecting 2.1% of genomic 
sites (n = 23,567) and 27 genes (listed in Supplementary Data 2), meaning we 
masked a maximum of 4.7% (53,638 sites) of the genome over the 38 regions. We 
used IQ-Tree on the SNP-only alignment containing 901 variable sites, inputting 
missing constant sites using the ‘-fconst’ argument, and allowing the built-in model 
test to infer a K3Pu+F+I model and 10,000 UltraFast bootstraps.

To cluster genomes, we initially performed joint ancestral reconstruction47 
of SNPs on the phylogeny using pyjar v0.1.0 (available at https://github.com/
simonrharris/pyjar) and used this to determine phylogenetic clusters with a 10 
SNP threshold in rPinecone29 v0.1.0 (available at https://github.com/alexwailan/
rpinecone). We further investigated phylogenetic clustering by using IQ-tree to 
generate 100 standard non-parametric bootstraps on the maximum likelihood 
phylogeny and used the resulting 100 trees as independent inputs to rPinecone, as 
described in the rPinecone manuscript29. We used the hierarchical clustering ‘hclust’ 
algorithm in R48 to group rPinecone clusters and evaluated different proportions of 
trees supporting clusters against the phylogeny (Supplementary Fig. 2).

To assess the impact of missing sites in the multiple sequence alignments used 
to construct our phylogenies, we subsampled the recombination-masked multiple 
sequence alignment to only include 301 genomes with <5% of genomic positions 
masked to ‘N’, and repeated the maximum likelihood analysis using IQ-Tree. We 
converted the resulting phylogeny to an ultrametric tree using phytools49 v0.7-47; 
comparison with the ultrametric tree of our fine-scale analysis of 528 genomes  
in a tanglegram indicated that the underlying topology and sublineage clusters 
were the same (Supplementary Fig. 7), except for the low-diversity sublineage  
1 region. To assess the impact of mapping to an alternative reference genome, we 
also mapped the 528 genomes to the Nichols_v2 reference (CP004010.2), repeating 
the recombination masking and phylogenetic reconstruction as described above. 
Comparison of the resulting Nichols-mapped ultrametric tree to our SS14-mapped 
tree in a tanglegram also indicated equivalent topology and clustering of 
sublineages (Supplementary Fig. 8), with the exceptions of sublineage 1 (which has 
low diversity and thus low support for within-group topology) and sublineage 6 
(which diverges from other strains close to the root of TPA and appears on either 
the Nichols- or SS14-lineage side of different midpoint rooted trees).

For temporal analysis, our dataset was too large for robust model testing of 
all genomes, so we stratified our dataset by sublineage and country, then used the 
random sampler in R48 to select a maximum of five genomes from each strata, plus 
all singleton strains, yielding a dataset of 138. We extracted the sequences from 
the multiple sequence alignment using seqtk and the subtree from our broader 
phylogeny using ape50 v5.4.1 ‘keep.tip’. Root-to-tip distance analysis from this 
subtree showed a correlation of 0.327 and R2 of 0.11 (Supplementary Fig. 9), and 
we proceeded to BEAST analysis. We initially ran BEAST31,51 v1.8.4 in triplicate 
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on our recombination-masked SNP-only alignment containing 592 variable 
sites, correcting for invariant sites using the ‘constantPatterns’ argument, using 
both a Strict Clock model52 (starting rate prior 1.78 × 10−7) and an Uncorrelated 
Relaxed Clock model53, with HKY substitution model54 and diffuse gamma 
distribution prior55 (shape 0.001, scale 1,000) over 100 million Markov Chain 
Monte Carlo (MCMC) cycles with 10 million cycle burn-in. We evaluated constant, 
relaxed lognormal, exponential and Bayesian Skyline (10 categories) population 
distributions56. All MCMC chains converged with high effective sample sizes, and 
on inspection of the marginal distribution of ‘ucld.stdev’, we could not reject a 
Strict Clock. We used the marginal likelihood estimates from the triplicate BEAST 
runs as input to Path Sampling and Stepping Stone Sampling analysis57,58, and 
this suggested that the Strict Clock with Bayesian Skyline was the optimal model 
for this dataset (Supplementary Fig. 10), with an inferred molecular clock rate of 
1.23 × 10−7 substitutions per site per year. This is consistent with previous molecular 
clock rate estimates for TPA3,4, but we note that inclusion of recombinogenic 
or hypervariable sites outside the clonal frame (masked in this study) would be 
expected to increase this rate. To ensure that our findings were not artefactual to the 
downsampled dataset, we re-stratified the dataset by sublineage, country and year, 
selecting a maximum of 3 genomes from each stratum, plus all singleton strains, 
yielding a dataset of 168 genomes with 466 variable sites. We ran BEAST on this 
new subsampled dataset using the optimal Strict Clock (with starting rate prior of 
1.23 × 10−7, inferred from the previous analysis) with Bayesian Skyline from over 
100 million MCMC cycles, with the equivalent results (Supplementary Fig. 11).

To evaluate the temporal dynamics of sublineages, we tested the temporal 
signal for the 4 largest sublineages 1, 2, 8 and 14 (Supplementary Fig. 4). Sublineage 
14 had poor temporal signal and was excluded from further analysis. We 
performed independent BEAST analyses on the remaining sublineage multiple 
sequence alignments using the optimal Strict Clock model with Bayesian Skyline 
(10 population groups) described above, evaluating 3 independent chains of 200 
million cycles for each.

To analyse the full dataset (n = 520 after excluding heavily passaged samples or 
those with uncertain collection dates, 883 variable sites) after evaluating temporal 
signal (Supplementary Fig. 12), we initially attempted to reproduce our model in 
BEAST 1.8.4, but this proved unachievable with our local implementation and 
computing arrangements. To analyse the full dataset, we therefore reconstructed 
the optimal BEAST v1.8.4 model (Strict Clock with reference rate prior of 
1.23 × 10−7 substitutions per site per year, HKY substitution model54, Coalescent 
Bayesian Skyline distribution with 10 populations54,56) in a BEAST259 v2.6.3 
implementation with BEAGLE51 libraries optimized for Graphical Processing 
Units, analysing the 520 genomes over 500 million MCMC cycles in triplicate. 
To compare the phylodynamics of the individual Nichols and SS14 lineages, we 
repeated the BEAST2 analysis described above using multiple sequence alignments 
specific to Nichols (n = 94) and SS14 (n = 426); we used Tracer31 v1.7.1 to extract 
Bayesian Skyline distributions and lineage accumulation for plotting in R.

To further confirm the temporal signal in our full 520-genome tree, we used 
the TIPDATINGBEAST60 v1.1-0 package in R to perform a date randomization 
test, generating 20 new datasets with randomly re-assigned dates from the original 
xml file and conditions – BEAST2 analysis using the same prior conditions found 
no evidence of temporal signal in these replicates, indicating that the signal in our 
tree was not found by chance (Supplementary Fig. 13).

We used logcombiner v2.6.3 with a 10% burn-in to generate consensus log 
and tree files, resampling 100,000 states for the full 520 sample analysis, and 
treeannotator v1.8.4 to create median maximum credibility trees. We generated 
Bayesian Skyline and lineage accumulation plots using the combined log and tree 
files in Tracer v1.7.131, exporting the data for subsequent plotting in R. To evaluate 
the posterior distribution of population expansion times, we used the script 
‘population_increase_distribution_BEAST.py’ (available at https://github.com/
chrisruis/tree_scripts commit: 2463656e329e3f25ec6dd13c86c64ad163525ae0), 
which uses the BEAST log and tree files to identify the first increase in relative 
genetic diversity from the PopSizes columns and the date of this increase using 
the corresponding number of nodes in the GroupSizes columns and the node 
heights in the respective tree. We required a 2-fold population expansion (defined 
by setting ‘-p’ to 100). The script outputs the proportion of trees in the posterior 
distribution that support an increase in relative genetic diversity, along with the 
distribution of expansion dates, which we plotted in R48. We repeated this analysis 
using the script ‘population_change_support_BEAST.py’ (available at https://
github.com/chrisruis/tree_scripts), which looks for an increase or decrease of 
effective population size within a defined window, testing for supported start dates 
of a 2-fold population decline or expansion between 1990 and 2015.

For analysis of genetic changes between common ancestral nodes in our 
phylogeny, we performed ancestral reconstruction of the full 528-sample 
maximum likelihood alignment and tree using TreeTime61 v0.7.4. We extracted 
SNPs from the resulting multiple sequence alignment using snp-sites, functionally 
annotated variants using SnpEff62 v4.3 with the most recent National Center for 
Biotechology Information annotation for the NC_021508.1 SS14 reference genome 
(June 2021), and imported data into R48 v3.6.0 for analysis using vcfR63 v1.12.0. We 
selected the common ancestral nodes leading to contemporary SS14 and Nichols 
lineages (Supplementary Fig. 6), and used R to extract annotated variants that 
differed between the relevant nodes from our variant call file (VCF).

For comparison of TPA sublineage trends with national syphilis 
rates, we downloaded and plotted publicly available incidence 
data for England (https://www.gov.uk/government/statistics/
sexually-transmitted-infections-stis-annual-data-tables) and British Columbia 
(http://www.bccdc.ca/health-professionals/data-reports/sti-reports).

Macrolide resistance alleles were inferred using the competitive mapping 
approach previously described4,38 (available at https://github.com/matbeale/
Lihir_Treponema_2020/competitive_mapping_Treponema23S–mod.sh commit: 
044b29ce29ada81e4f7cb0318301e97e1d5a8d55). To infer pairwise SNP distances 
between samples, we used pairsnp v0.1.0 (available at https://github.com/
gtonkinhill/pairsnp commit: 0acddba060cc076946dab9969a95ab3c21f110fb). 
We constructed networks of minimum pairwise distance and shared lineages in 
R, and plotted these as heatmaps using ggplot264 v3.3.2. Nucleotide diversity (π) 
for different clades was inferred from the multiple sequence alignments using 
EggLib65 v3.0.0b21, including variable sites present in at least 5% of genomes. 
For geospatial analysis, we used the CoordinateCleaner66 v2.0-17 package in R to 
define the centroid position for each country, except for Russia (where we used 
the centroid of the Tuva Republic) and Mexico (where we used Mexico City). 
Geographic distances between countries (using the country centroid or location 
defined above) were determined using the ‘distVincentyEllipsoid’ function from 
the geosphere67 v1.5-10 package. Correlations between pairwise genetic, geographic 
and temporal distance were inferred using two-sided Pearson’s R Correlation via 
the ‘cor’ function in R, where we compared ‘real’ correlation with 1,000 bootstraps 
resampled with replacement to obtain a P value. Sample counts were plotted using 
ggmap68 v3.0.0 over maptiles downloaded from Stamen Design (http://maps.
stamen.com). All phylogenetic trees were plotted in R using ggtree69 v2.5.1. All 
figures used ggplot2 (ref. 64) for plotting and multi-panel figures were constructed 
using cowplot70 v1.1.1.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Sequencing reads for all novel genomes have been deposited at the 
European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home) 
in BioProjects PRJEB28546, PRJEB33181 and PRJNA701499. All accessions, 
corresponding sample identifiers and related metadata are available in 
Supplementary Data 1. Map tiles were downloaded from http://maps.
stamen.com using the ggmap interface. Publicly available syphilis incidence 
data are available for England at https://www.gov.uk/government/statistics/
sexually-transmitted-infections-stis-annual-data-tables and for British Columbia at 
http://www.bccdc.ca/health-professionals/data-reports/sti-reports.
All sample metadata and intermediate analysis files are available at https://
doi.org/10.6084/m9.figshare.14376749 and https://github.com/matbeale/
Contemporary_Syphilis_Lineages_2021. The minimum raw datafiles required to 
construct the Main and Extended Data figures are described in Supplementary 
Data 4. The fine-scale maximum likelihood phylogeny and metadata are also 
available for interactive visualization at https://microreact.org/project/xt7AuLJorky
BNHVXL2sF8G/1a515b2c.

Code availability
The R code used for all statistical analyses and plotting is available in an Rnotebook 
at https://doi.org/10.6084/m9.figshare.14376749 and at https://github.com/matbeale/
Contemporary_Syphilis_Lineages_2021, along with underlying source files.

Received: 27 March 2021; Accepted: 20 October 2021;  
Published online: 24 November 2021

References
 1. McGough, L. J. & Erbelding, E. in Pathogenic Treponema: Molecular and 

Cellular Biology (eds Radolf, J. D. & Lukehart, S. A.) 183–195 (Caister 
Academic Press, 2006).

 2. Baker, B. J. et al. Advancing the understanding of treponemal disease in the 
past and present. Am. J. Phys. Anthropol. 171, 5–41 (2020).

 3. Arora, N. et al. Origin of modern syphilis and emergence of a pandemic 
Treponema pallidum cluster. Nat. Microbiol. 2, 16245 (2016).

 4. Beale, M. A. et al. Genomic epidemiology of syphilis reveals independent 
emergence of macrolide resistance across multiple circulating lineages. Nat. 
Commun. 10, 3255 (2019).

 5. Giffin, K. et al. A treponemal genome from an historic plague victim 
supports a recent emergence of yaws and its presence in 15th century Europe. 
Sci. Rep. 10, 9499 (2020).

 6. Majander, K. et al. Ancient bacterial genomes reveal a high diversity of 
Treponema pallidum strains in early modern Europe. Curr. Biol. https://doi.
org/10.1016/j.cub.2020.07.058 (2020).

 7. Kojima, N. & Klausner, J. D. An update on the global epidemiology of 
syphilis. Curr. Epidemiol. Rep. 5, 24–38 (2018).

NATURE MiCROBiOLOGy | VOL 6 | December 2021 | 1549–1560 | www.nature.com/naturemicrobiology1558

https://github.com/chrisruis/tree_scripts
https://github.com/chrisruis/tree_scripts
https://github.com/chrisruis/tree_scripts
https://github.com/chrisruis/tree_scripts
https://www.gov.uk/government/statistics/sexually-transmitted-infections-stis-annual-data-tables
https://www.gov.uk/government/statistics/sexually-transmitted-infections-stis-annual-data-tables
http://www.bccdc.ca/health-professionals/data-reports/sti-reports
https://github.com/matbeale/Lihir_Treponema_2020/competitive_mapping_Treponema23S--mod.sh
https://github.com/matbeale/Lihir_Treponema_2020/competitive_mapping_Treponema23S--mod.sh
https://github.com/gtonkinhill/pairsnp
https://github.com/gtonkinhill/pairsnp
http://maps.stamen.com
http://maps.stamen.com
https://www.ebi.ac.uk/ena/browser/home
http://maps.stamen.com
http://maps.stamen.com
https://www.gov.uk/government/statistics/sexually-transmitted-infections-stis-annual-data-tables
https://www.gov.uk/government/statistics/sexually-transmitted-infections-stis-annual-data-tables
http://www.bccdc.ca/health-professionals/data-reports/sti-reports
https://doi.org/10.6084/m9.figshare.14376749
https://doi.org/10.6084/m9.figshare.14376749
https://github.com/matbeale/Contemporary_Syphilis_Lineages_2021
https://github.com/matbeale/Contemporary_Syphilis_Lineages_2021
https://microreact.org/project/xt7AuLJorkyBNHVXL2sF8G/1a515b2c
https://microreact.org/project/xt7AuLJorkyBNHVXL2sF8G/1a515b2c
https://doi.org/10.6084/m9.figshare.14376749
https://github.com/matbeale/Contemporary_Syphilis_Lineages_2021
https://github.com/matbeale/Contemporary_Syphilis_Lineages_2021
https://doi.org/10.1016/j.cub.2020.07.058
https://doi.org/10.1016/j.cub.2020.07.058
http://www.nature.com/naturemicrobiology


ArticlesNaTUrE MIcroBIology

 8. Tampa, M., Sarbu, I., Matei, C., Benea, V. & Georgescu, S. Brief history of 
syphilis. J. Med. Life 7, 4–10 (2014).

 9. Chesson, H. W., Dee, T. S. & Aral, S. O. AIDS mortality may have 
contributed to the decline in syphilis rates in the United States in the 1990s. 
Sex. Transm. Dis. 30, 419–424 (2003).

 10. Fenton, K. A. et al. Infectious syphilis in high-income settings in the 21st 
century. Lancet Infect. Dis. 8, 244–253 (2008).

 11. Centers for Disease Control and Prevention. National Overview of STDs, 2016 
https://www.cdc.gov/std/stats16/natoverview.htm (2018).

 12. Public Health England. Sexually Transmitted Infections and Screening for 
Chlamydia in England, 2017 https://www.gov.uk/government/statistics/
sexually-transmitted-infections-stis-annual-data-tables (2018).

 13. European Centre for Disease Prevention and Control. Surveillance Atlas of 
Infectious Diseases https://www.ecdc.europa.eu/en/surveillance-atlas- 
infectious-diseases (2017).

 14. Rowley, J. et al. Chlamydia, gonorrhoea, trichomoniasis and syphilis: global 
prevalence and incidence estimates, 2016. Bull. World Health Organ. 97, 
548–562P (2019).

 15. Zhou, Y. et al. Prevalence of HIV and syphilis infection among men who 
have sex with men in China: a meta-analysis. BioMed Res. Int. 2014,  
620431 (2014).

 16. Korenromp, E. L. et al. Global burden of maternal and congenital syphilis 
and associated adverse birth outcomes – estimates for 2016 and progress 
since 2012. PLoS ONE 14, e0211720 (2019).

 17. Grillová, L. et al. Directly sequenced genomes of contemporary strains of 
syphilis reveal recombination-driven diversity in genes encoding predicted 
surface-exposed antigens. Front. Microbiol. 10, 1691 (2019).

 18. Pinto, M. et al. Genome-scale analysis of the non-cultivable Treponema 
pallidum reveals extensive within-patient genetic variation. Nat. Microbiol. 2, 
16190 (2016).

 19. Sun, J. et al. Tracing the origin of Treponema pallidum in China using 
next-generation sequencing. Oncotarget 7, 42904–42918 (2016).

 20. Chen, W. et al. Analysis of Treponema pallidum strains from China using 
improved methods for whole-genome sequencing from primary syphilis 
chancres. J. Infect. Dis. https://doi.org/10.1093/infdis/jiaa449 (2020).

 21. Beale, M. A. & Lukehart, S. A. Archaeogenetics: what can ancient genomes 
tell us about the origin of syphilis? Curr. Biol. 30, R1092–R1095 (2020).

 22. Edmondson, D. G., Hu, B. & Norris, S. J. Long-term in vitro culture of the 
syphilis spirochete Treponema pallidum subsp. pallidum. mBio 9,  
e01153-18 (2018).

 23. Čejková, D. et al. Whole genome sequences of three Treponema pallidum ssp. 
pertenue strains: yaws and syphilis treponemes differ in less than 0.2% of the 
genome sequence. PLoS Negl. Trop. Dis. 6, e1471 (2012).

 24. Tong, M.-L. et al. Whole genome sequence of the Treponema pallidum subsp. 
pallidum strain Amoy: an Asian isolate highly similar to SS14. PLoS ONE 12, 
e0182768 (2017).

 25. Pětrošová, H. et al. Whole genome sequence of Treponema pallidum ssp. 
pallidum, strain Mexico A, suggests recombination between yaws and syphilis 
strains. PLoS Negl. Trop. Dis. 6, e1832 (2012).

 26. Pětrošová, H. et al. Resequencing of Treponema pallidum ssp. pallidum strains 
Nichols and SS14: correction of sequencing errors resulted in increased 
separation of syphilis treponeme subclusters. PLoS ONE 8, e74319 (2013).

 27. Croucher, N. J. et al. Rapid phylogenetic analysis of large samples of 
recombinant bacterial whole genome sequences using Gubbins. Nucleic Acids 
Res. https://doi.org/10.1093/nar/gku1196 (2014).

 28. Nguyen, L.-T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. IQ-TREE: a 
fast and effective stochastic algorithm for estimating maximum-likelihood 
phylogenies. Mol. Biol. Evol. 32, 268–274 (2015).

 29. Wailan, A. M. et al. rPinecone: define sub-lineages of a clonal expansion via a 
phylogenetic tree. Microb. Genom. https://doi.org/10.1099/mgen.0.000264 (2019).

 30. Graves, S. & Alden, J. Limited protection of rabbits against infection with 
Treponema pallidum by immune rabbit sera. Sex. Transm. Infect. 55,  
399–403 (1979).

 31. Suchard, M. A. et al. Bayesian phylogenetic and phylodynamic data 
integration using BEAST 1.10. Virus Evol. 4, vey016 (2018).

 32. Marra, C. M. et al. Antibiotic selection may contribute to increases in 
macrolide-resistant Treponema pallidum. J. Infect. Dis. 194, 1771–1773 (2006).

 33. Janier, M. et al. 2020 European guideline on the management of syphilis. J. 
Eur. Acad. Dermatol. Venereol. 35, 574–588 (2020).

 34. Grassly, N. C., Fraser, C. & Garnett, G. P. Host immunity and synchronized 
epidemics of syphilis across the United States. Nature 433, 417–421 (2005).

 35. Kenyon, C., Osbak, K. K., Crucitti, T. & Kestens, L. Syphilis reinfection is 
associated with an attenuated immune profile in the same individual: a 
prospective observational cohort study. BMC Infect. Dis. 18, 479 (2018).

 36. Marra, C. M. et al. Previous syphilis alters the course of subsequent episodes 
of syphilis. Clin. Infect. Dis. https://doi.org/10.1093/cid/ciab287 (2021).

 37. Marks, M. et al. Diagnostics for yaws eradication: insights from direct 
next-generation sequencing of cutaneous strains of Treponema pallidum. Clin. 
Infect. Dis. 66, 818–824 (2018).

 38. Beale, M. A. et al. Yaws re-emergence and bacterial drug resistance selection 
after mass administration of azithromycin: a genomic epidemiology 
investigation. Lancet Microbe 1, e263–e271 (2020).

 39. Wood, D. E., Lu, J. & Langmead, B. Improved metagenomic analysis with 
Kraken 2. Genome Biol. 20, 257 (2019).

 40. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30, 2114–2120 (2014).

 41. Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for 
comparing genomic features. Bioinformatics 26, 841–842 (2010).

 42. Li, H. Aligning sequence reads, clone sequences and assembly contigs with 
BWA-MEM. Preprint at https://arxiv.org/abs/1303.3997 (2013).

 43. Li, H. et al. The sequence alignment/map format and SAMtools. 
Bioinformatics 25, 2078–2079 (2009).

 44. Page, A. J. et al. SNP-sites: rapid efficient extraction of SNPs from 
multi-FASTA alignments. Microb. Genom. 2, (2016).

 45. Soubrier, J. et al. The influence of rate heterogeneity among sites on the time 
dependence of molecular rates. Mol. Biol. Evol. 29, 3345–3358 (2012).

 46. Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q. & Vinh, L. S. 
UFBoot2: improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 
35, 518–522 (2018).

 47. Pupko, T., Pe, I., Shamir, R. & Graur, D. A fast algorithm for joint 
reconstruction of ancestral amino acid sequences. Mol. Biol. Evol. 17, 
890–896 (2000).

 48. R Core Team. R: A Language and Environment for Statistical Computing (R 
Foundation for Statistical Computing, 2014).

 49. Revell, L. J. phytools: an R package for phylogenetic comparative biology (and 
other things). Methods Ecol. Evol. 3, 217–223 (2012).

 50. Paradis, E. & Schliep, K. ape 5.0: an environment for modern phylogenetics 
and evolutionary analyses in R. Bioinformatics 35, 526–528 (2019).

 51. Ayres, D. L. et al. BEAGLE: an application programming interface and 
high-performance computing library for statistical phylogenetics. Syst. Biol. 
61, 170–173 (2012).

 52. Ferreira, M. A. R. & Suchard, M. A. Bayesian analysis of elapsed times in 
continuous-time Markov chains. Can. J. Stat. 36, 355–368 (2008).

 53. Drummond, A. J., Ho, S. Y. W., Phillips, M. J. & Rambaut, A. Relaxed 
phylogenetics and dating with confidence. PLoS Biol. 4, e88 (2006).

 54. Hasegawa, M., Kishino, H. & Yano, T. Dating of the human–ape  
splitting by a molecular clock of mitochondrial DNA. J. Mol. Evol. 22, 
160–174 (1985).

 55. Yang, Z. Maximum likelihood phylogenetic estimation from DNA sequences 
with variable rates over sites: approximate methods. J. Mol. Evol. 39,  
306–314 (1994).

 56. Drummond, A. J., Rambaut, A., Shapiro, B. & Pybus, O. G. Bayesian 
coalescent inference of past population dynamics from molecular sequences. 
Mol. Biol. Evol. 22, 1185–1192 (2005).

 57. Baele, G. et al. Improving the accuracy of demographic and molecular clock 
model comparison while accommodating phylogenetic uncertainty. Mol. Biol. 
Evol. 29, 2157–2167 (2012).

 58. Baele, G., Li, W. L. S., Drummond, A. J., Suchard, M. A. & Lemey, P. 
Accurate model selection of relaxed molecular clocks in Bayesian 
phylogenetics. Mol. Biol. Evol. 30, 239–243 (2013).

 59. Bouckaert, R. et al. BEAST 2.5: an advanced software platform for Bayesian 
evolutionary analysis. PLoS Comput. Biol. 15, e1006650 (2019).

 60. Rieux, A. & Khatchikian, C. E. tipdatingbeast: an R package to assist the 
implementation of phylogenetic tip-dating tests using beast. Mol. Ecol. Resour. 
17, 608–613 (2016).

 61. Sagulenko, P., Puller, V. & Neher, R. A. TreeTime: maximum-likelihood 
phylodynamic analysis. Virus Evol. 4, vex042 (2018).

 62. Cingolani, P. et al. A program for annotating and predicting the effects of 
single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila 
melanogaster strain w1118; iso-2; iso-3. Fly 6, 80–92 (2012).

 63. Knaus, B. J. & Grünwald, N. J. vcfr: a package to manipulate and visualize 
variant call format data in R. Mol. Ecol. Resour. 17, 44–53 (2017).

 64. Wickham, H. ggplot2: Elegant Graphics for Data Analysis  
(Springer-Verlag, 2009).

 65. de Mita, S. & Siol, M. EggLib: processing, analysis and simulation tools for 
population genetics and genomics. BMC Genet. 13, 27 (2012).

 66. Zizka, A. et al. CoordinateCleaner: standardized cleaning of occurrence 
records from biological collection databases. Methods Ecol. Evol. 10,  
744–751 (2019).

 67. Hijmans, R. J. geosphere: Spherical Trigonometry https://CRAN.R-project.org/
package=geosphere (2019).

 68. Kahle, D. & Wickham, H. ggmap: spatial visualization with ggplot2. R. J. 5, 
144–161 (2013).

 69. Yu, G., Smith, D. K., Zhu, H., Guan, Y. & Lam, T. T.-Y. ggtree: an r package 
for visualization and annotation of phylogenetic trees with their covariates 
and other associated data. Methods Ecol. Evol. 8, 28–36 (2017).

 70. Wilke, C. O. cowplot: Streamlined Plot Theme and Plot Annotations for 
‘ggplot2’ https://CRAN.R-project.org/package=cowplot (2020).

NATURE MiCROBiOLOGy | VOL 6 | December 2021 | 1549–1560 | www.nature.com/naturemicrobiology 1559

https://www.cdc.gov/std/stats16/natoverview.htm
https://www.gov.uk/government/statistics/sexually-transmitted-infections-stis-annual-data-tables
https://www.gov.uk/government/statistics/sexually-transmitted-infections-stis-annual-data-tables
https://www.ecdc.europa.eu/en/surveillance-atlas-infectious-diseases
https://www.ecdc.europa.eu/en/surveillance-atlas-infectious-diseases
https://doi.org/10.1093/infdis/jiaa449
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1099/mgen.0.000264
https://doi.org/10.1093/cid/ciab287
https://arxiv.org/abs/1303.3997
https://CRAN.R-project.org/package=geosphere
https://CRAN.R-project.org/package=geosphere
https://CRAN.R-project.org/package=cowplot
http://www.nature.com/naturemicrobiology


Articles NaTUrE MIcroBIology

Acknowledgements
We thank the sequencing team at the Wellcome Sanger Institute, and C. Puethe and 
the Pathogen Informatics team for computational support; additional technical staff 
involved in sample diagnostics, DNA extraction and sample retrieval in laboratories at 
Public Health England and NHS laboratories, UK; British Columbia CDC and Alberta 
Precision Laboratories, Canada; National Public Health Center, Budapest, Hungary; 
FRC Kazan Scientific Center, Tuva, Russia; National Institute for Communicable 
Diseases, Johannesburg, South Africa; Institute of Tropical Medicine, Antwerp, Belgium; 
Sahlgrenska University Hospital, Gothenburg, Sweden; Hospital Vall d’Hebron, 
Barcelona, Spain; Midlands Regional Hospital Portlaoise, Ireland; Pathology Queensland 
Central Laboratory, Australia; WHO Collaborating Centre for Gonorrhoea and other 
STIs, Sweden; G. Tonkin-Hill, A. van Tonder and members of the Thomson team for 
helpful discussions during analysis. M.A.B. and N.R.T. were supported by Wellcome 
funding to the Sanger Institute (#206194). M.M. was funded by the UKRI and NIHR 
(COV0335; MR/V027956/1, NIHR200125) and the EDCTP (RIA2018D-249). D.M.W. 
was funded by a Queensland Advancing Clinical Research Fellowship from the 
Queensland Government. D.A.W. was supported by an Investigator Grant (1174555) 
from the National Health and Medical Research Council of Australia. S.A.L. was funded 
by the National Institutes of Health (R01 AI42143 and R01 AI123196). This research was 
funded in whole, or in part, by the Wellcome Trust (#206194). For the purpose of open 
access, the authors have applied a CC-BY public copyright licence to any author-accepted 
manuscript version arising from this submission.

Author contributions
M.A.B., M.M., S.A.L. and N.R.T. conceived and designed the study. M.M., M.A.B. and 
M.U. coordinated collaboration, receipt and sequencing of samples. M.M., M.J.C., 
M.-K.L., R.P., E.B., T.C., M.E., C.F.-N., A.G., M.G., C.R.K., R. Khairullin, R. Kularatne, 
M.A., B.J.M., A.O., E.E.P., F.P., C. Rietmeijer, D.R., S.S., E.S., E.L.S., G.T., J.H.V., C.W., 
D.M.W., D.A.W., G.H., P.N., M.K., M.U., S.A.L., M.G.M. and H.F. collected, retrieved 
and prepared samples and patient metadata. M.A.B. and G.T. performed laboratory work 
for sequencing. M.A.B. analysed the data. C. Ruis provided analytical tools and advice. 
M.A.B. wrote the initial draft of the paper, with substantial contributions from N.R.T. All 
authors viewed and contributed to the final paper.

Competing interests
M.K. declares institutional funding from Roche, Hologic and Siemens, which  
is unrelated to this work. The remaining authors declare no competing interests.  
The funders had no input into the study design, interpretation or decision to submit  
for publication.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41564-021-01000-z.

Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41564-021-01000-z.

Correspondence and requests for materials should be addressed to 
Mathew A. Beale or Nicholas R. Thomson.

Peer review information Nature Microbiology thanks Fernando González-Candela, Paul 
Planet,Thierry Wirth and the other, anonymous, reviewer for their contribution to the 
peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2021

1Parasites and microbes Programme, Wellcome Sanger Institute, Hinxton, UK. 2Faculty of Infectious and Tropical Diseases, London School of Hygiene 
and Tropical medicine, London, UK. 3Hospital for Tropical Diseases, University college London Hospitals NHS Foundation Trust, London, UK. 4HcAI, 
Fungal, Amr, AmU and Sepsis Division, UK Health Security Agency, London, UK. 5british columbia centre for Disease control, Public Health Laboratory, 
Vancouver, british columbia, canada. 6molecular Immunity Unit, mrc-Laboratory of molecular biology, Department of medicine, University of 
cambridge, cambridge, UK. 7Department of Veterinary medicine, University of cambridge, cambridge, UK. 8bacterial STIs reference Laboratory, 
Department of bacteriology, National Public Health centre, budapest, Hungary. 9Department of clinical Sciences, Institute of Tropical medicine, 
Antwerpen, belgium. 10brotherton Wing clinic, brotherton Wing, Leeds General Infirmary, Leeds, UK. 11microbiology Department, Vall d’Hebron research 
Institute, Universitat Autònoma de barcelona, barcelona, Spain. 12National reference Laboratory for STIs, Department of clinical microbiology, Sahlgrenska 
University Hospital, Gothenburg, Sweden. 13Laboratory Network, manchester, UK Health Security Agency, manchester royal Infirmary, manchester, UK. 
14Institute of Fundamental medicine and biology, Kazan Federal University, Kazan, russia. 15centre for HIV and STI, National Institute for communicable 
Diseases, Johannesburg, South Africa. 16STI Unit Vall d’Hebron-Drassanes, Infectious Diseases Department, Hospital Vall d’Hebron, barcelona, Spain. 
17Department of medicine, University of Washington, Seattle, WA, USA. 18Tuvan republican Skin and Venereal Diseases Dispensary, ministry of Health of 
Tuva republic, Kyzyl, russia. 19Virology Department, Old medical School, Leeds Teaching Hospitals Trust, Leeds, UK. 20colorado School of Public Health, 
University of colorado, Denver, cO, USA. 21midlands regional Hospital Portlaoise, Laois, Ireland. 22Alberta Precision Laboratories, edmonton, Alberta, 
canada. 23clinical microbiology Department, Queen elizabeth Hospital, birmingham, UK. 24Institute of environmental Science and research, Wellington, 
New Zealand. 25The University of Queensland centre for clinical research, Faculty of medicine, The University of Queensland, brisbane, Queensland, 
Australia. 26Department of microbiology and Immunology, The Peter Doherty Institute for Infection and Immunity, melbourne, Victoria, Australia. 
27Department of Global Health and Infection, brighton and Sussex medical School, University of Sussex, brighton, UK. 28Department of Infectious 
Diseases, Institute of biomedicine, University of Gothenburg, Gothenburg, Sweden. 29Pathology Queensland central Laboratory, brisbane, Queensland, 
Australia. 30Department of Infectious Disease epidemiology, London School of Hygiene and Tropical medicine, London, UK. 31Department of Laboratory 
medicine and Pathology, Faculty of medicine, University of Alberta, edmonton, Alberta, canada. 32WHO collaborating centre for Gonorrhoea and other 
Sexually Transmitted Infections, National reference Laboratory for STIs, Faculty of medicine and Health, Örebro University, Örebro, Sweden. 33Department 
of Pathology and Laboratory medicine, University of british columbia, Vancouver, british columbia, canada. 34Departments of medicine/Infectious 
Diseases and Global Health, University of Washington, Seattle, WA, USA. 35blood Safety, Hepatitis, STI and HIV Division, UK Health Security Agency, 
London, UK. ✉e-mail: mathew.beale@sanger.ac.uk; nrt@sanger.ac.uk

NATURE MiCROBiOLOGy | VOL 6 | December 2021 | 1549–1560 | www.nature.com/naturemicrobiology1560

https://doi.org/10.1038/s41564-021-01000-z
https://doi.org/10.1038/s41564-021-01000-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:mathew.beale@sanger.ac.uk
mailto:nrt@sanger.ac.uk
http://www.nature.com/naturemicrobiology


ArticlesNaTUrE MIcroBIology ArticlesNaTUrE MIcroBIology

Extended Data Fig. 1 | Phylogenetic distribution of 726 Treponema pallidum ssp pallidum partial genomes. maximum likelihood phylogeny of 726 partial 
(>25% of genome positions) genomes shows two primary lineages (Nichols, SS14), with no obvious correlation by country or continent. Tree tip points 
are coloured by continent. coloured strips show continent, country (all), countries separated by region (european countries, North American countries, 
Other countries) and TPA lineage. One very low coverage sample (TPA_bcc144, canada, 47% genome breadth, 7.9X mean coverage) appears basal to 
the SS14-lineage clade in this phylogeny, but due to low coverage it was not possible to determine the correct placement.
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Extended Data Fig. 2 | Detailed subtree of SS14-lineage. recombination masked WGS phylogeny, showing the SS14-lineage and sublineages. The low 
diversity globally distributed sublineage 1 has been collapsed to enable visualization of the remaining sublineages. Tip points are coloured by sublineage, 
and coloured strips show sublineage and country. blue triangle indicates collapsed Nichols-lineage, pink triangle indicates collapsed sublineage 1. Two 
samples close to the root of the common SS14-lineage clades were clustered as sublineage 1, and are shown. Note that sublineage 6 diverges from a node 
close to the root of TPA, and appears on the SS14 side in this midpoint rooted tree.
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Extended Data Fig. 3 | Subtree highlighting novel Nichols-lineage strains. recombination masked WGS phylogeny, showing the Nichols-lineage and 
sublineages. Tip points are coloured by sublineage, and coloured strips show sublineage and country. Shaded boxes highlight basal Nichols-lineage 
outgroup sublineages 6 and 7. Note that sublineage 6 diverges from a node close to the root of TPA, and appears on the SS14 side in this midpoint 
rooted tree. The large clonal sublineage 14 has been collapsed to enable clearer visualization of the remaining taxa. The pink triangle indicates collapsed 
SS14-lineage, blue triangle indicates the collapsed sublineage 14.
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Extended Data Fig. 4 | Commonly used Nichols Reference genomes form a monophyletic clade distinct from contemporary clinical strains.  
A- recombination masked WGS phylogeny, showing the Nichols-lineage and sublineages. Shaded grey box shows a monophyletic clade containing 
commonly used reference genomes as well as genetically related strains. Tip points are coloured by sublineage, and coloured strips show sublineage and 
country. Pink triangle indicates collapsed SS14-lineage. b- expanded view of a seemingly extinct clade containing common reference strains including 
Nichols_v2, DAL-1 and Seattle_Nichols. The most recent sample closely related to the reference strains (TPA_USL-SeA-83-1) was collected in 1983, while 
the latest sample for the entire clade (TPA_USL-Phil-3) was collected in 1987. The provenance of the sample originally used for sequencing the DAL-1 
genome is uncertain, but in the literature the original isolation was in 1988. The placement of both DAL-1 and TPA_USL-SeA-83-1 within the diversity of 
Nichols-1912 derivatives suggests the possibility of the samples being mislabeled in the handling laboratories.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Finescale analysis of 528 high quality TPA genomes and sublineages, showing distribution of samples sequenced directly from 
clinical samples and those passaged in rabbit model. A – Whole genome phylogeny showing distribution of samples sequenced directly from clinical 
sample or rabbit-passaged. b – Distribution of samples sequenced directly from clinical sample and rabbit-passaged samples according to sublineage, 
showing proportion (bar) and exact count (number). For both A and b, plots are coloured according to being directly sequenced from clinical samples 
(black) or after rabbit passage (grey). Samples passaged in rabbits are distributed throughout the global TPA phylogeny, and present in 9/17 sublineages. 
Older samples from before 2000 were isolated via rabbit passage, and dominate extinct clusters, as well as clustering close to the most recent common 
ancestor of contemporary sublineages such as SS14 sublineage 1.
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Extended Data Fig. 6 | Bayesian Skyline analysis of sublineages. Plots show population expansions occurring during the early 2000s for all sublineages 
with >15 samples apart from sublineage 14. Sublineage 14, which had low temporal signal, did not converge after multiple beAST runs. Shows Skyline plots 
of sublineages 1, 2, 8 and plot for all samples from Fig. 3.
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Extended Data Fig. 7 | independent analysis of SS14 and Nichols phylodynamics shows differential patterns of expansion and decline. A – Independent 
bayesian Skyline plots for Nichols- and SS14- lineages. b – Independent lineages through time plot for Nichols- and SS14-lineages. Skyline analysis 
indicates expansion of SS14-lineage after 2000 coincided with a decline of Nichols-lineage. However, analysis of lineage accumulation through time shows 
that both SS14 and Nichols continued to expand after 2000; whilst this is visible as a steep slope from 2000 in SS14, rapid expansion for Nichols occurred 
after 2010.
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Extended Data Fig. 8 | Effect of geographic distance on genetic distance. A- Pairwise comparison of genetic distance (SNPs) and geographic distance 
(km; calculated using country centroids) within Nichols- and SS14-lineages, including linear regression (95% cI not visible). b- Pairwise comparison of 
genetic distance (SNPs) and geographic distance (km; calculated using country centroids) within the four major multi-country sublineages (SS14: 1, 2; 
Nichols: 8, 14). Includes linear regression (95% cI not visible).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Sharing of sublineages and closely related strains within and between British Columbia (Canada) and England (UK). A- Syphilis 
incidence per 100,000 population by year for british columbia, (canada) and england (UK) using currently published data. b- TPA sublineage counts 
for each year, using high quality genomes from british columbia (n = 84) and england (n = 240). british columbia samples collected from 2000-2018, 
english samples collected from 2012-2018. c- Pairwise comparison of SNP distance distributions from samples within and between british columbia and 
england. D- comparison of SNP distance and temporal distance within and between british columbia and england. The plot is divided into hexagonal bins, 
with the colour of each hexagon representing the number of comparisons (white = none, purple = few, green = many, see scale). Linear regression lines 
also shown (95% cI not visible).
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Multicountry sublineages are broadly macrolide resistant. A- Whole genome phylogeny showing distribution of macrolide 
resistance conferring SNPs (A2058G and A2059G). b- Distribution of macrolide resistance SNPs by sublineage, indicating number of samples per 
sublineage, and sublineage type. Note that while the common A2058G mutation was found in six sublineages (both Nichols- and SS14-lineages), we also 
found the less common A2059G in both SS14-lineage (sublineages 1, 2) and Nichols-lineage (sublineage 6).
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