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Abstract

Syphilis is an ancient sexually transmitted infection caused by the bacterium Treponema
pallidum subspecies pallidum and may lead to severe clinical complications. Recent years
have seen striking increases in syphilis diagnoses in many high income countries, with the
UK reporting a 148% increase in new diagnoses over 10 years. The reasons for this rise are
complex and multifactorial, including changing cultural, behavioural, and technological
factors that influence sexual networks and transmission dynamics. Previous genomic
analyses have suggested that one lineage of syphilis, called SS14, may have expanded
recently, with most syphilis caused by this lineage, and that this expansion indicates
emergence of a single pandemic azithromycin-resistant cluster. In this study, we used high
throughput sequencing of Treponema pallidum performed on DNA extracted directly from
clinical swab samples and clinically derived samples with minimal passage in the rabbit to
more than double the number of publicly available whole genome sequences. We used
phylogenomic and population genomic analyses to show that both SS14-lineage and
Nichols-lineage T. pallidum are present in contemporary patients and that SS14 is a
polyphyletic lineage. We further correlate the appearance of genotypic macrolide resistance
with multiple SS14 sub-lineages, showing that both genotypically macrolide resistant and
macrolide sensitive sub-lineages are spreading contemporaneously. These findings
demonstrate that macrolide resistance has independently evolved multiple timesin T.

pallidum, that once evolved it becomes fixed in the genome and is transmissible, and that
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these findings are not consistent with the hypothesis of SS14-lineage expansion purely due
to macrolide resistance. Beyond relevance to our understanding of the current syphilis
epidemic, these findings show how macrolide resistance evolves in Treponema subspecies.
Furthermore, the evolution of macrolide resistance, despite not being first-line treatment,
provides a warning on broader issues of antimicrobial resistance, and highlights the
importance of stewardship and strategic planning to prevent the emergence of

antimicrobial resistance.

Introduction

Syphilis is an ancient, predominantly sexually transmitted infection (STI) caused by the
bacterium Treponema pallidum subspecies pallidum (TPA). If untreated, syphilis causes a
multi-system disease that can progress to severe cardiovascular and neurological
involvement, which can be potentially fatal. Syphilis caused a pandemic wave that swept
across Renaissance Europe over 500 years ago, and remained a problem until the
introduction of antibiotics in the post-World War |l eral. Despite effective treatment with
benzathine benzylpenicillin G (BPG), syphilis transmission levels fluctuated but persisted
throughout the 20" century, until the AIDS crisis of the 1980s and 1990s, where changes in
sexual behaviour (and possibly AIDS-related mortality), led to an overall decline in incidence

in many western countries and populations®3.

Recent years have seen a sharp increase in syphilis cases in many high-income countries,
predominantly within sexual networks of men who have sex with men (MSM)*°. In the

United Kingdom there was a 20% increase in reported new diagnoses between 2016 and
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2017, and a 148% increase since 2008°. Similar trends have been reported in other
countries®’. The reasons for this increase are complex and multifactorial, incorporating
changing behavioural patterns mediated by cultural, societal and technological changes in
our modern world®, resulting in a perfect epidemiological storm. It is also possible that there
are bacterial changes either driving the current rise in syphilis incidence, or occurring as a
consequence of this increase. However, current knowledge of TPA is limited, largely because
the bacterium was, until recently, intransigent to in vitro culture®. Most current
understanding of TPA biology therefore comes from related species or from TPA cultured in
the in vivo rabbit testicular model'®. Genomic analysis has also been limited due to low
levels of TPA pathogen load in patients and difficulty in readily isolating new strains.
Sequencing must be performed directly on clinical specimens or after passage through
rabbits, leading to substantial bottlenecks in genomic data generation. Recent advances
have enabled target enrichment of pathogen reads directly from clinical or cultured
specimens!®!2, and this was recently employed separately by different groups, including our

own, to sequence TPA and other T. pallidum subspecies directly from patient samples31°,

The availability of increasing numbers of genomic sequences enabled the first description of
the global TPA population structure using 31 near genome-length TPA sequences, along
with a small number derived from closely related species!*. The authors described two
lineages within TPA; a Nichols-lineage found almost exclusively in North American
sequences exhibiting substantial nucleotide diversity, and a geographically widespread but
genetically homogeneous SS14-lineage, confirming previous analyses using multi-locus

sequence typing®®. Of these two lineages, they found that 68% of tested TPA genomes
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belonged to the SS14-lineage, and further analysis using a larger dataset of 1354 single-
locus molecular types (comprising 623 samples from South East Asia, 241 from the USA, 392
from Europe and a small number of other locations) also supported this view (94%

SS14-lineage).

Although penicillin resistance has never been reported in syphilis, increasing levels of
genotypic resistance, and clinical treatment failure, to macrolides such as azithromycin have
been reported!’'8, conferred by either one of two single nucleotide polymorphisms (SNPs)
in the 23S ribosomal sequence (A2058G and A2059G). Arora et al reported that 90% of
sequenced SS14-lineage genomes and 25% of Nichols-lineage genomes contained SNPs
conferring macrolide resistance; furthermore, they suggested that SS14-lineage may

represent a single pandemic azithromycin-resistant cluster!?,

In this study, we performed direct whole genome sequencing on 73 TPA samples from the
US and Europe, and combined these data with 49 publicly available genomes. We used
phylogenetic analysis to delineate sub-lineages within the both the SS14- and Nichols-
lineages, showing striking patterns of the emergence and fixation of macrolide resistance
SNPs that indicate independent evolution and proliferation of resistance alleles. These
findings have implications for our understanding of the increasing incidence of syphilis and
on the potential of the WHO Yaws eradication campaign to drive further development of
macrolide resistance in both TPA and in the closely related Treponema pallidum subspecies

pertenue (TPP)1%:20,
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109

110 Results

111  We sequenced eight genomes directly from clinical swabs collected in 2016 from patients in
112  the United Kingdom and 60 isolate genomes from low rabbit passage samples (no more

113  than two passages from the original patient sample; henceforth referred to as ‘recently

114  clinically derived’) originally collected from patients between 2001-2011 in the USA. We also
115 resequenced three clonally derived laboratory strains from the USA that have been

116  previously sequenced (Nichols Houston E, Nichols Houston J, Nichols Houston O) but remain
117  unpublished, and two strains for which the sequencing reads were not publicly available
118  (Chicago?!, Seattle 81-4%2). We combined our data with 49 high-quality genomes published
119  previously!31423-28 41 of which were recently derived from clinical patients, yielding a

120  dataset of 122 genomes (109 with limited passage from clinical patients). Combined, our
121  sample setincluded 72 genomes from the USA (predominantly Seattle), 8 from the UK

122 (exclusively London), 9 from China (predominantly Shanghai), 23 from Portugal (exclusively
123  Lisbon), and a small number from other countries, all collected between 1912-2016

124  (Supplementary Table 1).

125

126  After removal of recombinant and repetitive sites (both by selective mapping and screening
127 —see Methods and Supplementary Table 2), we performed phylogenomic analyses, using
128 maximum likelihood and Bayesian methods to define lineages. In agreement with previous
129  studies!4, we show the presence of two dominant lineages in our dataset (previously

130 denoted SS14 and Nichols; Figure 1) that are separated by >70 non-recombining single
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nucleotide polymorphisms (SNPs). Of the 122 total samples included in this study, 105 (86%)
belonged to the SS14-lineage, whilst of the 109 clinical samples included, 103 (94%) were
from SS14-lineage. In contrast, only six Nichols-lineage samples were recently clinically
derived, and most (11/17) Nichols-lineage genomes examined were historically passaged
isolates, including those derived from the original Nichols strain isolated in 1912 and
disseminated to different North American laboratories; some Nichols-lineage genomes
represent clones of the parent strain derived in vivo. However, although we observed a
strong bias towards clinically derived SS14-lineage samples in this dataset, not all recent
clinical strains were of the SS14-lineage; six recent clinical samples belonged to the Nichols-
lineage, three (of eight sequenced) clinical samples from the UK in 2016, one collected in
the Netherlands in 2013, and two from the USA in 2004, indicating that transmission of this

lineage is ongoing and potentially more widespread than previously thought.
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145  Figure 1. Maximum likelihood phylogeny of 122 high quality T. pallidum subspecies pallidum
146  genomes (including clinical and non-clinically derived samples), showing lineage and country
147  of origin. Ultra-Fast bootstrap values >=95% are labelled with black nodes points. Branches

148  are scaled by mean nucleotide substitutions/site.

149
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Bayesian phylogenetic reconstruction was used to date the time to most recent common
ancestor (TMRCA) for the different TPA lineages. However, temporal analysis of heavily
passaged laboratory strains (such as those derived from the original Nichols isolate) is
problematic because the true mutational age may be unknown, meaning coalescent date is
difficult to infer; we therefore removed extensively passaged strains or strains with no
record of their passage history from this particular part of the analysis. This included the
removal of the Nichols and SS14 reference strains, as well as the Mexico A strain that
delineated the S514Q lineage described previously'*. Root-to-tip regression analysis of the
remaining 109 clinical genomes indicated that TPA possesses a clock-like signal
(Supplementary Figure 1), and we performed Bayesian phylogenetic reconstruction and tip
date analysis using BEAST?? under a Strict Constant model, inferring a median molecular
clock rate of 2.28 x1077, or 0.26 sites/genome/year (meaning we would expect TPA genomes
on average to accumulate one SNP every four years by natural drift). We inferred a
temporal timeline for the tree, and our analysis broadly supported previous estimates*
dating the separation of Nichols- and SS14 at around the mid 18 Century (median date

1755, 95% HPD 1651-1835; Figure 2A).

SS14-lineage shows a polyphyletic structure

Within the SS14-lineage, the high number of full-length sequences enabled fine-scale
description of phylogenetic sub-structure. In particular, we show partitioning of the S514Q
centroid cluster previously defined!* into two lineages; one composed of European and
North American derived samples (S5514Q-A), and another of Chinese and North American
derived samples (S514Q-B) (Figure 1). While the American and European samples belonging

to the former SS14Q0-A lineage are geospatially admixed, those of the latter SS14Q-B lineage
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173  can be further separated between Chinese and North American samples. These partitions
174  were well supported in our maximum likelihood (Figure 1) and Bayesian phylogenies (Figure
175 2A), as indicated by black node points. We used the rPinecone package3° to formally classify
176  these sub-lineages based on a defined root-to-tip SNP distance, identifying eight sub-

177  lineages (one of which we further subdivided into sublineages 1A and 1B to aid analysis

178  based temporal and geospatial divergence) within SS14-lineage that correlated well with the
179  population structure described by the phylogeny (Figure 2A). Importantly, while some nodes
180 close to the tips in our phylogeny are unsupported due to small numbers of differentiating
181  SNPs, all sub-lineages defined by rPinecone are supported by >91% posterior support at the

182  key nodes in our Bayesian phylogeny (Figure 2A).

183

184

185
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188  Figure 2. Bayesian maximum credibility phylogeny of sequences recently derived from

189  clinical samples shows expansion of discrete sub-lineages within SS14-lineage, with

190 independent evolution of macrolide resistance. A — Time-scaled phylogeny of all clinical
191 genomes. Coloured tracks indicate lineage, sub-lineage, and presence of macrolide

192  resistance conferring 23S rRNA SNPs (black=present, white=absent, grey=mixed). Node
193  points are shaded according to posterior support (black >96%, dark grey >91%, light grey
194  >80%). *Sporadic (non-lineage associated) gain of resistance is highlighted in sub-lineage 3

195 (samples UW133B and UW262B). **Possible reversion from resistant to wildtype (sample
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196 SW6). B — Expanded view of sub-lineages, showing independent acquisition and fixation of

197 macrolide resistance alleles.

198
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Macrolide resistance has evolved independently within SS14

The molecular basis for macrolide resistance has been well documented in T. pallidum, and
is mediated by point mutations in the 23S ribosomal RNA gene at nucleotide positions 2058
and 205931733, The A2058G variant was first identified in T. pallidum Street Strain-14 (the
prototype sample for the SS14-lineage), isolated as long ago as 19773}, yet resistance has
not previously been analysed in context with a detailed whole genome phylogeny. We used
ARIBA3* to perform localised assembly and variant calling of treponema-specific 23S
ribosomal sequences from all genomes, and these data were used to infer the presence of
both A2058G and A2059G 23S variants that confer macrolide resistance3!. T. pallidum
possesses two copies of the 23S ribosomal RNA gene, yet previous analyses have not
identified heterozygosity between these two copies — where resistance alleles have been
sequenced, they are homozygous between 23S copies, and it has been suggested a gene
conversion unification mechanism may exist to facilitate this'®. Of the 122 genomes, 83
showed evidence of genotypic resistance to macrolides, with 76 genomes showing >95%
read support for either the A2058G or A2059G variant. Since it is not possible to
discriminate between short reads originating from either copy of 23S because they are
perfect repeats, this suggests that both copies carry the same resistance mutation. Seven
clinically derived genomes (one UK sample from this study, six described by Pinto and
colleagues?®®) showed a mixed 23S allelic profile. All of these samples had >179x read
coverage for those sites, with only a fraction of reads (26% - 94%) possessing a resistance
allele. In these cases it was not possible to clearly distinguish between a mixture of
homozygous positive and negative bacteria in the same patient (either due to within-host
evolution or coinfection with multiple strains) or heterozygous sequences from a single

bacteria (different 23S rRNA alleles at each copy; heterozygosity in phase) (Figure 2A).
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Within the 122 genomes included in this study, we observed that 67% (70/105) of SS14-
lineage samples and 35% (6/17) of Nichols-lineage samples were homozygous for either
A2058G or the A2059G 23S rRNA allele. In the SS14-lineage, samples possessed either the
A2058G (n=59) or the A2059G (n=11) variant. In the Nichols-lineage, six possessed a
resistance allele, of which all showed the A2058G variant, and all were from recent clinically

derived samples.

To explore the emergence of macrolide resistance, we correlated the taxa in our time-scaled
phylogeny with the presence of resistance alleles (Figure 2A). We observed a strong
correlation between our well supported sub-lineages and genotypic macrolide resistance or
sensitivity, such that resistance appears to have evolved on multiple occasions in a stepwise
manner (Figure 2A). For example, Figure 2B shows how the wildtype ancestor of sub-lineage
1B sequences evolved the A2058G between the late 1980s and late 1990s, contrasting with
sub-lineage 1A sequences which did not gain A2058G, but subsequently and independently

evolved the A2059G variant.

More broadly in the phylogeny, we observe that similar independent 23S rRNA mutations
have occurred on at least four occasions (Figure 2A), with separate sub-lineages
characterised by either predominantly macrolide resistant or sensitive genotypes; six of the
nine sub-lineages were predominantly resistant to macrolides, with three sub-lineages

being predominantly sensitive. Several of the macrolide sensitive sub-lineages (in particular
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sub-lineage 3) contained similar numbers of samples as many of the resistant sub-lineages

(Figure 3), suggesting ongoing selection for macrolide resistance has not influenced the

expansion of these sub-lineages.

To examine sub-lineage expansion in greater detail, we extracted sampling dates according

to sub-lineage, and correlated these data with the predicted time to most recent common

ancestor (TMRCA) (Figure 3). Whilst all clinical sequences included in this analysis were

sampled after 2000, our analysis indicates that the origins of most of the sub-lineages

predated this time and likely arose during the 1990s (Figure 3). Regarding whole sub-lineage

associated resistance, we also observed more recent sporadic appearance of resistance

mutations, with two separate A2058G variants detected in sub-lineage 3 (an otherwise

macrolide sensitive sub-lineage)(Fig. 2).

Sublineage

1A+

1B

Ancestral vs. Sampling dates

Proportion Resistant

° .

° I

° 1]

° |

° I

> @ o- —

® oo -

(X I

® W

1980 1990 2000 2010 2020 0.00.25 0.50.75 1.0

Year Count

Sublineage Count
1A

1B @2

Q4

®s

@s

o}
o~N O O WN

TMRCA (95% HPD)
o

A2058G/A2059G
Sensitive Resistant

Mixed


https://doi.org/10.1101/413161
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/413161; this version posted September 18, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

259  Figure 3. Macrolide resistant and sensitive SS14 sub-lineages evolved independently prior to
260 2006 and expanded equally regardless of resistance genotype. Figure 3 shows sample

261  collection dates grouped by sub-lineage, with size of circle proportional to number of

262  sequences, and showing predicted time to most recent common ancestor (TMRCA) with
263  95% highest posterior density (HPD), and proportion of genotypically macrolide resistant,

264  sensitive and mixed samples.
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265 Discussion

266  Compiling the largest Treponema pallidum subspecies pallidum sequence collection to date,
267  we show that the majority of the contemporary samples sequenced here were from the
268  SS14-lineage, consistent with other reports'®. However, three of eight UK genomes (38%)
269  belonged to the Nichols-lineage, showing that these two lineages are still circulating

270  concurrently, and that the prevalence of Nichols-lineage strains may vary by sampling

271  population.

272

273  We were able to reconstruct a time-scaled phylogeny using only recently clinically derived
274  samples, and the increase in whole genome sequence numbers combined with the removal
275  of heavily passaged samples contrasts with previous approaches'*?3, Arora et al. reported a
276  mean evolutionary rate of 6.6 x107 substitutions/site/year for T. pallidum'4, comparable
277  with free-living bacterial pathogens with environmental life cycles such as Vibrio cholerae
278 (6.1 x 107)%° and Shigella sonnei (6.0 x10”7). However, T. pallidum is a host-restricted

279  pathogen with substantial periods of latency, and as such we would expect a molecular

280  clock rate more similar to that of Chlamydia trachomatis (2.15 x1077)3®, Our inferred rate for
281  TPA (2.28 x107) is consistent with this expectation, as well as with other observations that

282  suggest T. pallidum has a low evolutionary rate®’.

283

284  Within the SS14-lineage, we defined nine well supported sub-lineages that all diverged from
285  their most recent common ancestors prior to 2006, with the earliest (sub-lineage 3)

286  potentially emerging at the end of the 1980s. We observed clear associations between
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these nine sub-lineages and the presence of macrolide resistance conferring SNPs, with
each sub-lineage dominated by either macrolide resistant (n=6) or macrolide sensitive (n=3)
samples; there were no sub-lineages representing an even mix of resistance genotypes.
Such observations are not consistent with the hypothesis of an ancestrally resistant SS14-
lineage driven to high frequency in the population due to a fitness advantage conferred by
macrolide resistance, where we would expect to see expansion of a single resistant lineage.
Rather, we see evidence of multiple sub-lineages independently evolving macrolide
resistance alleles, as a likely consequence of intermittent selective pressure from macrolide
treatment, consistent with molecular typing data from Seattle38. Phylogenetic
reconstruction shows de novo evolution of macrolide resistance in syphilis is not a rare
event, and furthermore, when resistance evolves in a lineage, it persists in descendants,
resulting in transmission from person to person. That the variants appear stable within
lineages, with only a single instance in the phylogeny that might represent reversion to a
wildtype state, suggests that there is no strong fitness cost associated with possessing these

macrolide resistance mutations.

Although our data strongly suggest that global expansion of the SS14-lineage is not
contingent on macrolide resistance, the global increases seen in macrolide resistant
syphilis®®, as well as the number of resistant lineages emerging in our data, are a cause for
concern. Macrolides such as azithromycin are not considered frontline treatment for
syphilis, with WHO and US guidelines recommending treatment with BPG3949, with
doxycycline recommended as a secondary treatment option. In contrast, WHO now

recommends azithromycin rather than BPG as the treatment of choice for mass drug
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310 administration and the eradication of yaws?®, caused by the closely related T. pallidum

311  subspecies pertenue. Macrolide resistance has recently been described in yaws?® and our
312  data suggest that further independent evolution of azithromycin resistance is highly likely,
313  which would have significant implications for yaws eradication efforts. Worryingly, applying
314  azithromycin-based mass drug administration to populations infected with both TPP and

315 TPA could promote resistance in both species.

316

317  Several factors are likely to have driven the repeated evolution and subsequent expansion
318 of macrolide resistant lineages of TPA. Use of azithromycin, or other macrolides, for other
319 indications is likely to have played a significant role*'. Azithromycin entered global markets
320 between 1988 and 1991 (marketed by Pfizer as Zithromax), and became one of the most
321  widely used antibiotics in the United States for a wide variety of indications*?, including the
322  treatment of respiratory tract infections and for the treatment of other sexually transmitted
323 infections. In many cases, the dose used for treatment of these indications is lower than the
324 recommended dose for the treatment of syphilis. Azithromycin and clarithromycin were
325  also widely used prophylactically amongst individuals living with HIV prior to the widespread
326  availability of combined anti-retroviral therapy. Off-target macrolide exposure is of

327  particular concern because azithromycin has a long half-life*® and may persist at subclinical
328 concentrations in patients. Widespread use of macrolides for this broad range of indications
329 might therefore have contributed to sub-therapeutic exposure of patients with incubating

330  or early syphilis and ultimately selection of resistance.

331
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332  Therecentincrease in incidence of syphilis in high income countries likely reflects changes
333  insexual behaviour®. The fact that we observe the expansion of both genotypically resistant
334  and sensitive lineages highlights particular treatment issues. There have been significant
335 global shortages of BPG** in low, middle, and high income nations, including the United

336  States, with the global supply of BPG dependent on just three manufacturers of the active
337 ingredient*. Pharmaceutical production of sterile, injectable 3-lactam derived

338 antimicrobials such as BPG is costly, yet as an older off-patent medication with declining
339 demand in the face of growing antimicrobial resistance (AMR) in other organisms, the

340 financial rewards for production are low**. This may be compounded by a misperception
341 that BPG is an outdated drug that could be replaced by newer, more effective drugs**. In
342  circumstances where azithromycin is used instead of doxycycline as second line treatment, a
343  shortage of BPG leads inevitably to inadequate treatment of early infectious syphilis and
344  contributes to ongoing, unchecked transmission. In China for example, studies have

345  reported that despite high rates of macrolide resistance,* clinicians have inappropriately
346  been resorting to macrolide treatment due to ongoing BPG shortages®®. Thus although a
347  well-established, highly effective treatment for syphilis (BPG) has been available since the
348 mid-1950s, shortages in the present era contribute to suboptimal treatment strategies and

349  continued use of drugs with a known resistance problem.

350

351 The epidemic of syphilis and the widespread problems of azithromycin resistance and BPG
352  shortage require a multi-faceted response. This includes new strategies for treatment and
353  reduction of transmission, finding ways to improve the security of the BPG supply chain, and

354  strengthening molecular surveillance for antimicrobial resistance in T. pallidum®*. Many
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355 authors have discussed the importance of rethinking the economics of antimicrobial

356 development pipelines to ensure we are still able to treat infections*®#°. In syphilis, we must
357  rethink how we can protect the continued production of existing highly efficacious

358 penicillins in the face of increasing antimicrobial resistance rendering them ineffective for
359 other organisms, especially in the light of the recent increases in syphilis incidence in

360 Europe, North America, and Asia.

361

362 Materials and Methods

363 Samples

364 UK samples consisted of residual DNA, extracted from clinical swabs using a QlAsymphony
365 (Qiagen) from routine diagnostic samples obtained from patients presenting with clinical
366 evidence of syphilis at the Mortimer Market Centre, London. Use of the UK samples was
367 approved by the NHS Research Ethics Committee (IRAS Project ID 195816). US samples

368 from Seattle were collected from individuals enrolled in a study of cerebrospinal fluid

369 abnormalities in patients with syphilis, with ethical approval at the University of Washington
370 (UW IRB # STUDY00003216). Specifically, 2.4-3.0 ml participant blood was inoculated into
371 rabbit testes as previously described®®, and T. pallidum suspensions were collected after the
372  second round of passage. Historical strains were propagated in rabbits and harvested from
373  infected testes. T. pallidum suspensions were treated using a lysis buffer (10mM Tris pH 8.0,
374 0.1M EDTA pH 8.0, 0.5% SDS), freeze-thaw, and extraction using QlAamp Mini kit (Qiagen)
375 according to the manufacturer’s instructions; in select cases the proteinase K incubation

376  was extended overnight to improve DNA yield. Treponemal DNA was quantified using a
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gPCR targeting the Tp0574 gene that is conserved across all known members of the

T. pallidum cluster, and compared to a standard curve derived from a plasmid containing
the PCR amplicon. Samples with a concentration >2000 genome copies/pl were selected for
sequencing; borderline samples with high volume and a pathogen load over 500 genome
copies/ul were concentrated using a vacuum centrifuge. Samples were arranged in groups
of 20 according to similar (within 2 Cr) treponemal load, with high concentration outlier
samples diluted as necessary. We added 4yl pooled commercial human gDNA (Promega) to

all samples to ensure total gDNA > 1ug/35ul, sufficient for library prep.

Sequencing

Genomic DNA was sheared to 100-400bp by ultrasonication, followed by adaptor ligation
and index barcoding according to existing lllumina protocols. Samples were pooled in the
preassigned groups of 20 to generate equimolar Total DNA pools. Each pool was then
hybridised using SureSelect 120-mer RNA baits designed against published RefSeq examples
of T. pallidum and T. paraluiscuniculi as described previously'®. Libraries were subjected to
125bp paired end sequencing on lllumina HiSeq 2500 with version 4 chemistry according to
established protocols. Raw sequencing reads were deposited at the European Nucleotide
Archive (ENA) under project PRJEB20795; all accessions used in this project are listed in

Supplementary Table 1.

Sequence analysis and phylogenetics

Treponemal sequencing reads were prefiltered using a Kraken®! v0.10.6 database containing
all bacterial and archaeal nucleotide sequences in RefSeq, plus mouse and human, to
identify and extract those reads with homology to Treponema species, followed by adaptor

trimming using Trimmomatic®2 v0.33. To reduce bias due to variable read depth, as well as
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400 make analysis computationally tractable, for samples with high read counts we used seqtk

401  v1.0 (available at https://github.com/Ih3/seqtk) to randomly down-sample the binned and

402  trimmed reads to 2,500,000 unique treponemal read pairs. For publicly available genomes,
403  raw sequencing reads were downloaded from SRA and subjected to the same binning and
404  down-sampling pipeline. For a small minority of public genomes, raw sequencing reads were
405 not available; for these we simulated 125bp PE perfect reads from the RefSeq closed

406  genomes using Fastaq (available at https://github.com/sanger-pathogens/Fastaq).

407

408 For phylogenetic analysis, we used a reference mapping approach with a custom version of
409 the SS14 v2 reference sequence (NC_021508.1) from which we first masked 14 highly

410 repetitive or recombinogenic genes (12 repetitive Tpr genes A-L, arp and TPANIC_0470)
411  using bedtools>3 v2.17.0 ‘maskfasta’. We mapped prefiltered sequencing reads to the

412  reference using BWA mem>*v0.7.17 (MapQ > 20), followed by indel realignment using

413  GATK® v3.4-46 IndelRealigner, deduplication with Picard MarkDuplicates v1.127 (available

414  at http://broadinstitute.github.io/picard/), and variant calling and consensus

415 pseudosequence generation using using samtools v1.2°¢ and bcftools v1.2, requiring a
416  minimum of three supporting reads per strand and eight in total to call a variant, and a
417  variant frequency/mapping quality cut-off of 0.8; sites not meeting these criteria were
418 masked to ‘N’ in the pseudosequence. Importantly, reads mapping to multiple genomic
419  positions were marked and excluded from SNP calling, meaning repeated regions such as
420 the duplicated 23S genes was not included in the multiple sequence alignment used to

421  derive the phylogenies.

422
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Multiple sequence alighnments were screened for evidence of recombination using
Gubbins®’, generating recombination-masked full genome length and SNP-only alignments.
Maximum likelihood phylogenies were calculated on SNP-only alignments using IQ-Tree
v1.6.3°8, correcting for missing constant sites using the built in ascertainment bias
correction®?, allowing the built-in model testing®® to determine a K3P (three substitution
types model and equal base frequencies) substitution model®! with a FreeRate model of

heterogeneity®? assuming three categories, and performing 1000 UltraFast Bootstraps®3®4.

To determine SS14 sub-lineages, we recalculated a maximum likelihood tree as described
above for SS14-clade sequences only (using the Mexico A strain, NC_018722.1 as outgroup),
before performing a joint ancestral reconstruction®® of SNPs on the tree branches using

pyjar (available at https://github.com/simonrharris/pyjar). We then used the rPinecone

package® (available at https://github.com/alexwailan/rpinecone), which applies a root-to-

tip approach to defining clusters based on SNP distance relative to ancestral nodes. We used
a cluster threshold of 10 SNPs, which proved optimal for describing the underlying
phylogenetic structure of the tree, and yielded eight sub-lineages. Within sub-lineage 1, we
found that pinecone clusters did not accurately represent the phylogeny, despite a clear
phylogenetic separation, with one group of sequences from China associated with the
A2058G allele, and the other group from the USA associated with the A2059G allele. We
further manually clustered these sequences according to their shared ancestral nodes,

naming them sublineages 1A and 1B.
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We evaluated our maximum likelihood phylogeny for evidence of temporal signal using
TempEst®® v1.5, and this showed a correlation of 0.44 and R? of 0.20 for the whole tree
(Supplementary Figure 1), whilst the SS14-lineage -only alignment showed a correlation of
0.66 and R? of 0.44; this indicated that there was sufficient evidence for temporal signal and
we proceeded to BEAST analysis. BEAST?® v1.8.2 was initially run on a recombination-
masked SNP-only alignment containing 284 variable sites, applying a correction for invariant
sites using the constantPatterns argument, in triplicate using an Uncorrelated Relaxed Clock
model, assuming constant population size, lognormal population distribution, GTR
substitution model, diffuse gamma distribution prior (shape 0.001, scale 1000), with a
burnin of 10 million cycles followed by 100 million MCMC cycles. All MCMC chains
converged, and on inspection of the marginal distribution of ucld.stdev we could not reject
a Strict Clock. We therefore repeated the analysis using a Strict Clock model, using the same
models and priors and assuming a starting molecular clock rate of 3.6 x 10 as described by
others!*. We used the Marginal Likelihood Estimates from the triplicate BEAST runs as input
to Path Sampling and Stepping Stone Sampling analyses®”®® and determined that the Strict
Constant model was optimal for this dataset. To further confirm the temporal signal in our
tree, we used the TIPDATINGBEAST package® in R7° to resample tip-dates from our
alignment, generating 20 new datasets with randomly assigned dates — BEAST analysis using
the same Strict Clock prior conditions found no evidence of temporal signal in these
replicates, indicating that the signal in our tree was not found by chance (Supplementary

Figure 2).
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467  Macrolide resistant SNPs were inferred using ARIBA34, which performs localised assembly
468 and mapping in comparison with a custom reference database containing 23S sequences

469  from Nichols (NR_076156.1) and SS14 reference strains (NR_076531.1).
470

471  Processing of data, and all statistical analysis was performed in R’ v3.4.1, primarily using
472  the phytools and ape packages. Phylogenies were plotted using ggtree’?, and figures were
473  produced using ggplot272. All code used in the downstream analysis is available in

474  Supplementary File 3.
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662 Supplementary Figures

663  Supplementary Figure 1. Root-to-tip regression analysis of tip dates against branch lengths
664  showing a correlation of 0.443 and R2 of 0.196, providing evidence for temporal signal in
665 the Maximum Likelihood tree, performed in TempEst using clinically derived genomes from
666  both Nichols and SS14 lineages. Plots show tip points and linear regression (with standard
667  error) for full timeline (A) and zoomed in to only include sampled tipdates (B). Each data

668  pointis coloured grey, with darker shading indicating multiple overlapping points.
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672  Supplementary Figure 2. Tip date resampling analysis performed using twenty datasets with
673 randomised tip dates generated from the original Strict Clock analysis and run in BEAST

674  under the same conditions. Median clock rate for the real tree was 2.26 x 10”7, whilst all
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675 randomly assigned datasets gave substantially lower clock rates, with the highest median
676  clock rate obtained at 1.90 x 1012, This indicates that the temporal signal observed in our
677  tree was not obtained by chance, and provides further evidence for a temporal signal in the

678  multiple sequence alignment.
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682  Supplementary Table 1. Full sample metadata (Excel Sheet) for this study, including
683  sequence naming used in this paper, in other publications, and on GenBank, ENA Accessions
684  for all new genomes, as well as results of lineage and sub-lineage typing and inference of

685  genotypic macrolide resistance.

686
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687  Supplementary Table 2. List of genomic regions behaving in a non-clocklike manner and

688  masked due to hypervariable, recombining or repetitive elements.

689

690 Supplementary File 3. Rnotebook (HTML format) containing all downstream code used to

691  generate primary figures and statistics.
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