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1. Brief Overview of treponemal paleopathology in the Americas

Correspondence to: casey_kirkpatrick@eva.mpg.de 

Syphilis, yaws, and bejel are among the few infectious diseases that cause changes in the skeleton, leaving “a record which outlives death, and is as imperishable as the bony skeleton itself”1. Cases of treponematosis can sometimes be identified based on this osteological evidence; however, there are few osteological indicators that are pathognomonic to treponematosis and these are generally only apparent in the late stages of the disease. Upon suspicion of treponemal disease, many attempts have been (and continue to be) made to distinguish between the treponemal diseases based on outdated understandings of the osteological evidence, as well as the geographic, climatic, social, and demographic context of the burial. However, Steinbock2 found that differences in the osteological effects of syphilis, yaws, and bejel are merely quantitative. Baker3 also points out that specifying a modern form of treponemal infection ignores the long, unknown evolutionary history of treponemal diseases and how they may have affected humans differently in the past. Consequently, when evidence of treponemal disease can be identified in human remains, paleopathologists are generally advised to diagnose only the broader category of treponematosis, rather than syphilis, yaws, or bejel. This poses a particular challenge when trying to trace the origins of the specific diseases. 

Although the limited pre-Columbian evidence of treponematosis in Afroeurasia has been widely debated, secure skeletal evidence of treponematosis has long been observed in human remains from the Americas. In 1871, J. Wyman crafted the earliest description of treponematosis from an archaeological context in North America4. This was later followed by reports from South and Central America, by Parrot5 and Gann6, respectively. Since the publication of these seminal works, an abundance of American evidence of treponematosis has been revealed, firmly establishing its presence before contact. 

The earliest alleged case of treponematosis in the Americas comes from the Chan Hol 3 underwater cave site in Mexico’s Yucatan peninsula and dates to at least 9900 +/- 100 YBP7. The individual is incorrectly reported to be infected with “Treponema peritonitis”, a misinterpretation of the treponemal periostitis described by Gerszten and colleagues8 with which the authors compare this case. However, the location, pattern, and morphology of the lesions observed on the Chan Hol 3 cranium are inconsistent with a diagnosis of treponematosis and are more likely a result of taphonomic erosion. The authors also argue that the infection may have resulted from peri-mortem trauma to the skull, which is in disagreement with the transmission patterns and pathophysiology of treponemal diseases as they do not typically affect the skeleton until the secondary or tertiary stages of the disease, with osteological involvement typically occurring years after the initial infection.

Oliveira and colleagues 9 presented a possible case of treponematosis dating to at least 9400 YBP from the Lapa do Santo cave site in Brazil. The authors attribute the observed skeletal and dental abnormalities in the 5-year-old child to congenital syphilis. This individual undoubtedly presents evidence of disease in the form of stunted growth, cribra orbitalia, porosity around the nasal suture, and a fistular lesion on the temporal bone; however, none of these conditions are pathognomonic to congenital syphilis or to treponematosis more generally. The widespread hypoplasia and carious lesions throughout the deciduous and permanent teeth may also be more indicative of amelogenesis imperfecta than congenital syphilis10. Amelogenesis imperfecta has also been associated with peg-shaped lateral incisors and other dental morphological abnormalities such as those observed in this case (though the depicted incisors appear to have normal morphology and separation of mamelons in the growing incisors rather than being tapered and notched Hutchinson’s incisors, as claimed). Oliveira and colleagues9 acknowledge that much of the remaining evidence presented in support of the diagnosis of congenital syphilis is debatable as the alleged osteolytic lesions in the skull, left ulna, and left femur may be a result of taphonomic processes. 

Gerszten and colleagues8 also stated that evidence of treponematosis can be found in human remains in nearly every Andean culture from Chile and Peru dating back almost 8000 years. Unfortunately, no further details about these early cases or their diagnostic criteria were provided; therefore, this claim cannot be verified.   

Secure diagnostic evidence of treponematosis becomes prevalent in the archaeological record after 8000 YBP, during the Middle Archaic Period in the modern regions of Canada and the USA. After 3000 YBP (around the time of the Neolithic Revolution in the Americas) the prevalence increases significantly, perhaps due to wider transmission linked with increasing population size and density, better preservation of later burials, and more archaeological interest in this time period11. It is during this period of growth that the first secure osteological evidence of treponematosis appears in the modern region of Mexico (ca. 900 – 200 BCE), though it may have been present before this time12,13. The prevalence of treponematosis continues to grow throughout North America until the time of contact, with the same types of lesions observed throughout North America regardless of chronological context11. The prevalence of osteological evidence of treponematosis drastically decreases in the colonial period. This may be an effect of the “osteological paradox”14 as historical records indicate that the strain of syphilis responsible for the 15th century epidemic killed victims relatively quickly, perhaps prior to osteological involvement15. Alternatively, osteological evidence of treponematosis may have suddenly declined due to the introduction of novel infectious diseases from Europe. These diseases decimated indigenous populations in the Americas and would have reduced the number of individuals who lived long enough to suffer from the late stages of treponematosis in which the bones become involved.

Evidence of pre-contact treponematosis in Central and South America is decidedly less than that seen in North America. Given that most of the early evidence of treponematosis in South America has been found in the western desert coast of Peru and Chile, it is possible that the dearth of treponemal evidence is largely due to the relative paucity of scholarly focus on treponematosis in other areas, and issues of preservation in more humid climates. Nevertheless, the number of published cases has increased significantly in recent decades with pre-contact treponematosis reported in most countries in both Central and South America, and some cases also reported from the Caribbean Islands. Without accounting for the strength of diagnosis, the earliest reported case of treponematosis in Central America was discovered in Belize and dates to 1200-900 BCE16, while the earliest case in the Caribbean Islands comes from Cuba and dates to 3000 BCE17. The earliest cases in South America were discovered in Chile (5860 – 1720 BCE)18, Brazil (5367-5211 BCE)19, Peru (ca. 5000 BCE)20, and Colombia (3120-3040 BCE)21. Unfortunately, due to the relative paucity of published evidence of treponematosis and a lack of large-scale surveys of this evidence in the Caribbean Islands, Central America, and South America, any statements regarding fluctuations in the prevalence of treponematosis, or the directionality of its spread in these regions, would be merely speculative. 

Some scholars have noted that the congenital form of treponematosis is much more likely to be associated with venereal syphilis than yaws or bejel. This is due to the fact that endemic treponematosis usually infects children and is in a latent state at child-bearing age, while venereal syphilis is more likely to initially infect mothers at a child-bearing age11. Only two debatably pathognomonic cases of congenital treponematosis have been reported from the Americas (specifically North America) before the time of contact, though a number of less secure cases have been reported throughout the Americas11,22. Due to the scarcity of secure cases of pre-contact congenital treponematosis and the question of whether syphilis in the sexually transmitted form was actually present in the pre-colonial Americas, some scholars have argued that the two aforementioned cases might be better interpreted as the less common congenital yaws22. However, it must also be noted that there may be other reasons for the low number of pre-contact cases of congenital treponematosis. For example, syphilitic pregnancies often end in spontaneous abortion or death of the infant soon after birth23. It is possible that the remains of these children were not buried in a typical manner; furthermore, the size and fragility of their bones may have rendered them more susceptible to taphonomic destruction. Consequently, these individuals may be less visible in the archaeological record. 

In addition to the aforementioned congenital cases, possible diagnoses of sexually transmitted syphilis have been made for two pre-contact adults with skeletal evidence of treponematosis and thoracic aortic aneurysms. The first of these individuals dates to 515 BCE from the Bracken Cairn site in Saskatchewan, Canada24,25, and the second dates to 210 BCE from the Chiu Chiu site in Antofagasta, Chile26. These individuals have been tentatively diagnosed as having syphilis because clinical data show that thoracic aortic aneurysms occur in individuals suffering from the tertiary stage of sexually transmitted syphilis, but not from the endemic treponematoses23,27,28. Although there is a strong association between the two conditions, thoracic aortic aneurysms are not unique to syphilis and they may appear in individuals with treponematosis coincidentally. Consequently, these diagnoses would benefit from biomolecular verification. 

In conclusion, despite the wealth of paleopathological evidence for pre-contact treponematosis that has been discovered in the Americas, the existence of pre-contact syphilis has remained a matter of debate. It is for this reason that molecular paleopathology is necessary to resolve this issue. 






2. Archaeological details and skeletal assessments

2.1  Chonos Archipelago, Chile, GAP009

Correspondence to: casey_kirkpatrick@eva.mpg.de

Tibder78, Isla Benjamín 1/CH11, Chonos Archipelago, Chile


















Figure S1 - Right tibia from Individual GAP009 sampled for this study: Upper left: Medial view showing the true bowing and expansion of the tibial diaphysis, Upper right: Superior view of fragment collected from the tibia in 2002 showing the trabeculated cortical bone, obliteration of the medullary canal, and a small, darker coloured subperiosteal lytic lesion on the lateral edge (right side in photo). Bottom: Anterior view showing the trabeculated cortical bone and obliteration of the medullary canal within the sectioned area, a small lytic focus distal to the sectioned area, and porosity and healing striated periostosis throughout the diaphysis.

The remains from a minimum number of 12 individuals, including the GAP009 tibia, were recovered without documentation by Ocampo and Aspillaga29 from the surface of the Isla Benjamin 01 cave site. Upon further investigation, Reyes et al.30 also recovered the remains of a minimum number of 5 individuals, as well as a variety of faunal remains (e.g. fish, birds, sea lions, marine otters, coypu, huemul). All of the collected remains are currently stored at the Universidad de Chile. The north-facing cave rests 3 meters above the current sea level and is located adjacent to a small bay accessible through a narrow channel off of the southern bank of a 20 km-long inlet that runs east-west from the western side of Isla Benjamin in the Chonos Archipelago. The cave contains a shell-midden matrix and its entrance is obscured and protected by thick forest and vegetation31.

Archaeological and radiocarbon dating indicate that the cave was occupied from around 1700 YBP (calibrated), and despite a lack of lithic material, biological remains provide evidence of fishing, fowling, mollusk consumption, and hunting of marine fauna as well as coypu and huemul, with the remains of the aforementioned species dating between 1400 and 1700 YBP (calibrated). Huemul is a species of deer found only on the mainland, which is 100 km away from the Isla Benjamin 01 site at its nearest point, suggesting long-distance mobility and perhaps trade by this time31. Radiocarbon dating of two human ribs from the surface of this site indicate that this cave site was used until at least 239 to 482 YBP (calibrated) (1468 - 1711 CE31). These latter dates from the human remains span the time of contact, with the first contact between the Chonos and the Spanish having occurred in 1553 CE32. 

GAP009 is a genetically female adult with an estimated age of at least 19 years based on the complete fusion of the tibial epiphyses33. The sampled element is a right tibia; one of the scattered commingled remains recovered from the surface within a cave that also contained a shell midden. The medial half of the proximal end of the bone was broken post-mortem and is now missing. Similarities between the measurements of the antero-posterior and medio-lateral diameters, as well as the circumferences at the midpoint and nutrient foramen levels, indicate abnormal thickening of the middle third of the diaphysis. The anterior crest is also more rounded than usual, indicating pathological expansion of the diaphysis, which is usually a response to active disease in the medullary canal. The expanded cortex is more porous with trabeculated bone spanning the thickness of the cortical bone in some areas and expanding into, and contributing to the obliteration of, the medullary canal. The surface of the tibia has fine striations and porosity from healing periostosis, and the bone is morphologically abnormal with true anterior bowing of the diaphysis (as opposed to “saber shin” pseudo-bowing). Although true diaphyseal bowing has been associated with treponematosis (usually in congenital cases), it is not diagnostic. Although it is not visible in the photographs, this tibia also presents a latero-medial curvature; however, this is observed in most Chonos tibiae and is likely related to muscle development. Hackett34 considers the presence of striate expansions, as observed in this individual, to be diagnostic criteria (on trial) for syphilis. Furthermore, there is a small focal cavitation with healing margins on the anterior distal third of the diaphysis, which lends further diagnostic strength for treponematosis. Additionally, within the sectioned fragment, a small lytic lesion with slightly darker colouration was observed within the cortical bone at the lateral edge of the trabeculated area. It is from this lytic focus that the highest concentration of treponemal aDNA was isolated.





2.2 Northern Mexico City, Mexico, MVX001
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[bookmark: _Toc102665980]Burial 1, Manuel González No. 95












Figure S2 - Skeletal elements sampled from Individual MXV001. Left: right tibia. Right: right humerus.


The remains of this individual (burial 1; MXV001 in this paper) were recovered during the archaeological explorations of the Archival Salvage Project Manuel González No. 95, San Simón Tolnáhuac, Cuauhtémoc Delegation, Mexico City, by Dr. María de los Ángeles García Martínez, a researcher under contract to the Directorate of Archaeological Salvage of the National Institute of Anthropology and History. The archaeological work began on May 10, 2016, in rescue modality, since the demolition of the last building was being carried out and construction work would begin shortly. During the archaeological salvage research work at Manuel González # 95, ten human burials and skeletal remains from other species were recovered, along with ceramic objects associated with the Azteca II and Azteca III types (AD 900-1200, early post-Classic period). At a depth of 0.35m, and belonging to Layer II of the initial excavation unit, which corresponded to Cuadro A1NE, the first burial (Burial 1; MXV001 in this paper) was found in a fair state of conservation. This burial included an infant who was resting on their right side in a flexed position, oriented from west to east. The skull, although fractured, was facing south and the upper extremities were found semi-flexed towards the sides of the body, while the lower extremities were flexed towards the abdomen. From this site, this individual (MXV001) was the only one of the ten recovered individuals with visible osteological evidence of treponematosis. An offering was also recovered from this burial, consisting of three anthropomorphic figurines (a Warrior, a Musician and a Woman) as well as a small bowl located near the individual’s pelvis 35,36.  
 
MXV001 is a genetically male non-adult with an estimated age of 2 years +/- 4 months based on dental development, a lack of fusion of the metopic suture and anterior fontanelle, and the incomplete fusion of the neural arches37,38. The skeleton was incomplete with missing os coxae, sternum, sacrum, and most of the hand and foot bones. The remaining bones demonstrated a variety of taphonomic effects, including delamination or exfoliation of bone (mostly on the skull), plant root etching, fracturing, and discolouration from soil and fungal growths. This individual had porotic hyperostosis and slight porosity throughout the skull, including the maxilla, mandible and orbital roofs. Significant porosity and active osteolytic reactions were observed on the palatine processes of both maxillary bones. Involvement of the palate is known to occur in both acquired and congenital treponemal infections39. The edges of the nasal aperture appear to be slightly rounded and the anterior nasal spine is not prominent, though it is unclear if this is related to pathological bone resorption. Bilateral round bony protrusions with multiple fenestrations showing growing dentition within them (perhaps dentigerous cysts) were observed on the buccal surface of the mandible below the areas of the alveolar bone that would hold the canines and first deciduous molars. 

Slight porosity was also widespread in the infracranial skeleton. The right clavicle and scapula presented with superficial focal cavitations, and the latter also presented serpentine lytic lesions. The sternal ends of several ribs are also abnormally expanded. All of the long bones demonstrate healed or healing lamellar periostosis and both tibiae have a related sabre-shin malformation. Generally, pathological lesions are more severe in the bones on the right side of this individual. Porous lesions were observed below the coronoid process and periostosis was present at the distal end of the right ulna. A large abnormally expanded area with trabeculated bone and periostosis is present at the distal end of the right radius. The right femur was broken in two parts post-mortem and, from this fracture, concentric new bone formations can be observed in the medullary cavity. Additionally, the right first metatarsal bone and the right calcaneus have destructive lesions that may be perimortem or postmortem in nature. 
 
The elements sampled for this study include a right humerus and a right tibia. Both bones have dark brown stains from continued contact with soil minerals, and small black spots on the bones likely indicate the growth of fungal colonies. Both bones have anterior bowing, and lamellar periostosis can be observed throughout the diaphyses of these long bones, with porous woven periosteal new bone also observed on the posterior surface of the humeral diaphysis. Samples were taken from areas of the humeral and tibial diaphyses with periostosis.




2.3 Jucusbamba, Peru, JUC013
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CHA79, PAJ 235 (Site name: Putquerurco), Jucusbamba Valley, Peru

















Figure S3 – Incompletely developed upper left first molar that was sampled from Individual JUC013.

JUC013 is a genetically male subadult with an estimated age of 6.5 (+/- 1) years based on dental development (Al Qahtani, 2009). This individual was discovered in a chullpa (funerary tower) associated with rock paintings in the site Putquerurco, Jucusbamba valley40. The valley is located on the eastern slopes of the north Peruvian Andes, a territory considered part of the Chachapoya realm. The sampled element is an incompletely developed upper left first molar with open roots through which the dentin was drilled. The tooth has a small amount of desiccated soft tissue still attached to the roots and it shows no evidence of pathology. This tooth was collected from a skull that was not available for study.







2.4. Deán Funes, Argentina, DFU001
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1591/11, Deán Funes, Ischilín Department, Córdoba Province, Argentina
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Figure S4. Left: The left ilium and the location at which the left iliac crest (also pictured from lateral and inferior view) rested prior to death. Right: Close-up views of the iliac crest (from top to bottom: lateral, inferior, and superior views).

 
The skeletonized remains of this individual were recovered near the town of Deán Funes, Ischilín Department, Córdoba province, Argentina, through a joint initiative by the Judicial Police and the National University of Córdoba’s Faculty of Philosophy and Humanities. Unfortunately, further contextual information is missing for this individual, who is genetically male and has an estimated age-at-death between 15 to 20 years 41,42,43. To the best of our knowledge, there were no other individuals recovered from this site.
 
This individual has a variety of paleopathological lesions throughout his skeleton, including enamel discoloration, which has been attributed to a possible case of dental fluorosis44. In the right mandibular ramus, there is extensive irregular periosteal new bone formation and microporosity in some of the surrounding bone. There were also three small lytic lesions in the left mastoid process without evidence of healing, which may be attributable to mastoiditis; however, they may be taphonomic in nature45. A mixture of osteolytic and osteoblastic reactions was also visible in the manubrium and in the left calcaneus. Periosteal new bone formation was observed in both zygomatic arches, both first ribs, both os coxae, vertebral segments T5-T12 and L2-L5, and the left tibia. The diaphyses of the left tibia and fibula, and both femora also demonstrated striated lamellar bone formation, sometimes with slightly darker coloration from the cortical surface. Additionally, an area of exposed trabecular bone surrounded by periosteal new bone growth (possible cribra humeralis) was observed on the medial surface of the right humeral neck, and concave areas of exposed trabecular bone in both femoral necks are consistent with Allen’s fossae46. On the superoposterior surface of the medial condyle of the right femur, there is also an area of exposed trabecular bone with evidence of remodelling on the marginal cortical bone, which represents a likely case of osteochondritis dissecans47. Finally, the epiphysis of the right iliac crest presents evidence of both osteolytic and osteoblastic processes. Given the age of this individual, the osteoblastic changes on the inferior surface may be, in part, associated with the beginning of the fusion of this element to the iliac wing. However, the irregular appearance of this surface and the disorganized appearance of the woven new bone may be attributable to pathological osteoblastic and osteolytic processes, if not also taphonomic processes. On the superior and lateral surfaces, the combination of antemortem osteolytic and osteoblastic reactions is also apparent as small osteolytic lesions that can be observed in various stages of healing, including penetrating lesions at the lateral edges of the iliac crest, and osteolytic lesions with remodelled edges and bony depressions on the superior surface that represent the complete healing of some osteolytic lesions. Sampling from this epiphysis of the iliac crest produced the treponemal aDNA presented in this paper.



2.5 STC Línea 6 Metro Refinería Azcapotzalco, Mexico City, Mexico, RAZ007
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INAH SURPMZAH Folio Real: 1ARH00001738, Burial 189
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Figure S5: Skeletal elements sampled from Individual RAZ007. Left: fragmentary occipital bone with serpens endocrania symmetrica. Right: right femur with cribra femoralis.
 
The remains of Individual RAZ007 (Burial 189) were recovered in the early 1980s through a rescue excavation conducted by the Instituto Nacional de Antropología e Historia (INAH) in the neighborhood of Azcapotzalco, in the northwest of present-day Mexico City. This rescue project, called ‘STC Línea 6 Metro Refinería Azcapotzalco’, excavated and documented archaeological remains during the construction of the underground metro station named ‘Azcapotzalco’ by the Sistema de Transporte Colectivo (STC). This excavation revealed the remains of a residential complex with 326 human burials found in domestic contexts, sometimes with burial offerings. Due to preservation issues, only 255 of these burials (284 individuals) could be recovered and bones and teeth from 35 of these individuals with osteological evidence of pathology were sampled for archaeogenetic analysis. The archaeological context suggests that all these burials belonged to the Tepanecan ethnic group48 that settled in the Basin of Mexico between 1220-1272 CE, and expanded to form the ‘Tepanecan Empire’ from 1375 to 1426 CE49. Following a war in 1428, the Mexicas assumed control of the Basin of Mexico; however, the Tepanecan culture continued to thrive in certain areas of Azcapotzalco under Mexica rulership50. Unfortunately, most of the documentation for this site has since been lost. However, the remaining archaeological data and radiocarbon dating have revealed that this archaeological site dates to the Late Post-Classic Period (ca. 1200-1520 CE) with usage likely stopping before the time of Spanish colonization (i.e. 1521 CE).
 
Radiocarbon dating (cal AD 1300 – 1397 2σ) clearly placed individual RAZ007 within the Tepanecan culture. This individual is genetically male and estimated to be 4.5 years old according to the stages of dental development and eruption37 and a femoral diaphyseal length of 190 mm51. 
 
The remains of this individual are fragmentary and incomplete with evidence of taphonomic alterations in the form of bone fracturing, root etching, abrasion, discoloration, and patchy brown staining from sustained contact with soil. The skull is fractured post-mortem in multiple places with some parts missing, including the nasal bones and a Wormian bone from the right lambdoid suture. The clavicles, manubrium, right femur, and 16 vertebrae from this individual are unfused but mostly intact. The scapulae, humeri, radii, right ulna, right tibia, both fibulae, many of the ribs, and some of the metacarpals and hand phalanges are present but fragmentary. All of the infra-cranial bones were unfused and the epiphyses were missing. 
 
Osteological evidence of pathology was visible throughout the recovered remains. The inferior edges of the nasal aperture were rounded, likely due to resorption, with porosity and remodeling visible in and around the nasal aperture. Unfortunately, the anterior nasal spine could not be observed due to post-mortem breakage. Porous lesions were also visible on the palatine process of the maxilla (the palatine bone was missing), the temporal bones, the pars basilaris, and both pars lateralis. Slight porosity and periosteal new bone were also observed in the area of the glabella, as well as bilateral symmetrical cribra orbitalia with level 2 severity and level 1 healing52. There was also endocranial porosity and thickening of the right parietal bone adjacent to the sagittal suture and serpens endocrania symmetrica (SES53) on the occipital bone, largely focused on and around the cruciform eminence. On the inferior surface of the sternal end of the left clavicle there is an ellipsoid depression with porosity and well-defined margins. Periosteal new bone was also observed on the anterior of both humeral diaphyses and on the posteroproximal region of the right tibial diaphysis, where there was also some porosity (the left tibia is missing). Additionally, the right femoral neck presented with porous lesions, i.e. cribra femoralis54 and the left femur is missing. Sampling from the distal end of the femoral diaphysis and the occipital bone produced the treponemal aDNA included in this study.


3.  Computational screening for T. pallidum in existing datasets
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3.1 Sample database
The Max Planck Institute for Evolutionary Anthropology hosts an extensive library of sequenced archaeological material from ~18000 individuals from different geographical locations and eras. A total of ~37000 sequencing datasets existed as of Feb 2022, which were dominated by geographic representation of Eurasia, Central and South America, and to a more limited extent North Africa. Of these, 19,770 datasets are raw shotgun data. Sequenced samples were automatically demultiplexed with bcl2fastq (https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html). For most datasets obtained from human dentition or bones, adapter clipping and merging of paired-end reads was automatically performed using leeHom55. Subsequently, the data were mapped to h19 genome using bwa v0.7.1256 (parameters: -n 0.01 -o 2 -l 16500) through an internal automatic pipeline. From these h19 mapped datasets, non-human reads were extracted from the produced BAM file using bam2fastq (https://gslweb.discoveryls.com/information/software/bam2fastq) v1.1.0 (parameters: --no-aligned --unaligned --no-filtered). Reads containing ambiguous nucleotides (Ns) or with length of <30bp were removed; 

$ cat File_in.fastq | paste - - - - | awk -F "\t" '(length($2)>=30)&&($2!~/N/){print}' | tr '\t' '\n' | gzip -9 > File_out.fastq"

Resulting datasets were used for subsequent taxonomic screening.  
The remaining sequenced datasets include those from specific pathogen and 1240K57 capture datasets, which also contain non-target sequences. For these capture datasets, raw sequencing reads were processed with TrimGalore58 [consisting of FastQC59 and CutAdapt60] for adapter removal and automatic removal of <30bp fragments and trimming of PHRED <30 base-calls at the 3’ and resulting datasets were directly used for taxonomic screening.

 
Figure S6 – Database composition for computational Treponema pallidum screening. Image generated using SankeyMatic (https://sankeymatic.com/) 



3.2 Performing taxonomic identification of reads using MALT
Taxonomic identification of reads was performed using the MEGAN Alignment Tool (MALT) v0.5.261 with a custom MALT database and index. The custom reference database was generated using all representative spirochete genomes (as of 24-02-2021), obtained from NCBI’s Assembly portal using the following search query; 
("Bacteria"[Organism] OR "Archaea"[Organism]) AND (reference_genome[filter] OR representative_genome[filter]) AND (latest[filter] AND ("complete genome"[filter] OR "chromosome level"[filter] OR "scaffold level"[filter]) AND all[filter] NOT anomalous[filter]) AND ("Spirochaetia"[Organism] OR "Spirochaetes"[Organism])

This query resulted in the identification of 91 representative genomes. Inclusion of non-target genomes is necessary to facilitate a proper taxonomic assessment for the input data. Additionally, an Acc2Taxonomy file was generated by converting NCBI’s accession2taxid table (12-02-2021) (ftp://ftp.ncbi.nih.gov/pub/taxonomy/accession2taxid/nucl_gb.accession2taxid.gz), using the following command;
$ gunzip nucl_gb.accession2taxid.gz |cut -f1,3 | gzip -9 - > nucl-acc2tax.map.gz

Both the 91-reference genome multi fasta and the nucl-acc2tax.map.gz were supplied to MALT-build to generate an indexed MALT reference database. Subsequently, all processed ancient sequencing datasets were screened with MALT using malt-run, with a semiglobal alignment approach and a sequence identity cut-off of 90%. 
$ malt-run \
-J-XX:ParallelGCThreads=1 \
-J-Xmx130G \
-d Big_screening_DB/malt_index/ \
-o ${SAMPLE}_rma6_output  \
-id 90 \
-v false \
-t 16 \
-oa ${SAMPLE}_aligned_reads_output \
-m BlastN \
-at SemiGlobal \
-mq 25 \
-supp 0.01 \
-sup 0 \
-top 1 \
-mpi 0.0 \
-mrf 100000 \
--memoryMode load \
-i ${SAMPLE} \
1> ${SAMPLE}_malt-run_STDout.txt
2> ${SAMPLE}_malt-run_STDerr.txt



Figure S7: Protocol of computational dataset screening for Treponema pallidum DNA. Created in BioRender. Sitter, L. (2024) https://BioRender.com/r67y419



3.3 Identifying Treponema pallidum subsp. pallidum candidate samples from MALT-run output
The rma6 files generated by MALT were analysed for positive hits to our species of interest using the MaltExtract tool (https://github.com/rhuebler/MaltExtract)62. Manual assessment of MaltExtract’s summary files resulted in identification of >100 Treponema pallidum subsp. pallidum (TPA) positive datasets. The dataset was further limited by picking samples that exhibited characteristics of DNA damage often seen in ancient DNA such as 3’ G>A and 5’ C>T substitutions63. Additional removal of false positive hits was performed by running the TPA aligned reads from each candidate dataset against a larger Malt reference database containing 7508 bacterial genomes obtained from NCBI’s assembly portal (24-02-2021) using the following query;

("Bacteria"[Organism] OR "Archaea"[Organism]) AND (reference_genome[filter] OR representative_genome[filter]) AND latest[filter] AND (latest[filter] AND all[filter] NOT anomalous[filter])

Samples exhibiting reads matching to TPA in the second screening were further assessed using the negative difference proportion (NPD) as described in HOPS62. 



4. Radiocarbon Dating

Radiocarbon dating was carried out at the Curt-Engelhorn-Centre for Archaeometry (Mannheim, Germany). Skeletal fragments were processed using ultra filtrated collagen (fraction > 30kD)64,65 and dated using the MICADAS-AMS of the Klaus-Tschira-Archäometrie Zentrum. Radiocarbon dates are reported showing the lab codes MAMS.

Radiocarbon and stable isotope measurements for evaluation of marine reservoir effects were made on the remains from Jucusbamba, Peru (JUC013), the Chonos Archipelago of southern Chile (GAP009), and Deán Funes, Argentina (DFU001) (see Methods).  Send correspondence to W. Derek Hamilton, derek.hamilton.2@glasgow.ac.uk.




4.1 Radiocarbon measurement from the remains of individual MXV001

Correspondence to: rodrigo_barquera@eva.mpg.de

This individual only had the δ13C measured on the AMS, which is not suitable for a dietary correction. However, this site is located over 600 km from the coast, so a marine reservoir effect is highly unlikely.

Calibration
Since this individual likely lived in an area around where they were recovered (Mexico City) the Northern Hemisphere, IntCal20, calibration curve of Reimer et al. (2020)66 was used to calibrate the radiocarbon results to a calendrical scale using OxCal v4.4 (Bronk Ramsey 2009)67.


Figure S8 – AMS data for MXV001 with calibration in OxCal using IntCal20.

4.2 Radiocarbon measurements from the remains of individual RAZ007.B

Correspondence to: lourdes_couoh@inah.gob.mx

This individual only had the δ13C measured on the AMS, which is not suitable for a dietary correction. However, this site is located over 600 km from the coast, so a marine reservoir effect is highly unlikely.

Calibration
Since this individual likely lived in an area around where they were recovered (Mexico City) the Northern Hemisphere, IntCal20, calibration curve of Reimer et al. (2020)66 was used to calibrate the radiocarbon results to a calendrical scale using OxCal v4.4 (Bronk Ramsey 2009)67.

The radiocarbon age calibrates to 1300–1397 cal CE (95% probability), indicating the individual died prior to known European contact in the region.
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Figure S9: AMS data for RAZ007 with calibration in OxCal using IntCal20.


5.  Computational analysis of screening data from GAP009, MXV001, DFU001, and RAZ007

Correspondence to: lesley_sitter@eva.mpg.de


Table S3: An overview of the different softwares and versions used by the nf-core/eager pipeline

	Software_Name
	Version

	nf-core/eager
	v2.4.4

	Nextflow
	v21.04.1

	FastQC
	v0.11.9

	MultiQC
	v1.12

	AdapterRemoval
	v2.3.2

	BWA
	v0.7.17-r1188

	Samtools
	v1.12

	endorS.py
	v0.4

	DeDup
	v0.12.8

	Picard MarkDuplicates
	v2.26.0

	Qualimap
	v2.2.2-dev

	Preseq
	v3.1.1

	GATK UnifiedGenotyper
	vPicked

	DamageProfiler
	v0.4.9

	bamUtil
	v1.0.15
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Figure S10 – HOPS62 results for T. pallidum pallidum identified reads for sequencing data from MXV001 (A-C) and GAP009 (D, E) and DFU001 (F).



6.  Analyses of Treponema pallidum subsp. pallidum captured data

Correspondence to: lesley_sitter@eva.mpg.de


6.1 Capture validation through reference mapping
Sequencing data generated from Treponema pallidum subsp. pallidum (TPA) captured samples were analysed in nf-core/eager. TPA Nichols (RefSeq ID NC_021490.2)68 was used as a reference genome. Datasets were supplied as a tsv file using option –input. EAGER2 was run with the following command:

$ nextflow run nf-core/eager \
-r 2.4.4 \
-profile conda \
–name ‘Tpallidum’ \
–input ‘Sample_table.tsv’ \
--fasta NC_021490.2.fasta' \
--outdir './Outdir' \
--clip_adapters_list sequencing_adapter_combinations.txt \
--run_post_ar_trimming \
--post_ar_trim_front 1 \
--post_ar_trim_tail 1 \
--bam_filter_minreadlength 30 \
--preserve5p \
--clip_min_read_quality 30 \
--run_bam_filtering \
--bwaalnn 0.1 \
--bwaalnl 32 \
--run_trim_bam \
--bam_mapping_quality_threshold 37 \
--run_genotyping \
--genotyping_tool 'ug' \
--genotyping_source 'raw' \
--gatk_ug_out_mode EMIT_ALL_SITES

For low-stringency mapping used for SNPevaluation69 analysis (see below), the –bwaalnn parameter was changed to 0.01, and the –bwaalnl was changed to 16. 

Samples having a median coverage of <4x were analysed using the ClusterFactor (, where a CF of >2 means individual reads have been sequenced on average two times. Only one sample, JUC013, yielded a positive signal but exhibited low coverage and a high CF, which indicated a potential benefit for the manufacture, enrichment, and sequencing of additional libraries.  


6.2 Competitive mapping
A competitive mapping to both Treponema pallidum subsp. pallidum str. Nichols (RefSeq ID NC_021490.2) and a relative outside of the human pathogenic complex, Treponema paraluiscuniculi Cuniculi A (RefSeq ID NC_015714.1), was performed to measure capture specificity. Both reference genomes were concatenated into a new multi-FASTA file and mapped as described in the previous section. The comparison was performed by analysing the median coverage over each genome using the following command:

$ samtools index mapped_reads.bam > mapped_reads.sorted.bam
samtools coverage --min-read-len 30 --min-MQ 37 mapped_reads.sorted.bam


Samples that did not pass the previously mentioned quality thresholds, or that mapped with higher values to Treponema paraluiscuniculi Cuniculi A, were excluded from downstream analysis. 


6.3  SNP Calling
Alleles were called using GATKs unified genotyper (UG) v3.870, running within nf-core/eager. The .vcf files produced by UG where then processed using MultiVCFAnalyzer v0.85.271. This software package uses a reference genome and several .vcf files, as generated by UG, as input and creates a multiple sequence alignment (MSA) of all the SNPs in the samples that pass a user defined depth call (snpalignment.fasta) as well as an MSA of the entire genome mapping (fullAlignment.fasta). It also generates a SNP table containing only alternative genotypes within the sample set. MultiVCFAnalyzer was run as follows:

java -Xmx10G -jar MultiVCFAnalyzer-0.85.2.jar \
NA \
NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols.fasta \
NA \
output_folder \
T \
37 \
[DEPTH_CALL] \
0.9 \
0.9 \
NA \
Sample1.vcf \
Sample2.vcf \
:
SampleN.vcf

 [DEPTH CALL] was replaced with either ‘2’ or ‘4’ depending on the analysis that was performed.



6.4 Analyses of genome KM14-7

Here we investigate the genome KM14-7 (also described as “Kampen” and “Leiden”) from Majander et al. 202072. This genome is radiocarbon dated to 1494-1631 CE, and has a published phylogenetic position within the common lineage of TPE and TEN, branching basal to their separation. As such it is presented by the authors as a possible representative of pre-Columbian treponemal diversity within Europe. We have investigated this genome in some detail. Mapping the datasets from Majander et al. 202072 with the stringency parameters described in this study yields the following coverage results:


Table S11: Mapping differences between the method employed in this publication and the statistics reported in Majander et al. 202072. 
 
	 Library
	Nr. Dedup. Mapped Reads
	Avg / Mean Cov
	≥ 1X
	≥ 2X
	≥ 3X
	≥ 5X
	Median read length
	Source
 

	PD28
	1430292
	136.23X
	98.09%
	98.07%
	98.06%
	98.04%
	59,91
	Majander et al. 2020

	 
	1484214
	78.3X
	98.10%
	98.10%
	98.00%
	98.00%
	57,00
	Stringent mapping 

	SJ219
	29198
	1.41X
	64.31%
	34.00%
	15.69%
	2.58%
	49,12
	Majander et al. 2020

	 
	32292
	1.4X
	64.30%
	29.00%
	11.20%
	8.90%
	44.22
	Stringent mapping

	CHS119
	52054
	2.82X
	83.32%
	62.31%
	42.04%
	15.13%
	54,16
	Majander et al. 2020

	 
	60234
	2.9X
	83.40%
	56.30%
	32.40%
	32.30%
	49.87
	Stringent mapping

	KM14-7
	18034
	0.91X
	46.89%
	19.35%
	7.93%
	1.61%
	51,69
	Majander et al. 2020

	 
	13898
	0.6X
	38.90%
	10.40%
	2.30%
	0.40%
	46.17
	Stringent mapping



The strict parameters applied in our analyses reduced the coverage of 2-fold supported positions (the lowest possible coverage of SNP calling) in KM14-7 from 19.35% to 10.4%. Inspection of the SNP table in Majander et al 202072 revealed positions in KM14-7 that matched allele calls found uniquely in TPA (n=10 shared with PD28) and others that are unique to TPE (n=10 shared with CHS119) (Figure S11). 
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Figure S11: Visual representation of SNPs reported in Majander et al. 202072 for their ancient genome datasets. TPA = Treponema pallidum pallidum, TEN = Treponema pallidum endemicum, TPE = Treponema pallidum pertenue.   

To further investigate the phenomenon of shared SNPs between datasets of genomes that represent different T. pallidum sublineages, we extracted reads that mapped to the Nichols T. pallidum reference from all Majander et al. 202072 datasets (based on our strict mapping) and queried them for reads that are identical (same nucleotide sequence) within the four datasets tethered to the publication (PD28, KM14-7, SJ219, and CHS119 (Table S12). 

Table S12: Reads with identical nucleotide sequence contained within the datasets of mapping reads from libraries KM14-7, PD28, and CHS119.

	Sample
	Mapped Reads 
	Identical in PD28
	Identical in SJ219
	Identical in CHS119
	Total shared reads

	 
	 
	Nr.
	%
	Nr.
	%
	Nr.
	%
	 

	KM14-7
	12784
	1397
	10.9%
	275
	2.2%
	241
	1.9%
	15.0%

	CHS119
	27675
	1418
	5.1%
	799
	2.9%
	
	
	8.0%

	SJ219
	44493
	1220
	2.7%
	
	
	
	
	2.7%






Of the three genomes, KM14-7 shows the greatest influence of read sharing with other datasets. Such a phenomenon could come from sequencing “cross talk”, which is documented to occur with Illumina sequencing73, though known examples are smaller in scale. To investigate if identical reads could exist by chance between ancient datasets, we compared the KM14-7 raw read datasets against those from the other three samples published alongside it (PD28, SJ219, and CSH119), as well as three additional ancient treponemal datasets published two years earlier (2018), namely 133, 94A, and 94B74. This was accomplished by reducing the fastq files to only the nucleotide sequences (sed -i ‘1,2-3~4d’ sample.fastq) , sorting them (sort sample.fastq > sample.fastq.sort), removing duplicate entries (uniq sample.fastq.sort > sample.fastq.sort.uniq), and comparing samples in a pairwise method (comm -12 sample.fastq.sort.uniq sample2.fastq | wc -l). Through this process no duplicate reads were identified between KM14-7 and datasets from the 2018 publication74 (Table S13). 




Table S13. Evaluation of identical DNA reads contained within several published raw datasets from human archaeological bone yielding T. pallidum genomes.  KM14-7, PD28, CHS219, and SJ219 from Majander et al. 202072.  133, 94A and 94B from Schuenemann et al, 201874.  “combined” refers to joined individual data files from paired end sequencing.   
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Whatever the reason for read duplication between the Majander et al. 202072 datasets, we investigated genomic coverage and allele calls with duplicate reads across datasets removed. Despite the read duplication phenomenon having impacted all four genomic datasets in Majander et al 202072, mapping post removal of these duplicate reads was investigated exclusively in KM14-7 because of its very low coverage (Tables S14 and S15). 

Table S14: Strict mapping of dataset KM14-7 after removal of reads that are identical to those contained in datasets for PD28, CHS119, and SJ219. 

	Sample Name
	
	Nr. Dedup. Mapped Reads
	Avg / Mean cov
	≥ 1X
	≥ 2X
	≥ 3X
	≥ 5X
	Median read length

	KM14-7
	Before Filtering
	13,898
	0.6X
	38.90%
	10.40%
	2.30%
	0.40%
	46.2

	KM14-7
	After Filtering
	11,018
	0.5X
	34.00%
	8.30%
	1.60%
	0.10%
	48.0



The remaining data are too low for phylogeny construction based on 2-fold read support, the lowest coverage needed for SNP calling in GATK. For transparency, we report all 2-fold support allele calls for KM14-7 in Table S15. Here, no alleles show a genotype that would place KM14-7 within the TPA clade. This indicates that all KM14-7 positions previously identified by Majander et al72 as having the TPA allele have been removed either via our strict mapping or our removal of identical reads shared with other datasets. One position (643984) is shared exclusively with the TEN genome Bosnia A, though this position is removed via quality filters applied prior to tree construction (see section 8). For an additional position (474902), KM14-7 shares an allele common to the T. paraluiscuniculi outgroup and TPE/TEN. The position is, therefore, derived in TPA only. The remainder of the positions are unique to KM14-7 or are reference calls in all genomes considered. Based on this, KM14-7 has too few positions to permit its sublineage designation, and consequently it is not considered in further analyses.  


7. SNP filtering

Correspondence to: lesley_sitter@eva.mpg.de

SNPs generated on low-complexity regions, regions susceptible to non-target mapping or recombination sensitive regions were removed to prevent spurious SNPs from interfering with phylogenetic analyses of vertically evolved genomic regions.

7.1 Low-complexity regions
Low complexity regions were identified with dustmasker v1.0.075 with the following command;

$ dustmasker -in NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols.fasta -out NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols_repeatlist.txt -outfmt acclist

Dustmasker output was converted into a GFF3 formatted file as such:

$ sed -i '1s/^/\#\#sequence-region NC_021490.2 1 1139633\n\#\#species https\:\/\/www.ncbi.nlm.nih.gov\/Taxonomy\/Browser\/wwwtax\.cgi\?id=243276/g' NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols_repeatlist.gff3
$ sed -i "s|>NC_021490.2 Treponema pallidum subsp. pallidum str. Nichols, complete sequence    |NC_021490.2    DustMasker    region    |g" NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols_repeatlist.gff3
$ sed -i 's/\n|    .    +    .    ID="Repeat"\n/g' NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols_repeatlist.gff3

Subsequently, repeats that were <30bp were removed from the GFF3 for these should be mappable with >30bp reads. 


7.2 Highly conserved genomic regions
Due to the metagenomic nature of ancient pathogen captures, combined with the allowance of mismatches to accommodate for actual SNPs and DNA damage, tRNA and rRNA regions are prone to background noise due to their high genomic conservation. These regions are, therefore, masked out by extracting their locations from the .gff3 file that is associated with the RefSeq deposited Treponema pallidum subsp. pallidum str. Nichols (RefSeq ID NC_021490.2) reference genome. 

$ grep "[r,t]RNA" NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols.gff3 > NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols.tRNA.gff3

$ grep "[1-2][0-9]s" NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols.gff3 >> NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols.tRNA.gff3





7.3 Recombinant positions
Recombinant sites were identified through the union of both Gubbins v3.2.176 and ClonalFrameML77 output. For increased sensitivity of recombination detection we used the union of identified regions from both tools.

To run Gubbins, the following command was run on the fullAlignment.fasta generated for MultiVCFAnalyzer execution respectively:

$ run_gubbins.py --threads 4 --verbose --min_window_size 3 fullAlignment.fasta

Gubbins outputs a GFF3 formatted file (fullAlignment.recombination_predictions.gff) containing all the identified recombinant sites. To run ClonalFrameML, a “starter tree” is needed which was generated using FastTree v2.1.1178 using the following command:

$ FastTree -gtr -nt < fullAlignment.fasta > Fastree.tree

To run ClonalFrameML, the following command was used:

$ ClonalFrameML Fastree.tree fullAlignment.fasta ClonalframeML_output

ClonalFrameML does not produce a GFF3 format file containing the identified recombinant positions. Instead it generates an ‘. importation_status.txt’ file that was converted into a GFF3 format type file using a custom script.


7.4 Regions prone to non-target mapping
To investigate the persistence of DNA from non-target sources in our captured datasets, we investigated the density of multi-allelic positions considered in phylogenetic construction. This process revealed a dominance of homozygous positions, consistent with a low non-target background. 
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Figure S12: Heterozygous positions based on 0.1 to 0.9 frequency across mapped regions.


We further explored this potential artifact through use of SNPEvaluation79,69 to identify regions of suspicious homology and mapping artifacts. For ancient genome samples an additional nf-core/eager run was performed as previously described, with –bwaalnn 0.01, and the –bwaalnl 16 parameters. The SNPtable.tsv from the MultiVCFAnalyzer output as well as the stringent and low stringent .vcf files were supplied. We identified all positions that 1) resulted in a summary statistic >1.1 (i.e., more reads mapped when stringency is lowered), 2) were determined to be heterozygous themselves, or 3) to have additional sites within a frame of 50bp with no coverage or with heterozygous calls. Alleles that failed any of these criteria were extracted and their coordinates converted into GGF3 format for subsequent masking. 
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Figure S13: Distribution of the SNP Evaluation summary statistic. Values above 1 represent sites that tend to have increased depth at lower stringency mapping or have another artefact that suggest it’s prone to background noise. Normally a cutoff of around 1.1 is used to make sure that the analysed SNPs are not artefactual. 


7.5 Masking of spurious regions from genotyping
The previously produced five .gff3 files containing sites that should be excluded from SNP analysis were concatenated to generate a single gff3 formatted masking file. To mask these spurious regions from genotyping, MultiVCFAnalyzer was once again run but now supplied with the masking gff3 file as excluded regions.
 


java -Xmx10G -jar MultiVCFAnalyzer-0.85.2.jar \
NA \
NC_021490.2_Treponema_pallidum_subsp._pallidum_str._Nichols.fasta \
NA \
output_folder \
T \
37 \
[DEPTH_CALL] \
0.9 \
0.9 \
Mask_from_genotyping.gff3 \
Sample1.vcf \
Sample2.vcf \
:
SampleN.vcf

This second MultiVCFAnalyzer run generates a SNPtable.tsv and both a SNPalignment.fasta and a fullalignment.fasta MSA file which are used in further downstream phylogenetic analysis.
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Figure S14: SNP filtering was performed using different metrics and criteria. A) A breakdown of each approach and the number of loci masked from SNP calling. Dustmasker filters low-complexity sites, ClonalFrameML and Gubbins identify recombinant regions within the analysed genomes, tRNA and rRNA features were taken directly from the gene features associated with the reference genomes as they are deposited on GenBank, lastly SNPeval identifies low confidence loci. B) Additionally, we investigated whether or not we had particular sites that accumulated substantially higher coverage than the global average, which could indicate sites prone to background noise.




8. Phylogenetic assessment of T. pallidum genomes

Correspondence to: lesley_sitter@eva.mpg.de

Maximum Likelihood (ML) phylogenetic tree construction was performed using RAxML-NG v1.1080 as described by Giffin et al.81 and Majander et al72. Trees were generated with 1000 bootstrap replicates, using a GTR model and GAMMA substitution correction model with 8 categories. Additionally, Stamatakis ascertainment bias correction was added by calculating the total number of constant sites for each nucleotide remaining after all filtering steps were applied (note that alignment positions containing missing data but for which all resolved sites were identical were also considered constant).

$ raxml-ng --all --msa Filtered_Fastas/FouX_RemovedInvariate.Fasta --msa-format FASTA --data-type DNA --prefix FourX_All-Sites_RaxmlNG_JC_G8_ASC_STAM --seed 12345 --threads 4 --model GTR+G8+ASC_STAM{226995/244265/250641/228906} --bs-trees 1000

Using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree), trees were rerooted using Treponema paraluiscuniculi as the outgroup, with outgroup-specific SNPs hidden to prevent extremely long branch length and skewing of the tree. Pruning of the outgroup’s unique SNPs was achieved through MultiVCFAnalyzer by picking an outgroup organism and prefixing its vcf with ‘outgroup_’. 
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Figure S15: Maximum likelihood tree constructed without removal of positions identified by SNPEvaluation as being potentially from non-target sources (to demonstrate long branch lengths in GAP009 and MXV001). The tree was generated using the 2160 SNPs called at 4-fold coverage without recombination regions removed. The tree is based on 1000 bootstrap replicates, where branches with <70% support are not shown. Names of ancient genomes are coloured according to their corresponding clade.
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Figure S16: Maximum likelihood phylogenetic reconstruction based on mapping to reference T. pallidum pertenue CDC-282 (A) and T. pallidum endemicum Bosnia A (B). The trees were generated using the 2055 and 1978 SNPs, respectively, called at 4-fold coverage with recombinant and low-confidence regions removed. The trees are based on 1000 bootstraps, branches presenting >70% bootstrap support are represented with a dot and the support value, values below the cutoff are hidden for clarity. Names of ancient genomes are coloured according to their corresponding clade.
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Figure S17: Maximum likelihood phylogeny reconstructed at two-fold read support with artificially reducing the coverage of genome GAP009 (A, B, and C) and MXV001 (D, E, and F) to average 4-fold. These trees were generated using 2009 (A), 1995 (B), 2008 (C), 1915 (D), 1919 (E), and 1907 (F) SNPs, respectively, with recombinant and low-confidence regions removed. The tree is based on 1000 bootstrap replicates, and branches representing <70% support at not shown. Names of ancient genomes are coloured according to their corresponding clade.   





9. Molecular Dating
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Figure S18 – Root to tip regression analysis using Clocktor283. TPA shown in yellow and TPE/TEN shown in purple, and the global (full) dataset in black. A) Substitution tree estimated with RAxML following pruning of the outgroup; B) Root to tip regressions of average genomic substitutions per site against median tip dates for the dataset considered as TPA only (yellow), TPE/TEN only (purple) and the global (entire) dataset (black). The latter was fitted on the whole dataset as well as on TPA and TPE/TEN separately. 
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Figure S19 – Comparison of posterior and prior densities obtained using BEAST 2 for the mean clock rate (A) and time to the most recent common ancestor (B) of Treponema pallidum.
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Figure S20 – Maximum clade credibility (MCC) tree generated under the time dependent rate (TDR) model.
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Figure S21 – Probability densities for tMRCA estimates from the uncorrelated relaxed clock model (pink) and the time-dependent-rate (TDR) clock model (blue). Corresponding HPD 95% intervals are shown in dotted lines. 
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