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Abstract

Syphilis was perceived to be a new disease in Europe in the late 15th century, ignit-

ing a debate about its origin that continues today in anthropological, historical, and

medical circles. We move beyond this age-old debate using an interdisciplinary

approach that tackles broader questions to advance the understanding of treponemal

infection (syphilis, yaws, bejel, and pinta). How did the causative organism(s) and

humans co-evolve? How did the related diseases caused by Treponema pallidum

emerge in different parts of the world and affect people across both time and space?

How are T. pallidum subspecies related to the treponeme causing pinta? The current

state of scholarship in specific areas is reviewed with recommendations made to

stimulate future work. Understanding treponemal biology, genetic relationships, epi-

demiology, and clinical manifestations is crucial for vaccine development today and

for investigating the distribution of infection in both modern and past populations.

Paleopathologists must improve diagnostic criteria and use a standard approach for

recording skeletal lesions on archaeological human remains. Adequate contextualiza-

tion of cultural and environmental conditions is necessary, including site dating and

justification for any corrections made for marine or freshwater reservoir effects. Bio-

geochemical analyses may assess aquatic contributions to diet, physiological changes

arising from treponemal disease and its treatments (e.g., mercury), or residential

mobility of those affected. Shifting the focus from point of origin to investigating

who is affected (e.g., by age/sex or socioeconomic status) and disease distribution

(e.g., coastal/ inland, rural/urban) will advance our understanding of the treponemal

disease and its impact on people through time.
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1 | INTRODUCTION

Clinicians categorize human treponemal infections as pinta, yaws,

bejel (also known as endemic syphilis), and syphilis (sexually acquired

or congenital). Although pinta has not been documented for the past

20 years, there is no surveillance in regions where it was previously

endemic; therefore, affected persons may exist in remote areas

(Salazar & Bennett, 2014; Stamm, 2015). The relationship of pinta to

the infections caused by Treponema pallidum subspecies, however, is

little known. Treponemal infection has long been the topic of specula-

tion concerning its origin, past distribution, clinical presentation,

nature of the causative agent(s), and epidemiology of the currently

recognized clinical phenotypes (e.g., Giacani & Lukehart, 2014;

Kojima & Klausner, 2018; Mitjà et al., 2015). Because syphilis was per-

ceived to be a new condition that suddenly appeared in Europe in the

late 15th century, debate about its origin has persisted for more than

five centuries (see reviews by Baker & Armelagos, 1988; Cook & Pow-

ell, 2012; Harper, Zuckerman, Harper, Kingston, & Armelagos, 2011),

giving rise to the competing Columbian, Pre-Columbian, Unitarian,

and Evolutionary hypotheses. Questions concerning the spread of

infections caused by T. pallidum subspecies and their emergence in

different parts of the world are still contested in anthropological

(e.g., Cook & Powell, 2012; Zuckerman, 2016) and medical circles

(e.g., Anteric, Basic, Vilovic, Kolic, & Andjelnovic, 2014; Karem &

Pillay, 2014; Tampa, Sarbu, Matei, Benea, & Georgescu, 2014). As a

result, “the history of treponematosis continues to be one of the most

contentious issues in science” (Ortner, 2003:273).

This controversy persists in part because large expanses of the

Old World, particularly Africa and Asia, have not been investigated as

intensively as Europe and the Americas. A systematic (rather than inci-

dental) evaluation of skeletal remains for evidence of treponemal dis-

ease in the Old World by multiple researchers familiar with its

manifestations, and a thorough search of publications in the non-

English literature in different regions, has never been conducted. Even

in Europe, where there is a long history of paleopathological study,

the quality of training in paleopathology is variable when compared to

the study of normal variation in the skeleton (Buikstra & Roberts,

2012; also see Roberts, 1994:106). In contrast, skeletal evidence for

the occurrence of treponemal infection in North America as well as

the skeletal patterning of treponemal disease, its geographic distribu-

tion, and temporal depth, were examined by scholars in a 1998 Ameri-

can Association of Physical Anthropologists conference symposium

that resulted in an edited volume on The Myth of Syphilis (Powell &

Cook, 2005b). However, a similar treatment for South America is also

needed. Additionally, research is complicated by the proliferation of

publications advancing “possible” pre-Columbian evidence in Europe

(e.g., Rissech et al., 2011) that are incomplete, lack any differential

diagnosis, or ignore diagnostic criteria for skeletal and dental involve-

ment (i.e., Hackett, 1976; Hillson, Grigson, & Bond, 1998). Site con-

textualization often is inadequate as well. Such publications detract

from more secure studies (e.g., Mays, Crane-Kramer, & Bayliss, 2003),

leading proponents of the New World origin (the Columbian hypothe-

sis) to dismiss all pre-1493 evidence from the Old World

(e.g., Zuckerman, Harper, & Armelagos, 2016). A review by Harper

et al. (2011) is controversial due to the authors' assumptions and

methods, including subjective application of “corrections” for marine

contributions to diet to adjust radiocarbon dates for purportedly pre-

Columbian sites in the Old World, and rejection of secure dating using

standard archaeological methods (see Section 4.1 for details). While

Harper et al.'s (2011) article renewed debate, it resolved little due to

the limited understanding of treponemal disease patterns and the

timing of their occurrence in much of the world.

Here, a group of scholars with differing areas of expertise (anthro-

pological genetics, bioarchaeology, microbiology and immunology,

paleopathology, radiocarbon dating, tropical and infectious medicine)

and regional foci (including Africa, North and South America, Europe,

Asia, Australia, and Pacific Rim) has come together to initiate develop-

ment of a more holistic and systematic means of investigating the co-

evolution of treponemal pathogens and humans through evaluation of

the patterns of clinical and skeletal manifestations (including congeni-

tal transmission); pathogen genetics and phylogenetics; demographic,

geographic, and temporal distribution; and the effects of mercury or

other treatments on skeletal manifestations. Rather than focusing

solely on the perennial question of who is to blame for the purported

surge in sexually-acquired syphilis in 16th-century Europe, a more

informed understanding of clinical variation in modern disease mani-

festations and the genetics of the subspecies of T. pallidum permits

exploration of the co-evolution of the pathogen and its human hosts

and testing of long-held hypotheses. Consideration of insights into

the genetic variation present in T. pallidum and other treponemes, the

phylogeny of causative organism(s), environmental effects on disease

expression, and the accuracy of radiocarbon dating, calibration proce-

dures, and correction for any marine component of the diet are crucial

for our interpretations of skeletal patterning, deduced disease distri-

bution, and temporal depth in paleopathology and bioarchaeology. All

of these factors are essential for investigating the global distribution

of treponemal infection and how (or whether) its manifestations may

have changed over time in different geographic regions. Our principal

goals, therefore, are to (1) outline the current state of research in spe-

cific relevant fields, (2) present recommendations to advance our

understanding of treponemal disease and its impact on people in both

the past and present in these areas, and (3) stimulate additional work.

2 | COMPETING HYPOTHESES

Four hypotheses have been advanced to explain the origin and distri-

bution of treponemal infections affecting humans, collectively called

treponematosis (per Hudson, 1946, 1958). These are the Columbian

hypothesis, Pre-Columbian hypothesis, Unitarian hypothesis, and Evo-

lutionary hypothesis. The first two hypotheses are based on geo-

graphic origin, while the last two concern the nature of the causative

organism(s) and acknowledge that treponemal infection likely existed

in both Old and New Worlds in antiquity.

The Columbian hypothesis is rooted in accounts by late 15th- to

16th-century chroniclers and physicians, such as Gonzalo Fernández
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de Oviedo y Valdés (1547, 1851, 1959), Fray Bartholomé de Las

Casas (1552, 1875–1876), Ruy Díaz de Ysla (1539), Ulrich von Hutten

(1533), and Giralamo Fracostoro (1911 [1530]), describing the rapid

spread of a newly recognized sexually transmitted disease through

Europe. This hypothesis was articulated in the modern era initially by

Bloch (1901, 1908) and promoted by Harrison (1959), Crosby (1969,

1972), and others. This hypothesis posits a New World origin of trep-

onemal infection and transmission to Europe after the return of Chris-

topher Columbus and his crew in 1493. Proponents emphasize the

lack of evidence for treponematosis in Classical and Medieval

European records as well as negative or inconclusive paleopathologi-

cal evidence from the Old World.

The pre-Columbian hypothesis, promulgated first by Holcomb

(1934, 1935), states that treponemal disease was present in the Old

World before 1493 but was not distinguished from other conditions,

including leprosy. The Unitarian hypothesis proposed by Hudson

(1946, 1965) posits that pinta, yaws, bejel, and syphilis are caused by

a single organism that produces different clinical manifestations

depending upon climatic, social, and demographic factors. According

to this hypothesis, the Treponema pathogen spread with humans out

of Africa, so infection was present globally prior to 15th-century

European contact with the Americas.

The Evolutionary hypothesis advanced by Hackett (1963; see also

Cockburn, 1961) suggests that human treponemal disease likely arose

from an animal infection in Afro-Asia. One potential phylogeny pro-

posed by Hackett (1963:25) shows pinta as the earliest, global form

from which mutations after 10,000 B.C. gave rise over time to yaws,

bejel, then syphilis. In an alternative scenario also presented by

Hackett (1963), pinta arose c. 15,000 B.C. from an ancestral form as a

separate infection, then the yaws branch diverged from this ancestral

form around 10,000 B.C., followed by the divergence of bejel, then

syphilis from the yaws branch.

Although attempts have been made to explore evidence for or

against certain hypotheses as originally articulated (e.g., Baker &

Armelagos, 1988; de Melo, de Mello, Fraga, Nunes, & Eggers, 2010;

Harper et al., 2008, 2011), they have not been tested sufficiently

using multiple lines of evidence derived from epidemiology, genetics/

genomics, archaeometry (including radiometric dating and analyses of

stable isotopes and trace elements), and paleopathology. Evaluating

these hypotheses, therefore, requires a review of the current state of

research in multiple areas and consideration of factors that are neces-

sary for contextualizing archaeological samples.

3 | EPIDEMIOLOGICAL AND GENETIC
RESEARCH

Treponemes are spirochetes, which are spiral-shaped bacteria that

may be free-living, commensal, or pathogenic for humans and other

mammals. Clinical manifestations of yaws, bejel, and syphilis are well-

known from mid-20th-century clinical studies of untreated infection

(e.g., Gjestland, 1955; Grin, 1952; Hackett, 1951; Stokes, Beerman, &

Ingraham, 1944) along with modern studies involving antibiotic

treatment (see, for example, Ho & Lukehart, 2011; Mitjà et al., 2012;

Scolnik et al., 2003). Advances in genetic and genomic studies are rev-

olutionizing the study of treponemal infections by beginning to

remove speculation and subjectivity from analyses of both clinical and

paleopathological disease diagnoses.

3.1 | The nature of treponemal infection:
Epidemiological evidence

Yaws, bejel, and syphilis are all transmitted by direct contact with

infectious lesions. The disease is characterized by localized primary

lesion(s) appearing at the site of transmission, dissemination of the

bacteria throughout the body resulting in widespread lesions (the sec-

ondary stage), persistence during years of asymptomatic infection

(latency), and the possible development of late (tertiary) destructive

lesions of various organs, including bone. In all treponemal infections,

patients vary widely in the severity of their clinical manifestations and

in whether they progress to the late stage.

Although syphilis is often said to be differentiated from yaws and

bejel by its sexual mode of transmission, it was recognized centuries

ago that the agent of syphilis could infect fingers and other nongenital

sites when exposed to body fluids of a contagious patient (Stokes

et al., 1944). Although symptomatic neurological, cardiovascular, and

congenital manifestations have been long recognized in syphilis, there

is substantial evidence in the literature that these do occur, albeit less

frequently, in yaws and bejel (e.g., Akrawi, 1949; Edington, 1954;

Román & Román, 1986; Smith et al., 1971; see also Giacani and

Lukehart, 2014; Lukehart & Giacani, 2014). Grin (1952), in his exten-

sive study of bejel in the non-arid environment of Bosnia, also

reported genital lesions and evidence of congenital infection. Two fac-

tors may be at play in the relative lack of recognition of these aspects

of yaws and bejel. First, both yaws and bejel are usually transmitted in

early childhood. By the time an infected individual reaches sexual

maturity, the infection has been present for many years and may have

resolved or progressed to the late latent stage in which pathogen load

is low. Thus, even in syphilis, a pregnant woman with longstanding

infection is much less likely to infect her fetus than a woman with

early active infection (Richens, Mayaud, & Mabey, 2014:311; Stafford,

Sánchez, & Stoll, 2019). Second, the varied and nonspecific signs of

treponemal-related neurological and cardiovascular involvement may

not be recognized in settings without trained medical personnel

where yaws and bejel are most likely to occur. The inability to distin-

guish (clinically or pathologically) the lesions of the three historically

designated treponemal “diseases” and their similar courses support

the Unitarian hypothesis (Hudson, 1946, 1958).

3.2 | Genetic analyses of modern human
Treponemes

The species T. pallidum is the causative agent of syphilis, bejel, and

yaws (reviewed by Giacani & Lukehart, 2014). Because of the differing
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epidemiology of these diseases, the agents were classified initially as

separate species of Treponema. Following early genetic analysis show-

ing near identity (Miao & Fieldsteel, 1980), they were reclassified as

T. pallidum subspecies (pallidum, pertenue, and endemicum, respec-

tively). These agents are morphologically identical, and full genome

comparisons indicate that they have >99.8% DNA homology (Cejkova

et al., 2012; Mikalová et al., 2010; Štaudová et al., 2014). Because

there is no extant isolate from pinta, there is no genetic information;

thus, its relationship to T. pallidum is unknown. Its causative agent,

therefore, is still called T. carateum.

How to classify bacteria into taxonomic units and where to draw

the line in terms of diversity among lineages (or whether such models

are even useful) has been the subject of much debate

(e.g., Achtman & Wagner, 2008; Doolittle & Papke, 2006; Krause &

Whitaker, 2015). Konstantinidis & Tiedje (2004) suggested that an

average nucleotide identity (ANI) of genome sequences among strains

of >94% would correspond to a molecular species definition based on

DNA–DNA reassociation experiments and on 16S rRNA sequence

identity. Under this definition, the three agents, bejel, syphilis, and

yaws, are clearly the same species, but what is a subspecies or eco-

type? Are the so-called subspecies ecotypes that correspond to spe-

cific niches? If so, how much genetic exchange or niche shifting

occurs? In addition, do the current strains (at least those for which

genome sequences are available) simply reflect current, largely clonal

lineages in ecological niches (i.e., genital, skin, and mucosal mem-

branes) that shift over time?

Ecotypes are lineages or groups of bacteria that exploit a particu-

lar ecological niche such that periodic selective sweeps reduce diver-

sity while fixing adaptive mutations or genetic elements, and this

definition can be expanded to include populations where the genetic

diversity is limited by genetic drift (Cohan & Perry, 2007). If adaptive

selection defines each ecotype, then it is expected that there will be

recognizable adaptive changes that associate with the ecological

niche. While a few gene regions can be used to distinguish existing

isolates (which may or may not hold as sample sizes increase), adap-

tive genetic differences have not been identified to distinguish the

T. pallidum subspecies. Instead, strains of T. pallidum were first classed

into species based on location of lesions on the body, then as subspe-

cies based upon re-association kinetics of a single strain of pallidum

and pertenue (Miao & Fieldsteel, 1980), and more recently as the

result of phylogenetic analyses that have some limitations, as outlined

below. This classification raises the question of whether T. pallidum

subspecies (or ecotype) “boxes” are due to genetic drift and whether

these categories are biologically meaningful or are just a convenience

for the clinician. It is also unclear whether there are sufficient genomic

data to evaluate which model of speciation or population subdivision

best describes T. pallidum. Because of these challenges, in this section,

our use of the terms yaws, bejel, and syphilis refers to classical clinical

phenotypes.

Overall, genetic data from T. pallidum are limited. T. pallidum does

not grow in artificial media and has only recently been grown in a

complex tissue culture system (Edmonson, Hu, & Norris, 2018). Thus,

there are not many strains of T. pallidum, particularly from

nonvenereal infections, available for genome sequencing. Many early

treponemal strain comparison analyses focused on the T. pallidum

repeat (tpr) gene family (Centurion-Lara et al., 2006, 2013; Gray et al.,

2006; Marra et al., 2010). However, evidence for recombination and

gene conversion events has been detected in T. pallidum, particularly

within the tpr gene family, thus confounding phylogenetic analyses

(Gray et al., 2006; Grillová et al., 2019; Mikalová et al., 2017;

Petrošová et al., 2012).

Today, ~150 full genomes of T. pallidum are available in public

databases (Beale et al., 2019). Most of the available genomes are rep-

resentatives of strains designated as T. pallidum subsp. pallidum

because of the clinical phenotype from which they were derived.

Because genome sequences for T. pallidum subspecies show less than

0.2% variation (Cejkova et al., 2012; Mikalová et al., 2010; Štaudová

et al., 2014), this degree of genetic similarity necessitates full genome

sequencing to obtain sufficient statistical power in phylogenetic ana-

lyses to resolve relationships fully. For example, initial phylogenetic

analyses of T. pallidum using 21 genes showed poor resolution of

branching patterns and low statistical support for internal nodes

(Harper et al., 2008). The full genome sequences of strains classified

as T. pallidum subsp. pertenue (Cejková et al., 2012) and T. pallidum

subsp. endemicum (Štaudová et al., 2014) were published more than a

decade after the first sequence of T. pallidum subsp. pallidum (Fraser

et al., 1998). These data suggest that endemicum and pertenue subspe-

cies are more closely related to each other than either is to T. pallidum

subsp. pallidum (Arora et al., 2016). In addition to discerning the rela-

tionships among strains, genome data can be used to estimate diver-

gence times, potentially providing insight into the origin of human

treponemal infection. Bayesian analysis of 39 T. pallidum strains has

pointed to a recent common ancestry of T. pallidum subsp. pallidum in

A.D. 1744 (95% confidence interval: 1611–1854), notably well after

the first reported syphilis epidemic in Europe (Arora et al., 2016:2).

Arora et al. (2016) note, however, that this estimate reflects only

extant T. pallidum lineages and likely would be pushed back in time if

sequences from extinct strains were available. In addition, the geo-

graphical sources of the strains could introduce spurious structure

into the phylogeny (i.e., subspecies samples used by Arora et al.

[2016] for pallidum were almost exclusively from the U.S. and Europe,

while endemicum strains were from the Middle East, and pertenue

were from Africa and the Pacific Islands). Notably, there are few if any

pallidum subspecies sequences from Africa and no pertenue sequences

from South America.

Recognized virulence factors of T. pallidum include Tp0751 and

the other extracellular matrix-binding proteins involved in attachment

to host cells and dissemination, and the Tpr family that includes the

antigenically variable TprK. Genes for these proteins are found in all

three subspecies. Single nucleotide polymorphisms (SNPs) have been

identified that support the subspecies classification of a number of

isolates (Centurion-Lara et al., 2006), but none of these SNPs suggests

a mechanism for explaining the purported differences used by clini-

cians to categorize infections as yaws, bejel, or syphilis. Interestingly,

many of these SNPs are found in the members of the tpr gene family,

which shows evidence of recombination and thus are excluded from
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phylogenetic analyses. Despite the SNPs in the tpr genes, the func-

tional virulence of the subspecies overlaps, because molecular ana-

lyses have identified clear examples where the clinical diagnosis and

the expected subspecies gene signatures do not correlate. For exam-

ple, these genetic signatures demonstrated that the historical Haiti B

yaws strain, isolated in 1951 from an 11-year-old boy with “typical

generalized frambesiform yaws” (Turner & Hollander, 1957:270), is

actually a T. pallidum subsp. pallidum isolate (Centurion-Lara et al.,

1998:1039; Nachvatal et al., 2014). More recently, reports of clinically

diagnosed genital primary chancres, sexually transmitted and pre-

sumed to be syphilis, were shown to have been caused by T. pallidum

subsp. endemicum (Grange et al., 2013; Kawahata et al., 2019;

Mikalova et al., 2017; Noda et al., 2018). Thus, “molecular sub-

speciation” does not always correlate with the clinical manifestations

or mode of transmission.

3.3 | Genetic analyses of nonhuman primate
Treponemes

Wild primates (including chimpanzees, gorillas, baboons, macaques,

sooty mangabeys, vervet and blue monkeys, and African green mon-

keys) have been observed with yaws-like and syphilis-like lesions;

treponemal infection is supported in these animals by serological, bac-

teriological, or molecular evidence (Fribourg-Blanc & Mollaret, 1969;

Chuma et al., 2018; Harper et al., 2012; Klegarth et al., 2017; Knauf

et al., 2012, 2015, 2018). Of particular interest, olive baboons at Lake

Manyara National Park in Tanzania were observed with ulcerative

lesions in the anogenital region, suggesting sexual transmission,

although molecular analyses of four gene regions (Knauf et al., 2012)

and subsequent whole genome sequencing (Knauf et al., 2018)

showed that the causative agent was most closely related to

T. pallidum subsp. pertenue. Further, surveys of baboons at various

national parks in Tanzania analyzed six gene regions and found that,

while the Lake Manyara strain clustered with human strains of

T. pallidum subsp. pertenue, the Serengeti National Park and Fribourg-

Blanc strains were more basal to the human T. pallidum subspecies

strains (Harper et al., 2012). In a survey of 85 individuals from six pri-

mate species, Chuma et al. (2019) analyzed two genes (tp0548 and

tp0448) and showed that strains, all classed as T. pallidum subsp. per-

tenue despite differing clinical phenotypes, appear to cluster based on

geography rather than host species, which suggests that there has

been transmission among primate species. These studies indicate that

the nonhuman primate treponemes examined to date are most similar

to T. pallidum subsp. pertenue, but additional full genome data are

needed to understand the variable clinical presentations of T. pallidum

subspecies across different taxa and the phylogenetic relationships

among strains.

Until recently, only a single complete genome originating from a

nonhuman primate treponeme had been sequenced. This genome,

sequenced from the Fribourg-Blanc strain that was isolated multiple

decades ago from a Guinea baboon (Papio papio), clusters with human

T. pallidum subsp. pertenue, with only 117 SNPs and 11 indels

(insertions and deletions) differentiating it from human strains of yaws

(Zobaníková et al., 2013). Knauf et al. (2018) recovered partial and full

genome T. pallidum sequence data from eight primates sampled during

previous work (Knauf et al., 2012), including green monkeys (Cer-

cocebus sabaeus), sooty mangabeys (Cercocebus atys) and baboons

(Papio anubis) from locations in Tanzania, Senegal, the Gambia, and

Ivory Coast. All clustered with previously sequenced T. pallidum subsp.

pertenue lineages, with human and primate strains interspersed in a

star-like pattern pointing to a rapid radiation. This clustering could

indicate that treponemal infection is an heirloom disease that radiated

rapidly among primates, but further research about strains affecting

humans and nonhuman primates from the same areas would also help

us understand the frequency of exchange (in the past as well as

today).

3.4 | Recovery and analysis of ancient human
Treponemes

Several researchers have worked to recover ancient treponemal DNA

from skeletal remains with diagnostic lesions of treponemal infection.

Assessment of the relationships of these ancient pathogens to extant

strains could help identify the distribution of Treponema species and

the extent of variation of T. pallidum in past populations, and would

be particularly useful for shedding light on the debate about the origin

of syphilis and the perceived European epidemic in the early 16th

century. Early studies of ancient pathogen DNA focused on small seg-

ments of DNA and used polymerase chain reaction (PCR) methods

followed by fragment analysis, cloning, or Sanger sequencing

(Harkins & Stone, 2014). Such research was challenging and results

were often questioned because it was difficult to identify contamina-

tion by modern sources. Other challenges included co-extraction of

inhibitors with the DNA, the limiting amount of starting DNA tem-

plate, DNA damage, and the small size of the targeted sequence

(Handt, Höss, Krings, & Pääbo, 1994; Pääbo, 1989). For example, the

sequence of the PCR fragment reflects an average of all the molecules

amplified (unless PCR products are cloned, and clones are sequenced

separately) and does not allow damage pattern assessment. New

techniques such as targeted capture and next-generation sequencing

methods have revolutionized ancient DNA analyses, allowing capture

of complete genome sequences and the assessment of damage pat-

terns, DNA fragment sizes, and the percentage of contaminating mol-

ecules (e.g., Stone & Ozga, 2019).

Initial studies of ancient Treponema DNA also suffered from some

of the same issues as other early studies of ancient DNA. Kolman,

Centurion-Lara, Lukehart, Owsley, & Tuross (1999) used immunologi-

cal analyses as well as DNA analyses (specifically PCR targeting the 50

flanking region of the tpp15 gene, followed by RFLP analysis using

Eco47III of a SNP that is diagnostic for T. pallidum subsp. pallidum) to

confirm its presence in a skeleton approximately 240 years old from

Easter Island that exhibited lesions consistent with treponemal dis-

ease. In some subsequent studies (Barnes & Thomas, 2005;

Bouwman & Brown, 2005), investigators were not able to recover
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T. pallidum DNA from ancient bones and questioned Kolman and

coworker's prior work accordingly. Bouwman & Brown (2005) ana-

lyzed 27 bones with pathological lesions consistent with syphilis. They

were unable to detect the pathogen using PCR and noted that patho-

gen load was likely very low by the time bony changes were visible, as

Von Hunnius Yang, Eng, Waye, & Saunders (2007) demonstrated later.

In exploring the survival of bacterial pathogen DNA in bones, Barnes &

Thomas (2005) analyzed bone samples from eighteenth- and

twentieth-century individuals, some of whom were medically docu-

mented to have been infected with Treponema pallidum. Their

research showed no reproducible evidence of surviving pathogen

DNA. At the time they emphasized the need to understand better

how pathogen DNA survives in archaeological bones.

To address questions about the preservation of T. pallidum DNA

in archaeological human remains, von Hunnius et al. (2007) used two

lab rabbits with different stages of syphilis infection to test whether

various tissues (including bone) showed evidence of the pathogen.

They also examined 15 archaeological human bone and tooth samples

from individuals showing lesions indicative of syphilis, or with histori-

cal documentation or medical reports showing a syphilis diagnosis.

Despite the use of five different PCR assays targeting T. pallidum,

none of the human bone samples yielded positive results. Only the

bone from the rabbit in the primary, acute stage of infection (i.e., soon

after initial infection) tested positive, while those from the rabbit in

the latent/chronic stage (with healed lesions) did not. Thus, von

Hunnius et al. (2007) concluded that, by the time tertiary skeletal

lesions are evident, it is likely that the pathogen load in bones is very

low. This work suggested that T. pallidum DNA will be challenging to

detect in the archaeological record.

Tackling the problem of low pathogen load, Montiel et al. (2012)

hypothesized that infants with congenital syphilis (CS) who died soon

after birth would have higher systemic bacterial loads. Thus, their

efforts to obtain ancient T. pallidum sequences focused on bone sam-

ples from such individuals, who are potentially identifiable from skele-

tal changes associated with CS. To test this hypothesis, Montiel et al.

(2012) extracted DNA from four neonates with pathological lesions

suggestive of CS who were buried in a crypt dating from the 16th to

17th centuries in southwestern Spain. They used PCR to amplify two

DNA fragments and identified sequences identical to those found in

T. pallidum for two individuals. Unfortunately, the tpp15 sequences

that they analyzed are identical among the subspecies and further

analyses to assess the evolutionary placement of these strains have

not yet been performed.

Subsequently, Prümers, Trautmann, Trautmann, Lösch, & Pusch

(2012) used PCR analysis of a fragment of the T. pallidum polA gene

on teeth from 30 individuals of 123 excavated from the precontact

site of Loma Salvatierra in Bolivia (up to 25 individuals were reported

to have treponemal disease). They obtained positive results from

seven individuals, but the sequence in this segment of the T. pallidum

genome is identical among the three subspecies. Guedes et al. (2018)

also used PCR of fragments of three genes (polA, tpp15 and tpp47) to

assess whether treponemal infection was present in 25 individuals

from a colonial (17th–19th century) church and cemetery contexts in

Rio de Janeiro, Brazil. Two individuals produced positive results for

the tpp15 PCR (one from each context) and sequence results from a

female young adult suggest that she was infected with T. pallidum

subsp. pallidum. Additional research is needed to confirm PCR results

from these studies and to recover sufficient genome data for phyloge-

netic and evolutionary analyses.

More recently, using improved methods for extracting short DNA

fragments developed by Dabney et al. (2013), along with targeted

DNA enrichment and whole genome sequencing using next-

generation sequencing technology, Schuenemann et al. (2018) suc-

cessfully recovered T. pallidum genomes from skeletal remains of two

infants and a neonate with presumed CS interred in a historic ceme-

tery in Mexico City. Three genomes were recovered, two of which

cluster with extant strains of T. pallidum subsp. pallidum consistent

with CS, as expected. The genome from the third infant clusters with

T. pallidum subsp. pertenue strains that are assumed to cause yaws.

Though these genomes cannot shed light on the geographical origins

of syphilis, they demonstrate that pertenue and pallidum clades co-

existed in the Americas at this time, that both caused infections in

infants, and that it is possible to recover ancient T. pallidum lineages.

DNA is not the only biomolecule that may provide insight into

the evolutionary history and spatial distribution of T. pallidum.

Recently, the study of ancient proteins (i.e., paleoproteomics) and

lipids has also been applied to questions about health and disease in

ancient humans. Such analyses have been used previously to address

a range of questions in paleontology and archaeology, and they have

the advantage of often obtaining results in environments or time

periods that are beyond DNA preservation (Cappellini et al., 2018).

Most proteomic assessments of human pathogens have targeted the

oral cavity. For example, Warinner et al. (2014) examined the oral

microbiome in people from Medieval Germany using DNA and protein

analyses and detected many oral commensals and pathogens including

Treponema denticola, which has been linked to periodontal disease. To

investigate immune activity, Sawafuji et al. (2017) used shotgun prote-

omics of ribs from eight individuals and found suggestions of an

immune response related to infectious disease. Though these

methods have not been used to identify or assess individuals with

T. pallidum, proteomics could provide insight into this pathogen and

immune responses to it.

3.5 | Evaluation of origin models from a genetic
perspective

In order to evaluate the competing hypotheses concerning the origin

of treponemal disease in humans, we turn to the body of currently

available genetic data. Schuenemann et al. (2018) constructed a

T. pallidum phylogeny using whole genome data, and the resultant

topology clusters into the commonly described subspecies, though

the clinical phenotypes from which they are derived are not always

consistent. A basic model of this topology is shown in Figure 1a. This

branching pattern (shown in red) represents relationships between

the known, predominately extant T. pallidum strains and includes
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relatively few yaws or bejel-like strains. In Figure 1b, representing the

Columbian hypothesis, the assumption is that syphilis stemmed from

an American treponeme and either arose in the Americas and subse-

quently spread into Europe, or that it evolved into syphilis quickly

after being brought to Europe. Under this hypothesis, new data

(shown in black) should show that some form of early American trepo-

nemal disease would be most closely related to modern syphilis

strains. In Figure 1c, for the pre-Columbian hypothesis, we expect that

syphilis strains were present in Eurasia and/or Africa prior to contact

with the Americas. Thus, the Eurasian/African treponemal lineages

F IGURE 1 Tree topology and origin hypotheses. Based on recent phylogenetic analysis using genome-wide data, the various Treponema
pallidum strains are presumed to be related as shown in Tree (a). This tree topology is highlighted in red. Trees (b–e) illustrate the expected tree
topology given the assumptions of the four hypotheses on the origins of T. pallidum and treponemal infection. In three of four trees, the known
branch pattern (in red) can be observed. In these models, branch lengths are not to scale. (a) Phylogenetic analyses of the limited genomic data
available for T. pallidum yield a tree topology that groups bejel and yaws-like strains to the exclusion of syphilis-like strains (Schuenemann et al.,
2018). (b) Under the Columbian hypothesis, a treponemal pathogen circulating in the Americas was imported into Europe after contact. This

imported organism gave rise to the syphilis-like strains of T. pallidum that are circulating today. (c) The Pre-Columbian hypothesis postulates that
human treponemal diseases, including syphilis, were present in Africa/Eurasia prior to contact with the Americas. Under this model, the Afro-
Eurasian and American strains of T. pallidum diverge into separate clades. This/these American T. pallidum strains may or may not have been
replaced by Afro-Eurasian strains. (d) Under the Unitarian hypothesis, it is expected that the clear definition of “subspecies” clades will dwindle as
more genomic data become available. (e) The Evolutionary hypothesis, as advanced by Hackett (1963), suggests that pinta and yaws-like strains
emerged prior to syphilis and bejel-like strains. In the resultant phylogeny, syphilis and bejel-like strains are more closely related to one another
than to other treponemal strains. This model is not supported by currently available genomic data
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diverged from the American lineages 5,000–20,0000 years ago

(depending on whether treponematosis was transported by first

Americans or subsequent Arctic migrations or both). If that were the

case, then we would expect ancient American treponemes to be basal

to the current Eurasian/African strains (which have shallow branches

and therefore recent node dates as shown by Arora et al. 2016). The

phenotype(s) of this/these American treponemes are unknown, as

they may have been replaced by African/Eurasian lineages after con-

tact. At the time of the African/Eurasian vs. American T. pallidum split,

the clinical phenotype could have been yaws-like or not. Studies of

ancient T. pallidum DNA, as well as a better understanding of the phe-

notypic characteristics, are needed to clarify this divergence.

According to the Unitarian hypothesis (Figure 1d), new lineages

(shown in black) are expected to be identified by sequencing of addi-

tional geographically diverse T. pallidum strains; however, these would

not necessarily cluster by clinical phenotype as typically expected.

Some recently sequenced or identified strains (including Haiti B and

the venereal endemicum strains) are discrepant in “subspecies” and

clinical phenotype but, as noted above, additional genome data from a

broader geographic sampling are needed. As shown in Figure 1, cur-

rently available genetic data fail to answer questions about the origins

of treponemal infection because of the vast amount of unexplored

variation within Treponema pallidum. One conclusion is clear, however:

the Evolutionary model (depicted in Figure 1e), which posits that

yaws-like strains should be basal to syphilis- and bejel-like strains,

does not fit the current phylogeny. More basal strains not represented

in this phylogeny could have a yaws-like phenotype; however, in addi-

tion to making this model somewhat accurate, it would ultimately sup-

port the Unitarian hypothesis where phenotype and strain

relationships are not tightly linked (i.e., there is homoplasy in clinical

phenotypes). The remaining hypotheses about the origins of syphilis

require additional data to be tested.

3.6 | Future prospects in the genetics of
Treponema

Genetic data can provide insight into our understanding of the biol-

ogy and evolutionary history of Treponema, including the pathogens

that cause infection in humans and nonhuman primates. For the rea-

sons discussed above, phylogenetic analyses currently fail to strictly

support or refute most of the hypotheses of treponemal infection

origins. The exception is the refutation of the Evolutionary hypothe-

sis, at least by the current phylogeny. The clinical and genetic ana-

lyses briefly described here do show preliminary support for the

Unitarian hypothesis, because there is increasing evidence that clini-

cal presentations of treponemal disease are not strictly linked to the

infecting “subspecies.” Thus, the phylogenetic separation of the

treponemal genomes into groups may better be described as clades

of one species, rather than as subspecies. However, to address the

hypotheses about the origin and antiquity of syphilis in depth, more

genome data from both modern and past strains of T. pallidum are

required.

Specifically, there is a need to sample modern treponemes stra-

tegically and recover full genomes from a more representative cross

section of the genus. Doing so necessitates collaboration with clini-

cians to obtain samples from currently affected individuals in poorly

sampled regions of the world, and with pathologists to sample

archived material, including bone and soft tissue retained in medical

collections. This work would enable a clearer assessment of the rela-

tionships among strains and the mutation rate of the pathogen, as

well as the extent to which recombination and gene conversion

affect phylogenetic signals in the genome. Ideally, such sampling

would include detailed descriptions of the clinical manifestations

and epidemiological context, including the source of the infection

and route of transmission, in addition to descriptions of any tissue

samples that were examined by a pathologist. This information

would assist in confirming or refuting the correlation of genotype to

the mode of transmission and clinical manifestations. Additional out-

group genome sequences, as well as that of T. carateum, the causa-

tive agent of pinta, would aid in a broader understanding of

treponemes and their evolution. Because the same organisms can

infect many primates, uncovering the diversity of T. pallidum and

related treponemes in other species may be important for assessing

how these organisms have adapted to primates (and other mammals)

and could lead to a deeper understanding of shared biology and evo-

lutionary environments. The fact that the Nichols strain of

T. pallidum can infect humans, rabbits, and nonhuman primates,

resulting in virtually identical clinical and pathological findings, sug-

gests that mammalian immune systems interact with T. pallidum in

similar ways and that T. pallidum can find permissive environments

in a wide variety of mammalian bodies. Such information also is criti-

cal to current efforts to develop a treponemal vaccine and eradicate

yaws (as noted by Chuma et al. [2018] and Knauf et al. [2018]; see

WHO [2012]), a disease that in 2014 remained endemic in at least

13 countries (Mitja et al., 2015).

4 | ARCHAEOMETRY AND
ARCHAEOLOGICAL BIOGEOCHEMISTRY

Chronology has long been central to debates concerning the evolution

and spread of treponemal disease (Crosby, 1969; Williams, 1932). Key

to establishing timing of disease in different areas of the globe, radio-

carbon dating has often been used to establish archaeological site

dates but has been dismissed by some (e.g., Harper et al., 2011) due

to issues concerning the contribution of freshwater or marine

resources to the diet of individuals showing lesions that are associated

with a diagnosis of treponemal infection. Corrections for any reservoir

effect that could affect a radiocarbon date must be done carefully and

in conjunction with stable isotope analyses. Stable isotope analyses

and other methods in archaeological biogeochemistry are now used

regularly to assess much more than diet (e.g., see Bentley, 2006;

Pederzani & Britton, 2018; and Reitsema, 2013). These methods can

contribute substantial information concerning pathophysiology of

affected individuals, mobility of affected individuals and the
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treponemal pathogens they carry with them, plus information con-

cerning potential treatment (e.g., with arsenic or mercury).

4.1 | Establishing chronology in studies of past
treponemal disease

The debate about the Columbian hypothesis has overshadowed many

investigations into the evolution of treponemal disease, and its influ-

ence has been particularly marked on studies addressing the timing of

its dispersion (Baker & Armelagos, 1988; Harper et al., 2011). For

example, some historical investigations have tried to address at the

level of weeks, or even days, whether members of Columbus's

returning crew could have been present in Naples, Italy, during the

widely reported outbreak of syphilis in 1494–1495 (Brown et al.,

1970; Luger, 1993). Archaeological information, especially radiocar-

bon (14C) dates, has been viewed through the same lens. Some early

Old World evidence of treponemal disease has been dismissed for

want of 14C dates, even where there were reliable dates based on arti-

facts and stratigraphy (e.g., the remains from a Megalithic site near

Agripalle, India, are among those Harper et al. [2011:123] deem to

lack “strong evidence of a pre-Columbian date” despite their deposi-

tion in cist and urn burial complexes associated with ceramics and iron

artifacts dated to the 1st to 2nd centuries B.C. [Rao, Vasulu, & Rector

Babu, 1996:50]). Other evidence, conversely, has been questioned for

underplaying the statistical uncertainty in 14C dates (Harper et al.,

2011). Here, we regard the Columbian/Pre-Columbian debate as

something of a false dichotomy, which at times has impeded objective

chronological analysis. The following passages recommend how best

to treat new and existing archaeological dating information, focusing

particularly on the application of 14C dating.

4.1.1 | Archaeological context and dating

A brief defense of traditional archaeological dating based on material

culture and site stratigraphy must first be made. For contexts in the

Common Era, especially in Europe and the ancient Near East, assign-

ments made on such grounds by experienced excavators are rarely

overturned by chronometric measurements. One example is provided

by Cole & Waldron (2012), who rebutted the scoring system used by

Harper et al. (2011:105), which prioritizes radiocarbon dates as the

“minimum level of proof necessary for assigning an individual of the

pre-Columbian period.” This scheme was noted by Cole & Waldron

(2012) to lead Harper et al. (2011:Table 1) to give lower scores to

Count Gottfried von Cappenberg's known dates of birth and death

and question the dating of the Anglo-Saxon Apple Down 152 skeleton

based on artifactual evidence. Cole & Waldron (2012) demonstrated

how artifacts of this period provide more precise dating than 14C date

ranges. A radiocarbon date subsequently obtained for the Apple

Down individual by Cole & Waldron (2014) yielded a calibrated date

of A.D. 427–624 (99.7% probability), supporting the original estimate

of cemetery use from the late fifth or early sixth century to the late

seventh century derived from grave goods (Cole & Waldron,

2010:73). Another key example is a child with CS from ancient Nicaea,

in modern Turkey (Erdal, 2006), a diagnosis widely considered

unequivocal by paleopathologists including Harper et al. (2014:121).

Although no 14C dates were obtained during this excavation, Erdal

(2006) described in detail how the affected skeleton was discovered

in strong stratigraphical relationships with other human remains that

could be assigned securely to the 13th century A. D. by both historical

and artifactual evidence, including coins found in situ. Nonetheless, as

with Apple Down 152, the date of the skeleton was deemed uncertain

by Harper et al. (2011) on the grounds that no radiocarbon analyses

had been conducted.

4.1.2 | Best practices for radiocarbon dating

The versatility and precision of 14C dating make it the most appropri-

ate scientific technique for understanding the spatiotemporal trajec-

tory of treponemal disease. Nonetheless, it also harbors certain

shortcomings. For example, it can rarely resolve the order of events

separated by less than about 50 years. The greatest challenges arise

where plateaus occur in the calibration curve (reference used for con-

version of 14C results to calendar years). At these times, most notably

the mid-first millennium B.C. and late second millennium A.D., events

that are centuries apart sometimes cannot be distinguished. Further

aspects of 14C dating of relevance to the issue at hand are sample

selection, reservoir effects, and Bayesian modeling.

The most common reason 14C dates diverge from ages expected

on archaeological or historical grounds is poor sample selection (Pettitt,

Davies, Gamble, & Richards, 2003; Waterbolk, 1971). Flawed sampling

often stems from a lack of understanding of what 14C results actually

denote. A 14C date represents an estimate of when the original organ-

ism, from which the sample was obtained, ceased incorporating carbon

from its environment. This date may differ significantly from the histori-

cal or archaeological context within which the item was found. Durable

materials such as shell, wood, and even bone are generally the most

problematic because they can lie unused, be refashioned, and even be

handed down as heirlooms, before final deposition. Shell and bone may

also be affected by reservoir effects (see below). For such reasons,

high-precision 14C studies usually employ short-lived terrestrial plant

samples (Bayliss, 2009; Bruins, van der Plicht, & Mazar, 2003; Manning

et al., 2006). Typical materials include charred cereal grains, which rep-

resent both anthropogenic activity and only a single year's growth,

plant-based basketry, matting, clothing, and writing materials such as

papyri (Dee et al., 2012). Where plant materials are analyzed, there is

clearly scope for a discrepancy to arise between the age of the sample

and any related human remains. However, it has been repeatedly dem-

onstrated that plant-based items directly associated with skeletal evi-

dence tend to provide the most accurate 14C results. A key example of

this approach was a wide-ranging 14C study of dynastic Egypt (Bronk

Ramsey et al., 2010) in which more than 200 seed, linen, and basketry

samples were used to produce a 14C-based chronology that concurred

very closely with historical estimates.
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14C dates on organisms that have acquired a substantial amount

of their carbon from marine or aquatic environments are liable to be

older than expected due to the reservoir effect (see Lanting & van der

Plicht, 1998; Stuiver et al. 1986). This issue also can affect results

from collagen, the fraction of human bone most commonly extracted

for dating, if the diet of the individual concerned contained a signifi-

cant quantity of fish or mollusks (Lanting & van der Plicht, 1998). It

should be emphasized, however, that reservoir effects in humans are

usually the exception rather than the rule. The issue is often first

suspected when a date turns out to be much older than expected;

however, the presence of reservoir effects can also be inferred from

other physical and analytical data. Firstly, any archaeological evidence

for extensive consumption of aquatic resources (e.g., fish bones, shell

middens) should be considered. Secondly, collagen stable isotope

ratios, δ13C and δ15N, which are obtained as a by-product of the 14C

dating process, become notably elevated when a marine dietary effect

is present (De Niro & Schoeninger, 1983). Freshwater-derived offsets

are not so easily identified in this manner, but their occurrence is com-

paratively rare, and any claim they are present should be substanti-

ated by solid archaeological evidence. Where compelling

archaeological or stable isotope evidence exists for a marine reservoir

effect, corrections may be applied to the affected 14C dates. The basic

rationale involves adjusting the 14C measurement in proportion to the

observed enrichment in 13C. The best practices for implementing

marine reservoir corrections were reviewed by Cook et al. (2015).

When making a correction, it is always advisable to obtain local “end-

member” values for δ13C; that is, δ13C results on collagen from individ-

uals with wholly terrestrial and marine diets. Doing this work makes it

possible to estimate the marine intake of any given individual at the

site. However, data for end-members are sometimes difficult to

obtain, so it is also common to use approximations. The results of

Arneborg et al. (1999) of −21.0‰ (δ13C, wholly terrestrial) and

− 12.5‰ (δ13C, wholly marine) are often used for this purpose. Once

the marine proportion of the diet is estimated, this value may be

incorporated into the calibration of the 14C measurement in programs

such as OxCal (Bronk Ramsey, 1995). OxCal also allows for the inclu-

sion of any further uncertainty, such as the 10% recommended by

Cook et al. (2015). Notwithstanding, 14C dates should not be sub-

jected to reservoir corrections unless the supporting evidence,

described above, is observed.

In recent years, considerable progress has been made with

compound-specific 14C dating (see Deviese et al., 2019; McCullagh,

2010). This approach involves a more exacting form of sample pre-

treatment. Instead of simply purifying a bulk fraction like proteins or

lipids, a specific molecule is isolated and spectroscopically character-

ized, before it is dated. For human bone, the amino acid hydroxypro-

line is often the compound of choice. It has already been shown that

isolating hydroxyproline can enable even the most tightly bound cura-

torial contaminants on bone samples to be eliminated (Deviese et al.,

2019; Marom, McCullagh, Higham, Sinitsync, & Hedges, 2012). Mean-

while, for pot residues, specific fatty acids that are diagnostic of food-

stuffs, such as milk (Dunne et al., 2012), have also been directly dated.

Further research on pot residues has involved distinguishing terrestrial

from potentially reservoir-affected marine and aquatic compounds

(Craig et al., 2011). Nonetheless, compound-specific dating has yet to

offer a means by which diet-derived reservoir effects on human bone

may be bypassed or negated. Thus, it is unlikely to assist greatly with

issues relating to the origin and spread of treponemal infection.

The final aspect of modern 14C analysis that is relevant to intricate

chronological issues like the origin and propagation of treponemal infec-

tion is Bayesian statistical modeling (Bayliss, 2009; Bronk Ramsey,

2009; Buck, Litton, & Smith, 1992). This procedure allows the calendar

date ranges generated by 14C measurements to be greatly refined by

mathematically combining them with relative chronological information,

such as stratigraphy. The enormous site of St. Mary Spital, London, was

the subject of a rare but important example of the application of Bayes-

ian modeling to the history of treponemal disease. Here, precise abso-

lute dates were obtained for the sequence of archaeological phases at

the site (Sidell, Christopher, & Bayliss, 2007). Moreover, the historical

and stable isotopic evidence obtained was commensurate with diets

that were relatively low in fish. The overall findings showed that there

was a rise in treponemal infection in the late 15th century, in keeping

with historical accounts at this time. However, it also indicated that evi-

dence of treponemal disease was present in phases that dated as early

as the 13th century (Walker, Powers, Connell, & Redfern, 2015). Such

studies represent the cutting edge of what is now possible in radiocar-

bon dating and should provide the blueprint for future chronological

analyses of treponemal disease.

4.2 | Using archaeological biogeochemistry
in investigating treponematosis

In addition to the use of stable isotope analyses to assess the poten-

tial marine contribution to the diet for accurate calibration of radiocar-

bon dates, as described in the preceding section, such analyses

contribute to our understanding of the physiological impact of disease

on the skeleton and provide information on human migration and,

therefore, the mobility of the pathogen under study. New techniques

in this field also may help identify individuals who have undergone

treatment with agents such as mercury.

4.2.1 | Isotopes and pathophysiology

The impact of pathological conditions on isotope values in human skel-

etal remains has not been extensively studied, largely due to the

destructive nature of biogeochemical sampling and the desire to pre-

serve the integrity of bones exhibiting pathological lesions. While path-

ophysiological changes influencing isotope fractionation are more likely

to be detected in rapidly-forming soft tissues often unavailable to bio-

archaeologists, such as skin or hair (e.g., Mekota, Grupe, Ufer, & Cuntz,

2006; Wheeler, Williams, Beauchesne, & Dupras, 2013), chronic condi-

tions such as untreated treponemal disease may similarly exhibit dis-

tinctive isotope values incorporated into the skeleton, particularly in

newly-formed bone lesions (Katzenberg & Lovell, 1999). Modified
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human isotope values, possibly resulting from altered protein metabo-

lism or negative nitrogen imbalance evidenced by 13C- and 15N-

enrichment in bone collagen, have been detected previously by sam-

pling human bone collagen with evidence of osteomyelitis, periostitis,

osteopenia, and anemia in a handful of isotopic studies (Katzenberg &

Lovell, 1999; Olsen et al., 2014; Olsen, von Heyking, Grupe, White, &

Longstaffe, 2018; White & Armelagos, 1997), although differences

between lesion and non-lesion sites were typically less than one per mil

(Katzenberg & Lovell, 1999; Olsen et al., 2010, 2014, 2018).

Few isotopic studies of bone collagen have included individuals

diagnosed with suspected treponematosis (Dent, 2017; Mays, Crane-

Kramer, & Bayliss, 2003; Mays, Vincent, & Meadows, 2010; Rissech

et al., 2011; Santos, Gardner, & Allsworth-Jones, 2012; Schwarz,

Skytte, & Rasmussen, 2013); even fewer have sought to compare these

values directly with other bones or individuals exhibiting no signs of the

disease to discern any potential pathophysiological effects associated

with treponemal infection (Salesse, Kaupová, Brůžek, Kuželka, &

Velemínský, 2019). Slightly lower δ13Ccol values (0.3–0.4‰) noted

among 19th-century people with syphilis, relative to unaffected individ-

uals, were attributed to either prescribed dietary change or to nutri-

tional stress—possibly resulting in endogenously-formed nonessential

amino acids derived from nonprotein sources depleted in 13C—but not

to the pathophysiology of the disease itself (Salesse et al., 2019). Nitro-

gen isotope values in the same group remained unchanged (Salesse

et al., 2019). Oxygen isotope values from hydroxyapatite also have the

potential to be modified by disease due to imbalances during respiration

or modified basal metabolic rates; however, 18O depletion associated

with anemia identified in one human study was attributed not to patho-

physiological change but to changes in diet (Carroll, Inskip, & Waters-

Rist, 2018). To date, no comparable studies using oxygen isotope analy-

sis have been performed on individuals exhibiting signs of treponemal

disease. Subsequently, it remains uncertain whether treponemal infec-

tion would consistently affect isotope fractionation in detectable ways,

particularly as human plasticity against stressors may circumvent the

physiological effects of disease (Reitsema, 2013).

As preliminary studies have demonstrated that pathophysiological

changes to bone result in only minor modifications to isotope values

that may be impossible to differentiate from an altered diet

(e.g., Salesse et al., 2019) or nutritional stress (e.g., Fuller et al., 2005),

should future directions include more experimental studies that

directly sample suspected treponemal lesion sites? Additional investi-

gations would likely improve our understanding of how treponemal

infection physiologically affects the body as reflected in modified bio-

geochemical signatures, particularly if sampling of both lesion and

non-lesion (control) areas on the same bone is possible (Katzenberg &

Lovell, 1999). Lesion sites are comprised of newly remodeled bone

containing isotope values more recently incorporated into skeletal tis-

sues (Katzenberg & Lovell, 1999), in contrast with non-lesion sites

where cortical bone turnover occurs at a much slower rate and–

depending on the element–may exhibit isotope values averaged over

the last 10–30 years of life (Hedges, Clement, Thomas, & O'Connell,

2007). Nevertheless, such sampling strategies would be unlikely to aid

directly in a differential diagnosis specific to treponematosis.

Furthermore, sampling these lesions directly when so little change

has been identified isotopically would unnecessarily damage precious

paleopathological individuals whose lesions could yield additional infor-

mation as novel methods are developed in the future. In lieu of direct

lesion sampling, then, it may be more productive to consider sampling

unaffected areas of bone elsewhere on the skeleton from individuals

exhibiting treponemal disease. Prior studies experimenting with sam-

pling bone from unaffected areas in close and/or distant proximity to a

pathological lesion have revealed variable differences in isotope values

relative to lesion sites (e.g., Katzenberg & Lovell, 1999; Olsen et al.,

2014), suggesting that, in at least some cases, the isotope values of

unaffected bone may be influenced by chronic pathological conditions.

For instance, dietary changes associated with nutritional stress or star-

vation have been observed in avian (Hobson, Alisauskas, & Clark, 1993)

and archaeological human bone (Wheeler et al., 2013) and dentin

(Beaumont & Montgomery, 2016) samples, producing higher nitrogen

isotope values as a result of catabolic processes of protein recycling.

Consequently, a compromise in which sampling is performed on unaf-

fected compact bone from individuals with suspected treponemal infec-

tion would facilitate the continued study of the physiology of this

disease using biogeochemical techniques without lesion destruction. In

particular, unaffected areas of cortical bone that experience higher

turnover rates more similar to those found at active lesion sites—such

as large entheses, or sites of muscle attachment (Schlecht, 2012)—may

produce isotope values reflective of more recent pathophysiologically

influenced fractionation that would be more comparable to lesions

themselves (Rasmussen et al., 2013).

4.2.2 | Human migration and pathogen mobility

The temporal and geographic spread of infectious disease was and

continues to be interconnected intimately with patterns of interaction,

mobility, and migration (Greenaway & Castelli, 2018; Richards &

Montgomery, 2012; WHO, 2018). Subsequently, establishing the ori-

gins and movements of past individuals will affect the ways in which

we interpret disease prevalence by revealing potentially underlying

social forces and exchange networks that contributed to its transmis-

sion (Richards & Montgomery, 2012; Roberts et al., 2012; Schrenk,

Gregoricka, Martin, & Potts, 2016). Beyond historic records and

archaeological evidence documenting such movements, radiogenic

(87Sr/86Sr, 206Pb/204Pb), and stable (δ18O, δ34S) isotopes in human

skeletal tissues enable bioarchaeologists to directly evaluate residen-

tial mobility in the past (Bentley, 2006).

The best-known attempt to examine the relationship between

treponemal infection dispersal and human mobility comes from Rob-

erts et al. (2012), who analyzed the tooth enamel of skeletons (n = 12)

with and without treponemal lesions from Medieval Hull, a port city in

England and well-known hub of foreign trade, for radiogenic stron-

tium and stable oxygen isotope ratios. Hypothesizing that infected

individuals may have had nonlocal origins, their data instead revealed

four individuals were nonlocal but only one had treponemal lesions.

There were no patterns found between geographic origins and
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isotope values, suggesting that nonlocals were not more likely to

advance the transmission of treponemal infection in England, and that

those infected could have contracted the condition in England itself,

not elsewhere. Roberts et al. (2012) warn, however, that because

syphilis is a chronic condition that takes years before it affects bone

(and that bony changes occur only in ~8–20% of people when left

untreated; Resnick and Niwayama, 1995), it remains possible that

individuals without lesions in this study still may have had this condi-

tion. Similar results were obtained for a young woman with trepone-

mal lesions from Blackfriars in Gloucester, England (Roberts, 1994),

whose strontium and oxygen isotope ratios were consistent with

others from the site; additionally, lead isotope values indicated that

she grew up in western Britain and so likely contracted the infection

there, and not outside of the country (Budd, Millard, Chenery, Lucy, &

Roberts, 2004; Montgomery, 2002).

More work is necessary to assess the promise of such analyses. In

particular, the use of techniques such as multi-tissue or intra-tooth/

serial sampling are integral to exploring individual life histories more

closely (Beaumont & Montgomery, 2016; Eerkens & Bartelink, 2013;

Gregoricka, Sheridan, & Schirtzinger, 2016), thereby enabling bio-

archaeologists to better track disease acquisition and/or transmission

through refining at what stages of the life course individual mobility

and migration may have taken place among those exhibiting treponemal

lesions. As these techniques do not involve the destruction of trepone-

mal lesions themselves, such analyses provide another valuable facet of

inquiry from which we might learn more about the lives and lifestyles

of those affected. Multi-isotope studies (in which two or more isotope

values from the same skeletal tissue are measured; e.g., 87Sr/86Sr and

δ18O) are also encouraged to ensure more reliable assessments of resi-

dential mobility, as single measures may be influenced unknowingly by

environmental or cultural factors such as the use of fertilizers,

regionally-specific seasonal changes to precipitation and/or evapora-

tion, and even beverage preparation and storage techniques (Bentley,

2006; Brettell, Montgomery, & Evans, 2012; Price et al., 2009). Best

practices should include detailed evaluations of local isotope bioavail-

ability to establish baseline values against which human ratios may be

evaluated, typically by analyzing faunal, plant, or water samples.

4.2.3 | Detecting mercurial and arsenic treatments

Prior to antibiotics, Western historic records outline the use of a vari-

ety of therapies and medications to treat treponemal disease, includ-

ing arsenic, bismuth salts, guaiacum (an aromatic wood), and mercury

(O'Shea, 1990; Quétel, Braddock & Pike, 1990; Swiderski, 2008;

Tampa, et al., 2014). Mercurial treatments had been in use since at

least the Medieval period in Europe to treat many conditions

(Hudson, 1961; Norn, Permin, Kruse, & Kruse, 2008; O'Shea, 1990;

Parker, 1860; Quétel et al., 1990; Rosebury, 1971; Sartin & Perry,

1995; Swiderski, 2008), with even earlier documented experimenta-

tion and usage among the Greeks, Romans, and later among Arab and

Persian populations in the Middle Ages (Norn et al., 2008; Thomann,

2015). Physicians treated patients with various mercurial methods,

ranging from ointments/salves/frictions to fumigation/inhalation,

injection, and oral medications (O'Shea, 1990; Quétel et al., 1990).

Mercury (Hg) itself was typically dispensed as mercuric chloride

(HgCl2), calomel (Hg2Cl2), and cinnabar (HgS) for treatments (O'Shea,

1990; Quétel et al., 1990). Although the popularity of certain reme-

dies appears to have shifted over time, mercurial treatments had by

the 17th century become a favored therapy for those with syphilis

(Quétel, 1990). Dosages were correspondingly modified over time, as

high doses of mercury in the late 15th and 16th centuries gave way to

lower dosages with reduced toxicity (O'Shea, 1990; Quétel et al.,

1990; Siena, 2004); nevertheless, this general trend was likely compli-

cated by sex- and status-based access to treatment (Siena, 2001;

Zuckerman, 2017).

In addition to mercury, and despite recognition as a potent poison

for many millennia, low doses of arsenic (As) had simultaneously been

employed as a topical treatment for skin conditions by the ancient

Greeks and Romans, and continued to be used–particularly between

the 18th and 20th centuries–to alleviate a variety of ailments, includ-

ing psoriasis, asthma, fevers, headaches, anemia, rheumatism, malaria,

cholera, leukemia, pellagra, and treponemal disease (Jolliffe, 1993;

Swiderski, 2008). Despite the development of less toxic and more

effective arsenic-based treatments for syphilis such as Salvarsan (ars-

phenamine) in the early 20th century, mercury continued to be favor-

ably used, often topically applied in combination with injected

Salvarsan, and was even recognized as a cheaper alternative to antibi-

otics after the widespread adoption of penicillin in the mid-1940s

(Jolliffe, 1993; O'Shea, 1990; Swiderski, 2008). Using inductively-

coupled plasma mass spectrometry (ICP-MS), arsenic has been

detected in the bones and hair of archaeological skeletons and

mummies examined for evidence of metallurgical practices such as

copper smelting (Oakberg, Levy, & Smith, 2000) as well as contamina-

tion from the natural environment (Arriaza et al., 2010). Arsenic thus

provides a potentially useful analytical tool for examining its medicinal

applications among past populations.

Because of the popularity of mercury and arsenic in treating trepo-

nemal disease for many centuries, it stands to reason that identifying

these heavy metals in the skeletal tissues of those afflicted with the dis-

ease may provide an additional means by which to approach a differen-

tial diagnosis in skeletal remains from the past. Because these elements

replace trace amounts of calcium within bone hydroxyapatite, they hold

great potential for identifying individuals with treponematosis, even

when pathological changes to bone have not occurred (�Avila, Mansilla,

Bosch, & Pijoan, 2014; Lee, Kim, & Kwon, 2005; Rasmussen et al.,

2015). Nevertheless, it is recognized that both mercury and arsenic

were used to treat conditions beyond treponemal disease (Jolliffe,

1993; Swiderski, 2008), including leprosy (Demaitre, 2007:264). There-

fore, such interpretations should be accompanied by other forms of

supporting bioarchaeological evidence (e.g., treponemal lesions identi-

fied elsewhere at the site/region) and archaeological and historical con-

textual information. Moreover, while far less has been recorded on

non-Western treatment strategies for treponematosis and other skin

lesions, traditional remedies made from plants with known medicinal

properties were used, including the mũtokia plant in Kenya (Dawson,
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1987), a variety of plants in Uganda (Ssegawa & Kasenene, 2007);

Indian tobacco, milkweed, and Solomon's Seal among indigenous

groups in North America (Hutchens, 1992; Mooney, 1891); and sarsa-

parilla in South Asia (Hutchens, 1992). Subsequently, trace elemental

analyses of mercury and arsenic will only be useful for certain regions

and time periods.

Following a preliminary study by Yamada et al. (1995), in the last

decade, bioarchaeologists have attempted to evaluate mercury

(Hg) levels in bone and surrounding soils using various analytical tech-

niques, including ICP-MS (Tucker 2007; Walser, Kristjánsdóttir,

Gowland, & Desnica, 2018), laser ablation ICP-MS (LA-ICP-MS; Kępa

et al., 2012), advanced mercury analyzer (AMA; Rasmussen et al.,

2008), atomic absorption spectroscopy (AAS; Rasmussen et al., 2013,

2015), and pXRF (Zuckerman, 2016, 2017). However, it remains

unclear how reliable results are from more recently developed instru-

mentation such as pXRF relative to established ICP-MS analyses of

bone, as x-ray depth, complex microstructures, and diagenetic change

can substantially affect pXRF results (Byrnes & Bush, 2016; Shugar &

Mass, 2012). Additionally, “internally consistent” pXRF data are often

presented without accompanying calibration curves developed using

international reference standards or other reference materials,

resulting in data that may be precise but not necessarily accurate, or

valid but unreliable, and that correspondingly do not permit these

results to be tested by others (Craig et al., 2007; Nazaroff, Prufer, &

Drake, 2009; Speakman & Shackley, 2012:1435).

Due to these limitations, more experimental studies are neces-

sary to develop standardized methods of the best practice for bio-

archaeological applications involving instrumentation that can aid in

the identification of mercury and arsenic in the skeleton. This

research should include taking dual measurements (i.e., analysis

using both ICP and pXRF; Bergmann, 2018) as well as using interna-

tional standards or references to develop and improve calibrations

for pXRF instrumentation (Speakman & Shackley, 2012). In taking

such measures, bioarchaeologists will not only enhance our under-

standing of heavy metal uptake into the skeleton but also verify the

reliability and comparability of elemental analysis on varying instru-

ments. Research involving the uptake and distribution of Hg into

skeletal systems is already underway, including an excellent experi-

mental evaluation by Rasmussen et al. (2013) using AAS to identify

variable Hg concentrations between cortical and trabecular bone, as

well as finding cortical Hg concentration uniformity across both

intra- and inter-element sampling for a single individual. Continued

research on tissue uptake and instrumentation reliability is

warranted to assess mercury treatment for treponemal disease in

the past.

In addition, while substantial Hg contributions from environmen-

tal or occupational exposure are typically rare, they may complicate

interpretations of intentional, medicinal uptake to treat conditions

such as treponemal disease, particularly in areas with active volcanoes

where atmospheric concentrations of mercury may be naturally high

(Walser et al., 2018); when used in the manufacturing various items

including hats, mirrors, lamps, and shoes (Katz & Krenkel, 1972; Lee,

1968); and where foods high in methylmercury, such as seafood, are

consumed (Iyengar & Woittiez, 1988; Sheehan et al., 2014). Subse-

quently, control samples—including from surrounding soils, faunal

bone, as well as other human skeletons with no outward expression

of treponemal disease—must be analyzed alongside those individuals

diagnosed with treponematosis to ensure that exogenous sources of

mercury are not mistaken for treatment (Kępa et al., 2012; Rasmussen

et al., 2013; Walser et al., 2018; Zuckerman, 2016). Moreover, as

unaffected human skeletons may still represent victims of treponema-

tosis who were treated with mercury but whose bones never devel-

oped diagnostic lesions, alternate controls (soil, faunal), as well as

greater numbers of control human samples, are recommended (Wood

et al., 1992; Zuckerman, 2017; see also section 6.3.5).

5 | USE OF DOCUMENTARY AND
ICONOGRAPHIC EVIDENCE

Until the past several decades, much of the debate surrounding the

origins and evolution of syphilis has relied almost exclusively upon

documentary evidence. The foundations of both the Columbian and

Pre-Columbian hypotheses lie upon a documentary pedestal, which

has led to biased and often misleading conclusions (Baker &

Armelagos, 1988; Crane-Kramer, 2001; Crosby, 1969; Dutour, Pálfi,

Bérato, & Brun, 1994; Hackett, 1963; Harrison, 1959; Holcomb,

1934, 1935; Hudson, 1961, 1968; Luger, 1993; Powell & Cook,

2005b; Rosebury, 1992). In the absence of skeletal remains, literary

material becomes a vital and essential resource; however, the dialogue

has been dominated by a Western European perspective, with the

nature of the original sources being problematic on many levels.

How do we move forward in the investigation of treponemal

infection in terms of written, iconographic, and oral history evidence?

While Europeans have devoted an enormous amount of literature to

the origin of syphilis, most of the world has been essentially silent.

Few written descriptions of the disease can be found in the literature

of Asia, Africa, the Pacific, and the Americas. Descriptions of possible

evidence of the disease complex in early texts from these regions are

vague and difficult to interpret. Retrieving information from many

regions of the world where no written language existed or where

most people were largely illiterate is more challenging, but important

resources can be found in the realms of both iconography and oral

history. For example, pathography provides a valuable study of the

artistic representation of the disease experience and has the added

benefit of often reflecting the experiences of the general population

rather than the elite (Giuffra & Fornaciari. 2018; Grmek, 2018). Sites

like the church of St. Mary's in Kraków, Poland, where Veit Stoss cre-

ated a large altar between 1477 and 1489 in which two sculpted faces

show characteristics of CS (Grzegorczyk, Grzegorczyk, & Grzegorczyk,

2016), provide an important visual commentary of contemporary dis-

ease experience and perceptions.

The analysis of folklore, or vernacular culture, is a theoretically

rich field, where scholars such as Guy Beiner have provided a sophisti-

cated methodology for the investigation of oral/written data

(Babcock, 1978; Bacchilega, 2012; Beiner, 2007; Burke, 2004, 2016;
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Dundes, 2005; Finnegan, 2003; Rosenberg, 1986; Trouillot, 1995).

This research emphasizes the importance of investigating both the

oral and written stories, proverbs, riddles, and superstitions that can

inform us about life in the past (Beiner, 2007). While there are signifi-

cant challenges to the analysis of oral vernacular culture, it has the

potential to contribute important new information about the presence

of treponemal infection in the distant past. Such research will stimu-

late the development of new questions and provide a transformative

new perspective on the human/disease experience throughout time

and space. These tales often represent important oral recollections of

actual historic events as experienced by the volk (the people, or folk)

and constructed in a collective oral statement.

Further information regarding the presence of disease in the past

can be accessed through an examination of indigenous botanical

knowledge applied to the treatment of disease, which is often orally

transmitted wisdom. Traditional peoples have a sophisticated knowl-

edge of the plant species in their environments and have developed

an array of medicinal uses for a variety of different plant species. The

nomenclature associated with indigenous plant names and the tradi-

tional application of this botanical knowledge to the treatment of dis-

ease is a potential source of fruitful information. The ancient and

geographically widespread nature of treponemal infection suggests

that references to its treatment may be found in the pharmacopoeia

of past or extant indigenous populations (see also Section 4.2.3).

Treponemal infection, particularly syphilis, has been a reviled and

feared disease for centuries. This status marks syphilis as an issue for

social commentary, not only through written documents, but also

through artistic representations, and oral tales in many guises. It is time

not only to reevaluate with a critical eye the written documents used

to investigate the origins of treponemal infection, but also to include

more fully the hitherto ignored but important sources of evidence—the

pathographic and oral representations. The inclusion of these new data

may play a significant role in illuminating the presence of the disease in

areas without written language and may provide information regarding

the disease experience of the majority of the population.

6 | PALEOPATHOLOGY

Most researchers would agree with Erdal's (2006:16) assertion that

“[t]here is hardly any subject as controversial as syphilis in

palaeopathology.” The origin, evolution, and history of treponemal

infection remains controversial, due in part to the variable quality of

published data from skeletal analyses, including the use of a range of

criteria for diagnosis and varying adherence to accepted criteria. Com-

pared to many other parts of the world, a preponderance of work has

been devoted to treponemal disease in North America (see Baker &

Armelagos [1988]; Powell & Cook [2005b]; Williams, [1932] for

extensive treatments of New World evidence). Less attention has

been paid to the Old World in general, where data on treponemal dis-

ease in archaeological skeletal remains are concentrated in modern

European countries, with limited evidence reported thus far in Africa,

Australia, or much of Asia (Baker & Armelagos, 1988; Brothwell,

2005; Dutour et al., 1994; Harper et al., 2011; Meyer et al., 2002;

although see Webb [1995:135–160] on Australia). The current status

of evidence is reviewed briefly below.

6.1 | Diagnosing treponemal disease in human
skeletal remains

General standards for recording pathological lesions in human remains

exist (e.g., Buikstra & Ubelaker, 1994:Chapter 10; Roberts, 2017b;

Roberts & Connell, 2004), as well as helpful volumes on paleopathol-

ogy (e.g., Buikstra, 2018). Osteological database programs

(e.g., Osteoware, https://osteoware.si.edu/; the Wellcome Osteologi-

cal Research Database [WORD], accessed via https://www.

museumoflondon.org.uk/collections/other-collection-databases-and-

libraries/centre-human-bioarchaeology/about-osteological-database

with methods delineated in Powers, 2012) also incorporate coding for

pathology. Certain projects also have developed paleopathological

recording systems (e.g., Steckel et al., 2018). Because some of these

recording standards are not specific enough or focus on parts of the

skeleton, however, lesions important for recognizing a particular con-

dition, such as treponemal disease, may be overlooked, particularly if

the analyst is not familiar with them (see Stodder [2012] for a review

of issues concerning data analysis in paleopathology). For example,

the codebook used for recording skeletal data in the Global History of

Health Project (European module) focused on the cranial, nasopharyn-

geal, and tibial diaphyseal lesions expected for treponemal disease,

but osteoperiostitis was also considered relevant (Steckel et al.,

2018:14–15, 30–31; https://economics.osu.edu/sites/economics.osu.

edu/files/Codebook-01-24-11-em.pdf; Steckel et al., 2018:Chap-

ter 14). Due to the scale of this project, specific details concerning

characteristics of lesions to be recorded were not provided, apart

from caries sicca on the cranium—to a certain extent. Thus, it is impor-

tant to recognize various aspects involved with analysis that affect

the nature of the resulting data and their usefulness in the larger

sphere of the global history of human health and, on the smaller scale,

interpretations of the health of individuals, communities, and

populations. A standard protocol must be built on realistic expecta-

tions of what skeletal and dental changes we are likely to see in

imperfectly preserved human remains, especially in concert with the

clinically documented frequency (or infrequency) of specific lesion

types that characterize treponemal disease.

Much is known about skeletal lesions that arise in the secondary

and tertiary stages of treponemal disease. Primary clinical studies

(e.g., Akrawi, 1949; Csonka & Pace, 1985; Freedman & Meschan,

1943; Gerstl et al., 2009; Gjestland, 1955; Grin, 1952; Hackett, 1951;

Mitjà, Hays, Ipai, Wau, & Bassat, 2011, Mitjà et al., 2011; Murray,

Merriweather, Freedman, & de Villiers, 1956; Willcox, 1951) and

recent overviews (e.g., Antal, Lukehart, & Meheus, 2002; Farnsworth &

Rosen, 2006; Giacani & Lukehart, 2014; Koff & Rosen, 1993; Marks,

Solomon, & Mabey, 2014; Meheus, 2005) include substantial informa-

tion on skeletal lesions, their frequencies and patterning, and similari-

ties among yaws, bejel, and syphilis. Paleopathologists, however, do
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not always consult these sources, or use them selectively, and studies

of diagnostic skeletal manifestations associated with documented

treponemal disease such as those described by Hackett (1976) and

Hillson et al. (1998) are sometimes ignored in favor of heavily criti-

cized methods such as SPIRAL (Rothschild and Rothschild, 1995).

Thus, little consistency currently exists in the differential diagnosis of

treponematosis and the standards to which such diagnoses are held.

Because many of the lesions characteristic of treponemal disease

are also found in other conditions, they have low specificity (i.e., the

lesion occurs in multiple diseases). Lesions also differ in sensitivity, or

the proportion of affected individuals who exhibit the lesion (Frangos,

Lavranos, & Frangos, 2011; Hackett, 1976:102–103; Zuckerman et al.,

2016). Periosteal reaction, for example, has low specificity but high sen-

sitivity and, by itself, is not diagnostic of any specific condition (see

Roberts, 1994:107; Weston, 2008, 2009, 2012). A particular type of

lesion, therefore, must have high specificity, or be pathognomonic, to

be useful as a diagnostic indicator. A pathognomonic lesion is one that

occurs only in a single condition; such lesions, however, often have very

low sensitivity so very few people develop it in their skeletons.

In treponemal infection, skeletal lesions occur in only the second-

ary and tertiary stages of disease (Grin, 1952:17–30; Hackett, 1951:9;

Resnick & Niwayama, 1995:2496–2501). Age of onset (primary infec-

tion) for yaws is typically in children less than 15 years of age,

between ages 2 and 15 for bejel, and in older age groups for syphilis

(Giacani & Lukehart, 2014:Table 1). Periosteal reaction and osteitis

affect the long bones and proximal phalanges in the secondary stages

of both yaws and bejel (Grin, 1952; Hackett, 1951; Giacani &

Lukehart, 2014). Approximately 10% of untreated patients with yaws

develop tertiary lesions (Giacani & Lukehart, 2014). Gummatous

lesions produce gangosa (posteriorly located perforated palate and

nasal cavity changes, including saddle nose) in tertiary yaws (Hackett,

1951). Periosteal new bone formation of the rhinomaxillary region

causes goundou in secondary and tertiary yaws (Hackett, 1951;

Mafart, 2002). Chronic periosteal new bone formation on the anterior

tibia also produces saber shin. Tertiary skeletal manifestations of

yaws, bejel, and syphilis are all quite similar (e.g., Akrawi 1949; Grin

1952:19ff.; Hackett 1951:181–182), including gangosa, goundou, and

saber shins. Cranial lesions beyond those involving the readily observ-

able rhinomaxillary region are rarely reported in the clinical literature.

In CS, 10 to 30% of those affected develop the diagnostic

Hutchinson's incisors and Moon's molars (Hillson et al., 1998; Lipski &

Przylipiak, 1959; Svejda, 1952). Mulberry, or Fournier's, molars occur

in CS, but they are not diagnostic because they also develop in other

conditions (Hillson et al., 1998; Iouannou, Sassani, Henneberg, &

Henneberg, 2015; Iouannou, Henneberg, & Henneberg, 2017).

Beyond these dental alterations, macroscopically observable skeletal

lesions in both early (onset under 2 years of age) and late (age

3–30 years) stages of CS are indistinguishable from those observed in

other forms of treponemal infection (see, for example, Crissey & Den-

enholz, 1984; Rasool & Govendor, 1989), with the possible exception

of Higoumenakis' sign of the clavicle (Frangos et al., 2011). Extensive

clinical studies show that the radiologically detectable lesions

associated with CS (including Wegner's sign and Wimberger's sign)

are age-related and ephemeral (Brion et al., 1991; Crissey &

Denenholz, 1984:156–157; McLean, 1931; Rasool & Govender, 1989).

Clinical studies also demonstrate that, like sexually acquired syph-

ilis, transplacental transmission can occur in yaws and bejel, resulting

in miscarriage, stillbirth, or CS (e.g., Akrawi, 1949:118; Grin,

1952:31–32; review by Román and Román, 1986). Despite the dem-

onstrated occurrence of congenital transmission in yaws and bejel, CS

is typically conceived as a proxy for the presence of sexually acquired

syphilis in a mother (e.g., Harper et al., 2011:102).

Because clinical studies rely on radiographic evidence to docu-

ment bone lesions, it is essential in developing diagnostic criteria to

observe skeletons from people with documented treponemal infec-

tion, preferably in patients who were not treated. Publications in

1976 by two medical doctors, Cecil J. Hackett and R. Ted Steinbock,

are landmarks in this endeavor. Prior to Hackett's (1976) work, the

only alteration identified as pathognomonic of syphilis was caries

sicca, initially described as manifesting nodular lesions by Virchow in

1896 and subsequently by Williams in his 1932 review (Hackett

1976:19–20). Hackett (1976) elaborated on these changes, creating a

series of line drawings illustrating the sequence of destruction and

healing. Hackett (1976:63–66) also added healed nasopalatine

destruction as a diagnostic cranial lesion, which he differentiated from

changes found in leprosy. For the infracranial skeleton, a thickened

cortex with focal destruction (superficial cavitation that does not pen-

etrate beyond the original cortex) was also deemed diagnostic, but

additional changes in long bones that Hackett (1976:103–104) found

suggestive were designated “on trial” as diagnostic criteria until they

could be tested further.

Surprisingly, these “on trial” criteria have not been tested using

other identified skeletal collections in different geographical regions

as Hackett (1976) recommended. Confirmation of these less severe

infracranial manifestations would aid the diagnosis of treponemal

disease and re-evaluation of published evidence. Because Hackett

(1976) used European museum collections, predominantly pathologi-

cal anatomy assemblages on which to develop diagnostic criteria, it

is likely that only the most severe and fatal examples of syphilis in

the skeleton were considered. Additionally, skulls were typically sep-

arated from other bones that were selectively retained, limiting

observation of lesion patterning (e.g., unilateral or bilateral occur-

rence) throughout the skeleton. No examples of yaws or bejel were

included in these collections, although Hackett (1976:102–104;

Appendix IX) did examine collections of archaeological skeletons in

Australia and the United States to test the diagnostic criteria on

undocumented remains.

Skeletal patterning of lesions was a major emphasis for Steinbock

(1976), who introduced the skeletal diagrams showing affected bones

and areas of bones that are now commonly used in paleopathology.

This work, however, promoted the idea that yaws, bejel, and syphilis

could be distinguished based on the frequency of particular skeletal

elements affected (e.g., cranial vault more commonly affected in syph-

ilis, and tibiae in yaws). Contrary to this suggestion, however,

Steinbock (1976:111, 139, 143) stated several times that the lesions

produced are identical.
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Based on the idea that the frequency of a lesion type could differ-

entiate yaws, bejel, and syphilis, Rothschild & Rothschild (1995)

advanced the SPIRAL technique. This method involves recording Yes

or No for six criteria: “Saber shin without periostitis, Prepubescent,

Involvement of tibia unilaterally, Routinely affected hand or foot,

Average number of bone groups affected ≥ 3, Lacking periostitis but

flattened” (Rothschild & Rothschild, 1995:Table 4). This work is

problematic on several levels (see the thorough critiques by Cook &

Powell, 2005:469-474, 2012; and Heathcote et al., 1998). Briefly,

Rothschild & Rothschild (1995) used four skeletal samples in their

study, three of which were archaeological; the fourth was a docu-

mented collection for which only individuals identified as having had

syphilis were included. Furthermore, they provide no clear descrip-

tions or images to demonstrate the changes they consider, so their

work cannot be replicated by other investigators. The circularity of

SPIRAL, therefore, obviates its use for diagnosing treponemal infec-

tion and calls into question publications that use this method.

Harper et al. (2011) contributed an ordinal scoring system follow-

ing Hackett's (1976) diagnostic criteria in a manner originally

suggested by Powell & Cook (2005b:6), which categorizes involve-

ment as pathognomonic, strongly suggestive, or “consistent with but

not specific” to the disease in question. This scoring system is a more

objective, standardized approach for recording skeletal lesions

reflecting treponemal infection. This system does not appear to have

been adopted in most recent publications. Unfortunately, some of the

supposedly diagnostic criteria on which their scores of 2 on a 3-point

scale for CS lack specificity (e.g., mulberry molars) or any diagnostic

value (e.g., flared scapulae, which were discarded as useful discrimina-

tors by clinical investigators long ago). The scoring criteria in Harper

et al. (2011) thus need refinement.

Preservation, of course, also will affect the ability to make a diag-

nosis. We suggest that individuals with at least one tibia, and one

other long bone, or with the cranium preserved, are minimally observ-

able for the presence or absence of treponemal disease. Even where

these bones are preserved, significant abrasion of the cortex may pre-

clude close observations of change on the bone surface. Lesions

should be recorded as present, absent, or unobservable on the long

bones, the bones of the hands and feet, and the axial skeleton, includ-

ing observation of diaphyseal thickening, nodes or localized expan-

sions, periosteal new bone formation, striations or vascular markings,

osteolytic or resorptive lesions, and bowed diaphyses. On the cra-

nium, the caries sicca sequence should be scored, including stellate

scars or shallow crater lesions on the vault bones, and resorptive

lesions with sclerosis in the nasomaxillary area. Table 1 lists the skele-

tal changes typically associated with treponemal infection and their

diagnostic weight, expressed as consistent with treponemal infection,

strongly indicative of treponemal infection, and pathognomonic.

Weighted diagnostic systems have been advanced for other condi-

tions (e.g., scurvy; see Brickley & Ives, 2008; Snoddy et al., 2018). The

observations in Table 1 form the basis for the suggested approach to

recording the presence (and absence) of treponemal disease

(a recommended recording form for keying an investigator into these

alterations is included in Supporting Information).

Defining the extent of completeness and degree of preservation

that makes an individual skeleton observable for the presence or

absence of treponemal disease is a more complex task. The documen-

tation of observability of each skeletal change in a bone or element

group (e.g., long bones), combined with the use of a clearly defined,

but not overly rigid threshold of observability for each individual, are

the essential foundations for identifying treponemal disease in a skel-

etal sample. If the caries sicca sequence is the only universally

accepted pathognomonic change, then any skeleton without a well-

preserved cranium could be unobservable. At the opposite extreme,

use of criteria like SPIRAL potentially could deem an individual who is

represented by only a single tibia observable. Clearly, the appropriate

course is between these extremes. Recording such lesions in the

entire skeletal assemblage being analyzed is, of course, necessary for

investigating the paleoepidemiology of treponemal infection beyond

simply counting people with pathognomonic lesions.

Of major import is determining which, if any, combinations of

bony changes with high and lower specificity can together provide a

confident diagnosis of treponemal disease. This issue relates to the

significance attached to the more generalized changes on long bones.

As Hackett (1976:89) laments, “There is unfortunately no ‘accredited’

diagnosis, such as Virchow’s caries sicca, to provide a starting point

for diagnostic criteria of syphilis in long bones.” Long bone changes

that may also occur in other conditions (i.e., have moderate specific-

ity), likely include those that Hackett calls diagnostic criteria “on trial.”

Systematic recording of such “on trial” lesions is nevertheless impor-

tant, not only for differential diagnosis of specific pathological condi-

tions, but for gauging the extent of treponemal disease in a past

community. Avoiding overdiagnosis of a condition is desirable. Limit-

ing the diagnosis of treponematosis to pathognomonic lesions, how-

ever, will underestimate the number of affected individuals.

Paleoepidemiology, as delineated by Boldsen & Milner (2012), pre-

sents a potential approach for building on Hackett (1976). The proba-

bilistic models developed for other conditions, including leprosy

(Boldsen, 2001; Boldsen & Milner, 2012) and tuberculosis (Pedersen,

Milner, Kolmos, & Boldsen, 2019), take such an approach. Similar

work is needed to move forward with a less restrictive, yet still con-

servative, method of quantifying treponematosis in past populations.

6.2 | Current status of New World evidence
for treponemal disease

Evidence of treponemal disease in North American skeletal remains

has been described since the 1870s (Jones, 1876) and soon after was

reported in Central (e.g., Gann, 1901) and South America (Parrot,

1879:698). The occurrence of this disease in the Americas prior to

European contact is well-established and has been reviewed thor-

oughly multiple times (e.g., Baker & Armelagos, 1988; Powell & Cook,

2005b; Williams, 1932). Consequently, this evidence will not be

treated extensively here. Additional publications over the past

15 years, however, are increasing our understanding of disease distri-

bution and the components of communities affected.
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TABLE 1 Recording treponemal infection: systematic observations (present, absent, unobservable) and diagnostic status of skeletal changes

Element Skeletal changes Status Citation

Nose and palate

Palate Abnormal porosity, resorption/perforation. C/P Hackett (1976:63-66)

Nasal cavity Resorption, smooth lateral walls. C/P Hackett (1976:63-66)

Palatal and nasal bones Extensive palatal and nasal resorption with healing. P Hackett (1976:63-66); Manchester

(1994:80)

Rhinomaxillary area New bone formation. C Hackett (1976:63-66)

Frontal and parietal bones: Hackett's sequence of cranial lesions

Hackett 1,2. Clusters of pits. One or more clusters of pits in defined areas. ST Hackett (1976:31)

Hackett 3. Superficial cavities with concave walls, sharp edges; base of cancellous bone. ST Hackett (1976:31)

Hackett 4. Circumvallate cavities surrounded by a depression or wall-like ridge; minor

endocranial changes.

ST Hackett (1976:31)

Hackett 5. Radial scars: lines radiate from the center outward; new bone fills shallow depression;

rim around margin eventually flattens; there may be endocranial bone formation.

ST Hackett (1976:31)

Hackett 6. Serpiginous (irregular) cavities with irregular sharp margins and concave walls. They

appear to spread, especially healing over in one portion while continuing to advance in

another.

P Hackett (1976:42)

Hackett 7. Nodular cavitation: sharp rims, rounded; nodules separated by open superficial

cavities.

P Hackett (1976:42)

Hackett 8. Caries sicca: healed stage; nodules are larger/crowd together; endocranially, bone

changes do not develop the gross irregularities of the ectocranial surface. Serpiginous and

nodular cavitation and caries sicca changes usually cover the whole frontal and most of the

parietal bones, with the sutures, usually spared.

P Hackett (1976:42)

Dental changes

Incisors Hutchinson incisors (usually bilateral).

Peg/screw-driver shaped tooth with crescentic

notch at the incisal edge. Congenital syphilis.

P Hillson, Grigson, & Bond (1998);

Ioannou, Henneberg, & Henneberg

(2017:198)

First permanent molars Moon's Molars

M1 s: Dome-shaped, with small clustered cusps.

Congenital syphilis.

P Hillson, Grigson, & Bond (1998);

Ioannou, Henneberg, & Henneberg

(2017:198); Moon (1885:459)

First permanent molars Mulberry/Fournier Molars

Many nodules or tubercles on the occlusal surface.

Congenital syphilis.

C Hillson, Grigson, & Bond (1998);

Iouannou, Henneberg, & Henneberg

(2017)

Any teeth Mercury treatment: expanses of pitted, rugged or

missing enamel.

ST Iouannou et al. (2015, 2017); Iouannou,

Hunt, & Henneberg (2017), Radu &

Soficaru (2016)

Infracranial changes

Clavicle Higoumenakis' sign: expanded medial end. Late sign of

congenital syphilis, appears after 15 years.

C Frangos et al. (2011)

Thoracic or lumbar vertebrae Aortic aneurysm (outward bulge of a blood vessel wall

caused by weakening): resorption defect, lateral

aspect (usually left) of one or more vertebral bodies

(could occur in thoracic/lumbar vertebrae). Tertiary

treponematosis.

C Castro et al. (2016); Roberts & Buikstra

(2019:391)

Articular surfaces of knee, ankle, hip,

and elbow joints

Charcot Joint: destruction of the articular surface,

usually bilateral, with severe eburnation and new

bone formation; represents absent sensation.

Tertiary stage/neurosyphilis.

C Hackett (1976:106); Steinbock

(1976:136)

Hand and foot bones Dactylitis (inflammation of a finger or toe): diaphyseal

enlargement of one or more metacarpals or

metatarsals, or phalanges.

ST Rasool & Govender (1989)

Long bones: shape changes, surface changes, bone formation, and destruction

Periosteal reaction (pitting/porosity/new bone formation); many bones can be affected, with

longitudinal striae and/or plaques (new bone formation).

C Hackett (1976:76-77)

(Continues)
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With the publication of systematic regional reviews in The Myth of

Syphilis (Powell & Cook, 2005b), additional research (largely from the

eastern and midwestern U.S.) has considered environmental, cultural,

and temporal differences in the distribution of treponemal disease. For

example, Hutchinson & Richman (2005) examined 25 skeletal series

with a total of 2,410 individuals across coastal and mountainous zones

of Florida, North Carolina, Alabama, and Tennessee for evidence of cra-

nial and dental lesions associated with treponemal disease from the

Archaic period (8000–1000 B.C.) to the protohistoric period

(A.D. 1500–1600). They found minimal regional differences, but disease

frequency increased through time, as noted by several contributors to

Powell & Cook (2005b; e.g., Baker, 2005; Powell, Jacobi, Danforth, &

Eisenberg, 2005; Wilson, 2005; and detailed in the summary chapter by

Cook & Powell, 2005). These results support Baker & Armelagos's

(1988:719) conclusion that high frequencies of treponemal disease

would “reflect population nucleation, particularly where sociopolitical

organization allowed for widespread exchange of material goods and

infectious diseases.” Similar patterning has been established in west-

central Illinois (e.g., Cook, 2005; Mosher, Smith, Albrecht, & Salaka,

2013) and in Tennessee, where Smith (2006) demonstrated that trepo-

nemal disease was infrequent in Archaic period remains from the

western Tennessee River Valley but increased in more sedentary Early

Woodland (500 B.C.–A.D. 0) communities even though subsistence con-

tinued to be based on gathering and hunting. Further work by Smith &

Betsinger (2013) demonstrated differences in treponemal disease fre-

quency in Late Woodland horticultural versus more sedentary Late Mis-

sissippian agricultural groups in East Tennessee, and a lower frequency

among elites compared to nonelites (Smith, Betsinger, & Williams, 2010;

see also Betsinger & Smith, 2019:245). Treponemal disease frequency,

thus, may be related to more than population size and density or degree

of sedentism, including factors such as sociopolitical organization, physi-

cal structure of settlements, or ethnic differences (Betsinger, Smith,

Thorson, & Williams, 2017). Continuing explorations of these factors in

other regions of North America and other parts of the globe are crucial

to unraveling the effects of treponemal disease on past communities.

6.3 | Current status of Old World evidence for
treponemal disease

In attempting to synthesize skeletal data for treponemal disease for

the Old World, the published literature was surveyed for papers on

TABLE 1 (Continued)

Element Skeletal changes Status Citation

Enlarged diaphysis with a thickened cortex throughout the bone. C Hackett (1976:101)

Enlarged diaphysis with anteroposterior bending (as in “sabre shin”). ST Hackett (1976:101)

Enlarged bone with smooth healed (lamellar bone) areas and a mix of striation and rippling.

Unilateral.

C Hackett (1976:82)

Enlarged bone with smooth healed (lamellar) bone areas and a mix of striation and rippling.

Bilateral. “Diagnostic criterion on trial.”
ST Hackett (1976:82, 86)

Node(s): local, clearly defined, enlargements of bone; single or multiple; associated with a rugose

surface (rippling and/or trabeculation); no bone destruction. Unilateral.

C Hackett (1976:85)

Node(s): local enlargements of bone; single or multiple; associated with a rugose surface (rippling

and/or trabeculation); no bone destruction. Bilateral. “Diagnostic criterion on trial.”
ST Hackett (1976:87-88)

Node(s): local enlargements of bone; single or multiple; rugose surface (rippling and/or

trabeculation), and focal superficial cavitation. Unilateral.

ST Hackett (1976:93-95)

Node(s): local enlargements of bone; single or multiple; rugose surface (rippling and/or

trabeculation), and focal superficial cavitation. Bilateral.

P Hackett (1976:93-95)

Osteomyelitis (cloaca, sequestrum, involucrum, and enlarged bone). Secondary to treponemal

infection.

C Hackett (1976:91-93; 95-96)

Radiological signs of early congenital syphilis (must be distinguished from taphonomic damage)

Tibiae in newborns and infants. Wimberger's sign: localized bilateral metaphyseal

destruction of the medial proximal ends. Early

congenital syphilis. Ephemeral.

P Ghadouane et al. (1995); McLean

(1931); Rasool & Govender (1989)

Long bone metaphyses in newborns

and infants

Wegner's sign: metaphyseal destruction with saw-

tooth erosion. Early congenital syphilis. Ephemeral.

P Brion et al. (1991); Ghadouane et al.

(1995); Greenberg & Bernal (1992);

McLean (1931)

Long bones and other elements

newborns and infants

Severe periostitis with cloaking. Early congenital

syphilis. Ephemeral.

C McLean (1931); Rasool & Govender

(1989)

Long bones and other elements

newborns and infants

Diffuse rarefaction or destruction. Early congenital

syphilis. Ephemeral.

C Brion et al. (1991); McLean (1931);

Rasool & Govender (1989)

Abbreviations: C, consistent with treponemal infection but not pathognomonic; ST, strongly suggestive; P, pathognomonic.
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treponematosis (primarily in American Journal of Physical Anthropology,

HOMO, International Journal of Osteoarchaeology, and International

Journal of Paleopathology), along with Google Scholar searches in sev-

eral languages, and evidence presented in Dutour et al. (1994).

Because Europe has received the most intensive investigation, we

specifically targeted this region to evaluate whether our understand-

ing of treponemal disease has changed in the early 21st century. To

ensure comprehensive coverage, people working in every European

country were contacted for additional information that may exist in

unpublished gray literature reports, in local or regional publications

(e.g., bioarchaeological and archaeological journals), or through obser-

vations on recently excavated skeletons that have not been published

yet (through personal communications). Contacts included some

scholars working in commercial (contract) archaeology. We also con-

sidered unpublished reports, conference abstracts, and research the-

ses to be of potential use in such an endeavor, contrary to Harper

et al. (2011:105), because their assumption that “[t]he possibility of

overlooking a credible case appears relatively small” is incorrect in our

collective experience. Other synthetic bioarchaeological studies have

critically reviewed gray literature (e.g., Roberts and Cox, 2003), dem-

onstrating the utility of its inclusion. It was not feasible, however, to

do a thorough search of gray literature for the entire Old World for

this study. This summary, therefore, is not intended to be an exhaus-

tive list of all reported evidence, but a synthesis of the strengths and

weaknesses found in the literature and to illustrate trends concerning

the reported distribution of treponemal disease.

6.3.1 | Europe

Synthesis of the data for Europe shows that most present-day coun-

tries have some reported evidence of treponemal disease across the

longitudes and latitudes (Figure 2). Reports were evaluated to deter-

mine if evidence presented was reliable (i.e., contained thorough

descriptions of lesions present and differential diagnoses), question-

able (i.e., contained insufficient descriptions of lesions present or dif-

ferential diagnoses), or may be useful but requires re-evaluation of

the original skeletal remains (i.e., presents evidence that could poten-

tially include treponematosis within a skeletal assemblage). Categories

of questionable evidence and evidence that may be useful both

require a re-evaluation of the skeletal remains to verify evidence of

treponemal disease. Such reanalysis was beyond the scope of this

review.

In Albania, Armenia, Bulgaria, Cyprus, the Czech Republic, Ger-

many, Kosovo, Macedonia, Malta, Montenegro, Serbia, Slovakia, and

Switzerland, no evidence, or only questionable or potentially useful

evidence, was found. Surprisingly, little evidence exists from Austria,

Denmark, France, Germany, the Netherlands, Poland, Russia, and

Spain, countries that all have a long history of paleopathology

research (Buikstra & Roberts, 2012). Most European evidence is from

the late Medieval (12th–16th centuries A.D.) to post-Medieval

(A.D. 1550–1850) periods, with some earlier evidence reported

(e.g., Cole & Waldron, 2011, 2012, 2014; Henneberg & Henneberg,

1994; Henneberg, Henneberg, & Carter, 1992). Other evidence

extends into the late 19th to early 20th centuries (e.g., Rodrigues

Lopes, 2014). Most of the evidence is provided with a date range

(as is common for archaeological cemetery excavations). Where dates

are reported, sites and skeletons were most often dated using archae-

ological evidence, such as grave inclusions or the coffin wood. Radio-

carbon dates are rarely reported and typically do not consider any

potential reservoir effect or calibrate according to any offset that may

be justified (see Section 4.1.2; see also Bayliss et al. [2003] and Phil-

ippsen [2013]), but there are occasional exceptions (e.g., Mays et al.,

2003; Mays, Vincent, & Meadows, 2010; Lopez et al., 2017).

If any diagnosis more specific than treponemal disease was made,

it was usually deemed to be syphilis, although it was sometimes

unclear whether such attributions meant sexually acquired or endemic

syphilis (bejel). Other than Henneberg & Henneberg (1994), however,

there are no explicit suggestions that bejel or yaws were evident in

European skeletal remains. Based on the published literature, CS is

being diagnosed more frequently in recent years (e.g., Gaul, Gro-

ssschmidt, Gusenbauer, & Kanz, 2015; Ioannou, Henneberg, &

Henneberg, 2017; Tomczyk, Mankowska-Pliska, Palczewski, &

Olczak-Kowalczyk, 2015), perhaps because the diagnostic criteria are

quite specific and have been described more recently in an accessible

journal (Hillson et al., 1998). We note, however, that care needs to be

taken in diagnosing CS using the presence of mulberry molars alone

(e.g., Lauc et al., 2015) because of the low specificity of this lesion

(see Section 6.1).

Most of the sites or samples reported had small numbers of indi-

viduals affected; frequently, only one individual was reported. A few

studies describe individuals with treponemal disease within the con-

text of large skeletal samples. Walker et al. (2015), for example,

described 25 affected skeletons within a very large sample of 5,387

individuals from Medieval St. Mary Spital in London. Henneberg et al.

(1992) and Henneberg & Henneberg (1994) studied a sample of

272 ancient Greek skeletons in which they found signs possibly indi-

cating treponemal disease in 47 skeletons, including two with dental

lesions of CS.

6.3.2 | Africa

In Africa (Figure 2), there is a dearth of secure evidence from antiquity

(with only a few reports advanced), although many collections of

human remains from Egypt and Sudan, particularly, have been investi-

gated for paleopathological evidence (Baker and Judd, 2012; Buikstra,

Baker, & Cook, 1993; Strouhal, 1994). Buikstra, Baker, & Cook

(1993:24–25, 36–38) reviewed all published purported evidence of

treponemal disease among ancient Egyptians and discussed the dis-

missal of early suggested evidence by Smith (1908) and Pales (1930).

In fact, much negative evidence is presented (see Buikstra, Baker, &

Cook, 1993:38). Strouhal (1994:152) reviewed much of the same liter-

ature and reiterated the “nonexistence of sound evidence for syphilis

in ancient Egypt,” including “the lack of any mention of syphilitic

symptoms in Ancient Egyptian medical papyri.”
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In regard to reported evidence published after the reviews con-

ducted by Buikstra, Baker, and Cook (1993) and Strouhal (1994),

Rothschild & Rothschild (1996:12) reported “[p]eriostitis compatible

with Bejel,” including bilateral tibial manifestations, in 24 Meroitic

(19%) and 5 Ballana (24%) period individuals from the Semna South

remains housed at Arizona State University. The site is misidentified

in the article as “Sema South.” Rothschild & Rothschild (1996:12) also

stated that “[s]abre shin deformity was common, affecting 12-40% of

affected Nubians.” This claim is remarkable considering that neither

Chuck Merbs, original curator of this collection for several decades,

nor the present curator of ASU's Nubian collections (BJB) has

observed any such evidence. Of additional note, Ortner

(2003:313-316) misidentified remains from George Reisner's early

20th-century excavations at El Kurru, Sudan, as coming from “El

Kurrew, Egypt”—an error repeated in subsequent literature

(e.g., Harper et al., 2011). Repetition of such mistakes reinforces the

necessity of investigating excavation history and site/burial context

prior to publishing.

Despite the unsupportable claims made by Rothschild &

Rothschild (1996) concerning the presence of treponemal disease in

Sudanese Nubians, it is especially notable that they reported no

evidence in 61 individuals from West African sites in northern Mali and

Mauritania. Skeletal remains of H. erectus from the Koobi Fora Forma-

tion, East Lake Turkana, in Kenya (1.6 ± 0.1 million years old) are

claimed by Rothschild, Hershkovitz, & Rothschild (1995) as evidence

that treponemal infection arose in Africa. This contention is based upon

a very brief description of the periosteal reaction observed on the long

bones of KNM-ER 1808, with no supporting images. On the basis of

such nonspecific lesions, this claim cannot be upheld.

In southern Africa, evaluation of skeletal series from the 19th-

early 20th centuries revealed clear evidence of treponemal disease

(e.g., Botha & Steyn, 2014), while only one earlier skeleton (dating

between A.D. 1000 and 1300) has been suggested to have trepone-

mal disease (Steyn & Henneberg, 1995). Interestingly, skeletal

remains from a large series of chimpanzees and gorillas collected in

west-central Africa between 1906 and 1933 revealed macroscopic

and radiological evidence of treponemal disease in many individuals,

indicating that it was likely endemic in African ape populations at

least a century ago (Lovell, Jurmain, & Kilgore, 2000). This skeletal

evidence may have implications for understanding the exchange of

T. pallidum between human and nonhuman primates historically, and

any DNA samples that might be obtained in the future could provide

F IGURE 2 Presence of treponemal disease reported outside of the Americas in the surveyed paleopathology literature. For countries shown
in gray, no reported evidence was discovered in this survey but may exist in material that was not accessed. Dates reported were derived from
radiocarbon and/or standard archaeological methods
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historical depth for genomic data concerning strains in Africa (see

Section 3.3).

6.3.3 | Asia and the Pacific Islands

In a review of the Asian evidence for treponemal disease, Vasalu

(1994:154) indicated that “about 70% of the skeletal remains were yet to

be reported and the rest were not studied for paleopathological aspects.”

Since then, more evidence has been forthcoming, but it is still sparse.

Within Asia (Figure 2), treponemal disease has been reported in archaeo-

logical skeletal collections from Turkey, Israel, Iraq, Russia, Kazakhstan,

India, Vietnam, China, and Japan (Harper et al., 2011:Table 1). In the

Pacific Islands, evidence is reported in Micronesia (especially Guam, see

below), Tonga in Polynesia (Buckley, 2000; Pietrusewsky, 1969;

Pietrusewsky Douglas, Ikehara-Quebral, & Lauer, 2019), and Papua New

Guinea and other parts of Melanesia (see Buckley & Oxenham [2016] for

a review of skeletal remains from the Pacific Islands).

In Turkey, one skeleton from the 7th century A.D. was identified as

afflicted with syphilis (Alpaslan & Bekmez, 2015) and another from the

13th century showed lesions of CS (Erdal, 2006). Cranial lesions in one

of 68 crania from Safed, Israel, were consistent with treponematosis

and were originally AMS radiocarbon-dated to A.D. 1290–1420 (95.4%

confidence; Mitchell, 2003:118). Due to a laboratory error, repeat test-

ing yielded a revised calibrated date of A.D. 1424–1479 A.D. with

95.4% confidence (Mitchell, 2009). Lesions in two skeletons from the

site of Tell Gubba in the Himran Basin of Iraq were suggested to show

bejel by Wada, Ikedea, & Suzuki (1987). These two individuals were

dated to the Islamic period, with no specific date range provided.

Human skeletal evidence from India (3000–2000 B.C., 1000–700

B.C.), the Mariana Islands (A.D. 704–1521), Papua New Guinea

(A.D. 1000–1600), Solomon Islands (A.D. 1530–1700), and subtropi-

cal Japan (A.D. 1600–1870) was considered by several authors to rep-

resent yaws, which is still endemic in these regions (e.g., Buckley &

Tayles, 2003; Heathcote et al., 1998; Hernandez & Hudson, 2015;

Lukacs & Walimbe, 1984; Pietrusewksy, 1976; Pietrusewsky, Doug-

las, & Ikehara-Quebral, 1997; Stodder, 1997; Trembly, 1996; Vasulu,

1993, 1994). Another skull from Iron Age India (last two centuries

B.C.) was diagnosed more generally with treponematosis (Rao,

Vasulu, & Rector Babu, 1996), as was new evidence from India

reported by Mushrif-Tripathy (2019), from China dating between

770 and 221 B.C. (Pechenkina, Chen, & Fan, 2017), and from the Neo-

lithic site of Man Bac in Vietnam (Buckley, Vlok, Domett, Trinh, &

Oxenham, 2019), yet to be published fully.

Large skeletal series were frequently examined in Asia and the

Pacific Rim. Trembly (1996), for example, included 481 skeletons from

Guam, with eight individuals showing treponemal lesions. Suzuki,

Matsushita, & Han (2005) examined 293 commingled individuals from

China (500 B.C.–A.D. 150) and discussed two individuals thought to

demonstrate bejel/endemic syphilis. Lesions found in 89 of 923 adult

crania examined from Japan (A.D. 1603–1868) and two individuals from

China (200 B.C.–200 A.D. and A.D. 960–1279), were thought by the

authors to represent syphilis (Suzuki, 1984; Zhang, 1994). Recent work

demonstrating the spread of syphilis into Korea at the end of the 19th

century (Shin et al., 2018; Woo, Kim, Lee, Cho, & Pak, 2019) is also of

interest in evaluating treponemal disease dissemination through-

out Asia.

6.3.4 | Australia

Hackett (1976) discussed the patterning of treponemal disease in

skeletal remains of native Australians, indicating that some remains he

examined likely predated European contact (i.e., before A.D. 1770).

Like Hackett (1976), Webb (1995:135–160) suggested that endemic

forms of treponemal infection (yaws and bejel, the latter known as

treponarid in Australia) were present prior to European contact.

Domett, Wallis, Kynuna, Kynuna, & Smith (2006) described an individ-

ual from an archaeological site in northwest Queensland with diagnos-

tic long bone changes of treponemal disease that they suggested

were most likely treponarid. AMS radiocarbon dating and archaeologi-

cal evidence place the burial between 1660 and 1890, with first

European contact in this area in 1860–1861 (Domett et al., 2006:33).

6.3.5 | Observed trends

Previous reviews by Roberts (1994:106–108) and Harper et al.

(2011:126) have discussed the shortcomings of extant reports. We

reiterate many of these same issues in highlighting some of the good

and poorer practices that are apparent in the available data, particu-

larly in more recent reports. Additionally, we go beyond these prior

reviews to synthesize trends in the surveyed reports and potential

patterns of distribution that warrant more attention in future

research.

Overall, the majority of the skeletal evidence in all the reports

surveyed was observed macroscopically. Some investigators use imag-

ing techniques, including plain film radiographs (e.g., Tomczyk et al.,

2015) and computed tomography (e.g., Lopez et al., 2017). Very few

include histological (e.g., Von Hunnius, Roberts, Boylston, & Saunders,

2005) or biomolecular analyses (e.g., Schuenemann et al., 2018).

Lesions observed were sometimes described thoroughly (e.g., Walker

et al., 2015), although many reports do not contain enough detail for

independent evaluation, and some provide very little information.

Supporting images were very helpful in assessing diagnoses (e.g., Lauc

et al., 2015), but images were not always included or there was an

insufficient number (e.g., Šlaus and Novak, 2007). In many cases,

images were often of poor quality (e.g., Buzhilova, 1999: Rao et al.,

1996; Suzuki et al., 2005; Zhang, 1994).

Some articles, including more recent publications, did not

include information on the methods used to diagnose the pathol-

ogy, particularly the bone changes that the author(s) believed to

represent treponemal disease. However, many authors did present

differential diagnoses, but sometimes they clearly had a

preconceived diagnosis of treponemal disease. Some authors were

more hesitant than others in being definitive about a diagnosis; use
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of the more general designation of treponematosis rather than a

specific form of treponemal infection has become more common in

the past several decades and is a welcomed trend. In many studies,

nonspecific periosteal lesions on long bones contributed to a diag-

nosis despite more recent work that should have discouraged con-

tinued overdiagnosis of such lesions (e.g., Weston, 2008, 2009,

2012). Hackett (1976) was referred to in many papers; others

referenced Ortner (2003), who it should be noted followed Hackett

(1976), or Aufderheide and Rodríguez Martín (1998). As mentioned

previously, clinical studies frequently were not referenced. For

example, no work referred to the massive Oslo study of untreated

syphilis (Gjestland, 1955; see also the review and summary of this

work by Harrison [1956]) or reports (e.g., Rockwell, Roof Yobs, &

Moore, 1964) from the notorious Tuskegee syphilis study (all

records from this study are held at the U.S. National Archives,

http://catalog.archives.gov/search?q=Tuskegee%20syphilis%

20study; see also the Centers for Disease Control and Prevention

for information on this study and its ethical violations at https://

www.cdc.gov/tuskegee/index.html; also Berche & Lefrère, 2010;

Gray, 1998; Jones, 1993; McCallum, Arekere, Green, Katz, & Rivers,

2006; Reverby, 2009). Secondary skeletal changes were rarely

addressed in any reports. An example is aortic aneurysm, a feature

that sometimes occurs in the tertiary stage of syphilis, and may

cause pressure erosion of thoracic vertebrae due to blood pulsation

through the weakened wall of the aorta (Castro et al., 2016; Kelley,

1979; Roberts & Buikstra, 2019:391).

Alterations that may have resulted from mercury treatment have

been increasingly recognized, particularly in the dentition

(e.g., Iouannou & Henneberg, 2017; Ioannou, Henneberg,

Henneberg, & Anson, 2015; Ioannou et al., 2015, 2017; Iouannou,

Hunt, & Henneberg, 2017; Radu & Soficaru, 2016). Because mercury

affects amelogenesis if ingested at significant repeated doses (around

650 mg), dental anomalies provide evidence for the use of mercurial

treatments in infants and children (Ioannou, et al., 2015). Although

arsenic and bismuth were also used to treat syphilis, neither arsenic

(Konishi, et al., 1977; Sunny, Israt, Saha, Dithi, & Illius, 2013) nor bis-

muth (Dean, 1943; Ling, 1929; McCarthy & Dexter, 1935) cause seri-

ous enamel defects similar to those produced by mercury. The above-

cited research on the alteration of permanent dentition from mercurial

treatments has implications for identifying CS even in the absence of

diagnostic skeletal and dental changes, although it must be cautioned

that mercury was also used for treating some other conditions (see

Section 4.2.3).

The extant data on treponemal paleopathology provide a base

from which to work, revealing where gaps exist across certain regions

or specific present-day countries, and where re-evaluation of specific

sites/skeletons may be useful. Evidence from Europe is not as plenti-

ful as anticipated in this survey. In Europe, evidence from the UK far

exceeds that reported from other countries (e.g., see Roberts & Red-

fern, 2019), perhaps because it has a very good infrastructure for

training; a national organization representing (mainly) bio-

archaeologists (British Association of Biological Anthropology and

Osteoarchaeology: https://www.babao.org.uk/); a strong commercial

archaeology presence, including cemetery excavation; and thousands

of skeletons curated in its many museums. Furthermore, there has

been relatively little paleopathological work that has generated evi-

dence for treponemal disease in Scandinavia and especially in the

Balkans.

Lack of evidence in particular parts of the world may be due to

persistent problems, including few paleopathologists working in these

regions (in academia or commercial/contract archaeology), lack of

available training, problems with accessing skeletal collections

(e.g., Greece), or simply few skeletal remains in a country

(e.g., Iceland). Publication in the country's language is often considered

a barrier for Western scholars, biasing an understanding of the fre-

quency and distribution of the disease. The apparent quantitative lack

of data on treponemal disease in Old World contexts, as seen by

English-language-constrained scientists, remains unlikely to reflect a

real lack of evidence because there are “invisible” data in local journals

specific to a country (e.g., Alpaslan & Bekmez, 2015; Novak and

Krznar, 2010), in gray literature (e.g., Gebetsroither, 2005; Walth,

2016), in conference abstracts (e.g., Buckley et al., 2019; Henneberg,

Henneberg, & Ciarallo, 2006; Mushrif-Tripathy, 2019; Novak, 2010;

Stodder, Trembly, & Tucker, 1992), and in theses and dissertations

(e.g., Novak, 2008; Rodrigues Lopes, 2014). In addition, skeletal collec-

tions may be curated in many countries where analysis has not yet

taken place, where there may be barriers to access (e.g., researchers

“protecting” their resource), or where even today there may be prefer-

ential recovery of skeletal elements (e.g., only skulls). In some areas,

human skeletal assemblages represent limited time periods

(e.g., relatively few prehistoric skeletons are available for study com-

pared to later periods). Religious or cultural prohibitions on studying

human remains may also exist. Additionally, taphonomic conditions

may leave few preserved skeletal remains in a region (e.g., much of

West and Central Africa, India, and southern China). Data on skele-

tons that have diagnoses of treponemal disease in commercial/con-

tract archaeology contexts also may not be accessible due to

restrictions on sharing data until the report comes to publication. In

the UK, however, this “gray literature” may be online

(e.g., Archaeology Data Service: http://www.archaeologydataservice.

ac.uk/). A lack of an extensive contract/commercial archaeology busi-

ness in a country might also mean that relatively few skeletons are

excavated and analyzed. A final challenge for researchers who are

interested in this subject matter is knowing where skeletal collections

are curated (see Roberts & Mays [2010] for an example from the UK).

Most curating institutions in the Old World do not have information

to guide researchers to skeletal collections that might generate evi-

dence for treponemal disease.

Some reported evidence from the Old World is clearly pre-

Columbian in date based on standard archaeological methods and

carefully conducted radiocarbon dating (see section 4.1). Much evi-

dence, however, is post-Medieval (after the mid-16th century), and

tertiary skeletal changes are found more commonly in later periods in

Europe (e.g., Walker et al., 2015). Most of the reported evidence from

the late Medieval and post-Medieval periods is from urban contexts,

possibly because far fewer rural cemeteries have been excavated in
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comparison to those necessitated by modern urban development. The

proportion of the European population that lived in rural versus urban

contexts in the Medieval and post-Medieval periods can be difficult to

access, and information available varies by time and place due to cir-

cumstances including conflicts, epidemics, or natural disasters (Chris

Gerrard, personal communication, October 6, 2019). Nonetheless, it is

well-known that rural to urban migration for waged labor was com-

mon, gradually increasing the proportion of people living in urban

areas, while those who remained in rural communities would have

encountered urban populations through reciprocal trade (see, for

example, Bairoch, Batou, & Chèvre, 1988; Cesaretti, Lobo,

Bettencourt, Ortman, & Smith, 2016; Russell, 1972). In these contexts,

the movement of people through immigration, trade, and social inter-

actions provided ideal opportunities for infections to be transmitted.

Of interest is that the UK sites where treponemal disease has been

identified are often on the coast or close to the coast; this pattern also

is noted in Latvia (Petersone-Gordina, 2016), Italy (Henneberg et al.,

1992, Henneberg & Henneberg, 1994), Croatia (Novak, 2008), and

Turkey (Alpaslan & Bekmez, 2015; Erdal, 2006). Further exploration

of this pattern is warranted, along with investigating treponemal dis-

ease distribution relative to latitude and altitude.

6.4 | Recommendations for advancing recognition
of treponemal disease in past populations

A uniform approach to investigating the evidence for treponemal dis-

ease and its distribution across time and space using rigorous diagnos-

tic criteria will mitigate the ad hoc reporting of potential treponemal

disease that has predominated in paleopathology to date. We advise

investigators to consider Weston's (2008, 2009, 2012) caveats and

the critiques of Rothschild & Rothschild (1995) regarding the use of

nonspecific periosteal new bone formation as the sole means of diag-

nosing treponematosis. We encourage use of a weighted system of

scoring (Table 1) and a recording form that explicitly lists observations

to be made that are key to the diagnosis of treponemal disease (see

Supporting Information). Documenting the presence, absence, and

observability of lesions that are consistent with treponemal disease

(e.g., periosteal reaction, mulberry molars, aortic aneurysm), strongly

suggestive (e.g., saber shins, dactylitis), or diagnostic (e.g., advanced

caries sicca, superficial cavitation/gummatous lesions on tubular

bones, Hutchinson's incisors, Moon's molars) will ensure that future

reports present accurate supporting evidence for the security of a

diagnosis. This table and recording form undoubtedly can be improved

as research on treponematosis proceeds. Integral to the use of this

weighted scoring is the provision of specific diagnostic training for

researchers, as conducted with the 2019 Paleopathology Association

workshop on treponemal disease. Paleopathology training in academic

environments has existed in some parts of the world for a long time

(Buikstra & Roberts, 2012), and the late Don Ortner ran short 2- to

3-week courses intermittently from the 1970s to 2008 in the USA

and the UK (Ortner et al., 2012) and general workshops on paleopa-

thology with Bruce Ragsdale at the North American annual meetings

of the Paleopathology Association. None of these courses or work-

shops, however, specifically focused on treponemal disease. Not all

bioarcheologists have received adequate training in paleopathology,

and there is frequently little emphasis placed on recognizing trepone-

mal disease compared to other (more commonly archaeologically

documented) diseases, particularly in the Old World. Training in paleo-

pathology for students and colleagues in many countries is simply

unavailable and must be improved through additional such workshops

and short courses, and provision of support for participation of under-

represented colleagues (as for the first Summer School in

Palaeopathology at Durham University, UK, in 2019). Hackett's (1976)

volume, now available as an ebook, also should be consulted.

We encourage researchers to test Hackett's (1976) proposed

diagnostic criteria “on trial” in an array of documented collections

throughout the world and to look for lesions or patterns of lesions in

individuals with known treponemal infection but with less advanced

skeletal involvement that could add to the array of suggestive and

diagnostic skeletal indicators. The previously described breakthroughs

in identifying Treponema DNA in archaeological skeletons may also

help paleopathologists identify lesions with diagnostic value, as will

using methods of archaeological biogeochemistry to help identify and

distinguish the effects of mercurial treatments on the skeleton and

their impact on the expression of treponemal lesions (described in

Section 4.2.3).

It is imperative that reports of any condition in paleopathology

include a figure of the skeleton showing its bone preservation and the

distribution of the lesions (preferably also the type of lesions), along

with a detailed description and, where possible, high-resolution

images of the bone changes that include a scale. Radiographic images,

if obtainable, are also advisable. Notably, the surge in digital imagery

(including both 2D and 3D) of human remains has led to increasing

discussion of their ethical use (e.g., Smith et al., 2019). When the con-

cerns of descendant communities prevent the publication of such

images, it still may be possible to obtain consent to make them avail-

able to interested researchers in professional contexts. Contextual

data must include accurate information on the site location and set-

ting, site dating and all means used (e.g., artifact seriation, stratigra-

phy, radiocarbon dating), and a description of the disposition and

general preservation of the remains (e.g., grave architecture, distur-

bance, body position and orientation, etc.). The original site report or

primary publications must be referenced.

Researchers are encouraged to share information on skeletons

with possible treponemal disease (images and descriptions) through

secure social media/email lists/websites when it can be done without

disrespecting descendants. Data sharing could particularly help people

who have little training or knowledge in their assessment of pathologi-

cal lesions. It would also spare journals from publishing studies for

which a diagnosis of treponemal disease is suspect. Thus, media

should be developed so researchers can share their findings, with ethi-

cal considerations in mind, if they are not sure about a diagnosis

before they think about publishing. While such forums exist to an

extent already (e.g., the closed Paleopathology group on Facebook,

and newsletters sent by email to members of both the Paleopathology
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Association and Paleopathology Club), expansion of such resources is

desirable, providing that they are available only for appropriate use by

professionals (not the general public) in a respectful manner.

Re-evaluation of skeletons with purported treponemal infection

and the contexts from which they came is needed in light of inade-

quate documentation in the majority of surveyed publications. A

wider search for the evidence, including the abstracts of poster and

podium presentations, gray literature, theses, and journal papers and

monographs in any language, must also be conducted. As Harper et al.

(2011:126) also recognized, negative evidence in examined skeletal

assemblages must also be reported to improve our understanding of

where and when treponemal infection existed in the past, and where

it did not.

7 | CONCLUSION

In this review, the current genetic evidence presented permits rejec-

tion of one of the four hypotheses delineated in Section 2—the Evolu-

tionary Hypothesis—while the accumulating Old World skeletal

evidence that is dated using the best practices recommended in

Section 4.1 permits rejection of the Columbian hypothesis. Based

upon clinical studies, genetic evidence, and research on diagnostic

lesions in human skeletal remains, we conclude that syphilis, bejel

(endemic syphilis), and yaws are the same disease from a pathophysio-

logical viewpoint and are all caused by a single species, Treponema pal-

lidum. All are treated today with antibiotics. We assert that their

reported clinical “differences” are the result of the serendipity of

transmission, age of acquisition, and variation in host response, rather

than clear genetic differences in the etiological agents. Nonetheless,

the epidemiological impact of treponemal disease in both present and

past populations differs due to the mode (casual contact, sexual, or

transplacental transmission) and route (e.g., skin or genitals) of infec-

tion, age of onset, and duration of the illness.

To advance our understanding of treponemal infection, a much

broader and more extensive analysis of modern clinical and historical

tissue samples is essential. For modern samples, as mentioned in

Section 3, relevant metadata must be collected, including the source

of infection, mode and route of transmission, and clinical manifesta-

tions. For historical and ancient DNA samples, geneticists and paleo-

pathologists alike need a systematic approach to investigating

evidence of skeletal pathology in extant collections or published

reports, a recommendation that has been made repeatedly

(e.g., Baker & Armelagos, 1988; Hackett, 1976; Harper et al., 2011;

Powell & Cook, 2005b; Roberts, 1994; Williams, 1932). A systematic

approach must include information on the site context and temporal

attribution, as well as the demographic profile (age and sex informa-

tion on the entire skeletal sample as well as those affected) in order to

assess (a) changes in the patterns observed in skeletal manifestations

(e.g., many or few bones affected, age distribution, etc.),

(b) differences based on environmental conditions (e.g., coastal or

inland, arid or humid, by altitude, etc.) within a region, and (c) variation

across time or related to cultural differences (e.g., foraging versus

farming; across political, religious, or social boundaries, etc.). Promo-

tion of standardized investigation across geographic regions will con-

tribute immensely to our understanding of the distribution of

treponemal infection at various times over much of the Old World,

vast expanses of which continue to be neglected.

Key to such work is the use of documentary sources and publica-

tions on treponemal infection in languages other than English or prin-

cipal modern Western European languages (French, German, or

Spanish). It is essential, therefore, for Western paleopathologists and

bioarchaeologists to form liaisons with scholars publishing in other

languages to obtain a more holistic view of the geographic distribution

of the disease in the past. Collaboration with medical historians, as

recommended by McGough (2005), is also necessary to interpret the

enormous amount of material written about the origin of syphilis since

the end of the 15th century. In some instances, translations are

unreliable and misleading due to a poor understanding of the history

and context in which the material was written (see Adorno [1993] for

a review of one such example concerning Las Casas). Additionally,

translators often have political agendas motivating their publication in

a specific language at a particular time (Adorno, 1993). A rigorous reli-

ance on primary sources or accurate translations of such works must

be implemented, necessitating collaboration among anthropologists,

physicians, historians, and linguists, particularly in regions of the world

other than Europe or North America, and especially if they are to be

used for any retrospective diagnosis (Arrizabalaga, 2002; Mitchell,

2011, 2016). Digital humanities initiatives are becoming increasingly

common, and original sources are now available to scholars through

online resources including the Internet Archive (http://archive.org/)

and Project Gutenberg (http://www.gutenberg.org/). Collaborative

translation efforts also are underway, including the Oviedo Project

(http://pages.vassar.edu/oviedo/). The ability to access treatises in

their original form and language will enable more complete and accu-

rate translation of these works by qualified scholars. For example, sev-

eral evaluations of historical documentation and literature shed light

on the relationship between the 16th-century syphilis epidemic and

increasing misogyny and persecution of women accused of witchcraft

or perceived “moral failings,” such as prostitution (e.g., Herero

Ingelmo & Montero Cartelle, 2013; Juárez-Almendros, 2017; Losse,

2015; McGough, 2006, 2010; Ross, 1995).

Understanding individual lives and tracking co-morbidities and

“lived experiences” is a growing focus in bioarchaeology (Baker &

Agarwal, 2017; Byrnes & Muller 2017; Hosek, 2019; Stodder &

Byrnes, 2019), including the care of diseased individuals (Roberts,

2017a; Tilley, 2015, 2016; Tilley & Cameron, 2014). While treponemal

infection is frequently documented, few scholars explicitly address

the impact of the condition on the affected individual or the commu-

nity. Buckley and Tayles's (2003) article focusing on “the functional

cost of tertiary yaws” is an exception. Secondary and tertiary stages

of treponemal disease are often dismissed because they typically are

not directly related to mortality, at least not during the reproductive

years, yet the range of impacts people experienced from these infec-

tions in both the past and present includes morbidity rates of up to

50% (see Baker & Armelagos, 1988:719) and chronic disease, often
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with facial disfigurement and neurological impairment. The prevalence

of treponemal disease in some intensively studied precontact tropical

villages was remarkably high (e.g., Schaffer & Carr, 2013; Stodder,

1997; Stodder, Trembly, & Tucker, 1992), and it is also being recorded

increasingly in small and large skeletal assemblages from temperate

environments (e.g., Smith, Betsinger, & Williams, 2010). Additional

attention to the impact of treponemal morbidity on affected individ-

uals and the groups within which they lived is, therefore,

recommended.

There is much we still do not know about treponemal infection

and its effects on humans through time. Reorienting investigations to

move beyond the perennial debate about the origin of treponemal

infection is essential to advance our understanding of its causative

organism and the disease it produces in the bodies of humans and

other primates. What is the extent of genetic diversity within

T. pallidum and to what extent is it really substructured or organized

into ecotypes? How has this diversity changed over time? How does

T. carateum relate to T. pallidum? How do host physiological and

immunological responses lead some but not others of those affected

to develop serious sequelae, as has been shown for neurosyphilis and

mutations of some toll-like receptor (TLR) genes (Marra et al., 2014)?

How can understanding the host immune response inform our investi-

gations in both bioarchaeology and in improving treatments for

affected individuals today? Was there co-evolution of host and patho-

gen? If so, has it affected modern human biology? Was treponemal

infection confined in the past to certain environments/climates? If so,

how did it spread throughout the world, and how will current climate

change affect its future distribution? This 2020 vision of treponemal

infection is meant to encourage additional investigators working

around the globe to conduct studies that will help build a more com-

plete set of data on the frequency and patterning of this disease at

different times and places and to seek answers to the many questions

we have posed. We hope that research along these avenues of inquiry

in the coming decade will generate a far more complete understanding

of T. pallidum biology, its distribution in both the past and present,

and its broader impact on the people and communities it affects.
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Koprivnice. Podravina: časopis za multidisciplinarna istraživanja, 9(18),
59–88.

O'Shea, J. G. (1990). ‘Two minutes with Venus, two years with mercury’ -
Mercury as an antisyphilitic chemotherapeutic agent. Journal of the

Royal Society of Medicine, 83(6), 392–395.
Oakberg, K., Levy, T., & Smith, P. (2000). A method for skeletal arsenic

analysis, applied to the Chalcolithic copper smelting site of Shiqmim,

Israel. Journal of Archaeological Science, 27, 895–901. https://doi.org/
10.1006/jasc.1999.0505

Olsen, K. C., von Heyking, K., Grupe, G., White, C. D., & Longstaffe, F. J.

(2018). Investigating diet and disease in a Medieval German poor-

house population using isotopic analysis of human and faunal tissues.

Bioarchaeology International, 2(2), 147–163. https://doi.org/10.5744/
bi.2018.1022

Olsen, K. C., White, C. D., Longstaffe, F. J., von Heyking, K.,

McGlynn, G., & Grupe, G. (2010). The effects of pathology on inter-

and intra-individual nitrogen isotope compositions of bone collagen

from a Medieval poorhouse: A preliminary study. Paleopathology News-

letter, 152, 23–28.
Olsen, K. C., White, C. D., Longstaffe, F. J., von Heyking, K., McGlynn, G.,

Grupe, G., & Rühli, F. J. (2014). Intraskeletal isotopic compositions

(δ13C, δ15N) of bone collagen: Nonpathological and pathological varia-

tion. American Journal of Physical Anthropology, 153, 598–604. https://
doi.org/10.1002/ajpa.22459

Ortner, D. J. (2003). Identification of pathological conditions in human skele-

tal remains (2nd ed.). San Diego, CA: Academic Press.

Ortner, D. J., Knüsel, C., & Roberts, C. A. (2012). Special courses in human

skeletal palaeopathology. In J. E. Buikstra & C. A. Roberts (Eds.), A

global history of paleopathology: Pioneers and prospects (pp. 684–693).
New York, NY, and Oxford, UK: Oxford University Press.

Pääbo, S. (1989). Ancient DNA: Extraction, characterization, molecular

cloning, and enzymatic amplification. Proceedings of the National Acad-

emy of Sciences, 86, 1939–1943. https://doi.org/10.1073/pnas.86.6.
1939

Pales, L. (1930). Paléopathologie et pathologie comparative. Paris, France:

Masson.

Parker, L. (1860). The modern treatment of syphilitic diseases, both primary

and secondary (4th ed.). London, UK: John Churchill.

Parrot, M. J. (1879). The osseous lesions of hereditary syphilis. The Lancet,

113(2907), 696–698. https://doi.org/10.1016/S0140-6736(02)35509-0
Pechenkina, K., Chen, S., & Fan, W. (2017). Treponemal disease in early

China. American Journal of Physical Anthropology, 162(S64), 312.

Pedersen, D. D., Milner, G. R., Kolmos, H. J., & Boldsen, J. L. (2019). The

association between skeletal lesions and tuberculosis diagnosis using a

probabalistic approach. International Journal of Paleopathology, 27, 88–
100. https://doi.org/10.1016/j-ijpp.2019.01.001

Pederzani, S., & Britton, K. (2018). Oxygen isotopes in bioarchaeology:

Principles and applications, challenges and opportunities. Earth-Science

Reviews, 188(2019), 77–107. https://doi.org/10.1016/j.earscirev.

2018.11.005

Petersone-Gordina, E., & Gerhards, G. (2016). Evidence for venereal syphilis

in post-Medieval Riga, Latvia. Paper presented at the 22nd European

Association of Archaeologists conference, Vilnius, Lithuania.

Abstracted retrieved from http://eaavilnius2016.lt/abstract-book-2/

Pĕtrošová, H., Zobaniková, M., Čejková, D., Mikalová, L.,

Pospíšilová, P., Strouhal, M., … Šmajs, D. (2012). Whole genome

sequence of Treponema pallidum ssp. pallidum, strain Mexico A,

suggests recombination between yaws and syphilis strains. PLoS

Neglected Tropical Diseases, 6(9), e1832. https://doi.org/10.1371/

journal.pntd.0001832

Pettitt, P. B., Davies, W., Gamble, C. S., & Richards, M. B. (2003).

Palaeolithic radiocarbon chronology: Quantifying our confidence

beyond two half-lives. Journal of Archaeological Science, 30(12),

1685–1693. https://doi.org/10.1016/S0305-4403(03)00070-0
Philippsen, B. (2013). The freshwater reservoir effect in radiocarbon dat-

ing. Heritage Science, 1(24), 1–19. https://doi.org/10.1186/2050-

7445-1-24

Pietrusewsky, M. (1969). An osteological study of cranial and infracranial

remains from Tonga. Records of the Auckland Institute and Museum, 6,

287–402.
Pietrusewsky, M. (1976). Prehistoric human skeletal remains from Papua

New Guinea and the Marquesas. Social Science & Linguistics Institute,

University of Hawaii at Manoa, Asian and Pacific Archaeology Series

no. 7. Manoa, HI: University Press of Hawaii.

Pietrusewsky, M., Douglas, M. T., & Ikehara-Quebral, R. M. (1997). An

assessment of health and disease in the prehistoric inhabitants of the

Mariana Islands. American Journal of Physical Anthropology, 104,

315–342. https://doi.org/10.1002/(SICI)1096-8644(199711)104:

3<315::AID-AJPA4>3.0.Co;2-U

Pietrusewsky, M., Douglas, M. T., Ikehara-Quebral, R. M., & Lauer, K. K.

(2019). Skeletal and Dental Health of Early Tongans: The Bio-

archaeology of the Human Skeletons from the To-At-36 Site,

Ha'ateiho, Tongatapu, Tonga. The Journal of Island and Coastal

Archaeology, 13, 1–40. https://doi.org/10.1080/15564894.2018.

1564711

Powell, M. L., & Cook, D. C. (2005b). Introduction. In M. L. Powell &

D. C. Cook (Eds.), The Myth of Syphilis (pp. 1–8). Gainesville, FL: Uni-
versity Press of Florida.

Powell, M. L., & Cook, D. C. (Eds.). (2005b). The myth of syphilis: The natural

history of treponematosis in North America. Gainesville, FL: University

Press of Florida.

Powell, M. L., Jacobi, K., Danforth, M. E., & Eisenberg, L. E. (2005). “Syphilis
in mound builders' bones.” Treponematosis in the central Southern

United States. In M. L. Powell & D. C. Cook (Eds.), The Myth of Syphilis

(pp. 117–161). Gainesville, FL: University Press of Florida.

Powers, N., Ed. (2012). Human osteology method statement. Available

from https://www.museumoflondon.org.uk/application/files/4814/

5633/5269/osteology-method-statement-revised-2012.pdf.

Price, T., Burton, J., Sharer, R., Buikstra, J., Wright, L., Traxler, L., &

Miller, K. (2009). Kings and commoners at Copan: Isotopic evidence

for origins and movement in the Classic Maya period. Journal of

Anthropological Archaeology, 29(2010), 15–32. https://doi.org/10.

1016/j.jaa.2009.10.001

Prümers, H., Trautmann, M., Trautmann, I., Lösch, S., & Pusch, C. (2012).

Syphilis in South America: A closer look at pre-contact Bolivia. RCC

Perspectives, 2012, 41–61. https://doi.org/10.5282/rcc/5593
Quétel, C., Braddock, J., & Pike, B. (1990). History of syphilis. Baltimore,

MD: The Johns Hopkins University Press.

Radu, C., & Soficaru, A. D. (2016). Dental developmental defects in a sub-

adult from 16th-19th centuries Bucharest, Romania. International Jour-

nal of Paleopathology, 15, 33–38. https://doi.org/10.1016/j.ijpp.2016.
08.001

Rao, V. V., Vasulu, T. S., & Rector Babu, A. D. W. (1996). Possible paleo-

pathological evidence of treponematosis from a megalithic site at

Agripalle, India. American Journal of Physical Anthropology, 100, 49–55.

BAKER ET AL. 37

https://doi.org/10.1016/j.cmi.2018.02.006
https://doi.org/10.1016/j.cmi.2018.02.006
https://doi.org/10.1006/jasc.1999.0505
https://doi.org/10.1006/jasc.1999.0505
https://doi.org/10.5744/bi.2018.1022
https://doi.org/10.5744/bi.2018.1022
https://doi.org/10.1002/ajpa.22459
https://doi.org/10.1002/ajpa.22459
https://doi.org/10.1073/pnas.86.6.1939
https://doi.org/10.1073/pnas.86.6.1939
https://doi.org/10.1016/S0140-6736(02)35509-0
https://doi.org/10.1016/j-ijpp.2019.01.001
https://doi.org/10.1016/j.earscirev.2018.11.005
https://doi.org/10.1016/j.earscirev.2018.11.005
http://eaavilnius2016.lt/abstract-book-2/
https://doi.org/10.1371/journal.pntd.0001832
https://doi.org/10.1371/journal.pntd.0001832
https://doi.org/10.1016/S0305-4403(03)00070-0
https://doi.org/10.1186/2050-7445-1-24
https://doi.org/10.1186/2050-7445-1-24
https://doi.org/10.1002/(SICI)1096-8644(199711)104:3%3C315::AID-AJPA4%3E3.0.Co;2-U
https://doi.org/10.1002/(SICI)1096-8644(199711)104:3%3C315::AID-AJPA4%3E3.0.Co;2-U
https://doi.org/10.1080/15564894.2018.1564711
https://doi.org/10.1080/15564894.2018.1564711
https://www.museumoflondon.org.uk/application/files/4814/5633/5269/osteology-method-statement-revised-2012.pdf
https://www.museumoflondon.org.uk/application/files/4814/5633/5269/osteology-method-statement-revised-2012.pdf
https://doi.org/10.1016/j.jaa.2009.10.001
https://doi.org/10.1016/j.jaa.2009.10.001
https://doi.org/10.5282/rcc/5593
https://doi.org/10.1016/j.ijpp.2016.08.001
https://doi.org/10.1016/j.ijpp.2016.08.001


https://doi.org/10.1002/(SICI)1096-8644(199605)100:1<49::AID-

AJPA5>3.0CO;2-8

Rasmussen, K., Skytte, L., Jensen, A., & Boldsen, J. (2015). Comparison of

mercury and lead levels in the bones of rural and urban populations in

southern Denmark and northern Germany during the Middle Ages.

Journal of Archaeological Science: Reports, 3, 358–370. https://doi.org/
10.1016/j.jasrep.2015.06.021

Rasmussen, K. L., Boldsen, J. L., Kristensen, H. K., Skytte, L., Hansen, K. L.,

Mølholm, L., … Eriksen, K. M. F. (2008). Mercury levels in Danish Medi-

eval human bones. Journal of Archaeological Science, 35, 2295–2306.
https://doi.org/10.1016/j.jas.2008.03.003

Rasmussen, K. L., Skytte, L., Pilekaer, C., Lauritsen, A., Boldsen, J. L.,

Leth, P. M., & Thomsen, P. O. (2013). The distribution of mercury and

other trace elements in the bones of two human individuals from

Medieval Denmark – The chemical life history hypothesis. Heritage Sci-

ence, 1(10), 1–13.
Rasool, M. N., & Govender, S. (1989). The skeletal manifestations of con-

genital syphilis. Journal of Bone and Joint Surgery, 71B, 752–755.
Reitsema, L. J. (2013). Beyond diet reconstruction: Stable isotope appli-

cations to human physiology, health, and nutrition. American Journal

of Human Biology, 25, 445–456. https://doi.org/10.1002/ajhb.

22398

Resnick, D., & Niwayama, G. (1995). Osteomyelitis, septic arthritis, and

soft tissue infection: Organisms. In D. Resnick (Ed.), Diagnosis of bone

and joint disorders (pp. 2448–2559). London, UK: W. B. Saunders.

Reverby, S. M. (2009). Examining Tuskegee: The infamous syphilis study and

its legacy. Chapel Hill, NC: University of North Carolina Press.

Richards, M. P., & Montgomery, J. (2012). Isotope analysis and paleopa-

thology: A short review and future developments. In J. Buikstra &

C. Roberts (Eds.), The global history of paleopathology (pp. 718–731).
Oxford, UK: Oxford University Press.

Richens, J., Mayaud, P., & Mabey, D. C. W. (2014). Sexually transmitted

infections (excluding HIV). In J. Farrar, P. J. Hotez, T. Junghanss,

G. Kang, D. Lalloo, & N. J. White (Eds.), Manson's Tropical Diseases

(23rd ed., pp. 292–318.e3). Philadelphia, PA: Saunders/Elsevier.

https://doi.org/10.1016/B978-0-7020-5101-2.00024-8

Rissech, C., Roberts, C., Tomás-Batlle, X., Tomás-Gimeno, X., Fuller, B.,

Fernandez, P. L., & Botella, M. (2011). A Roman skeleton with possible

treponematosis in the north-east of the Iberian Peninsula: A morpho-

logical and radiological study. International Journal of Osteoarchaeology,

23(2013), 651–653. https://doi.org/10.1002/oa.1293
Roberts, C. A. (1994). Treponematosis in Gloucester, England: A theoreti-

cal and practical approach to the Pre-Columbian theory. In O. Dutour,

G. Pálfi, J. Bérato, & J. -P. Brun (Eds.), L'origine de la syphilis in Europe:

avant ou après 1493? (pp. 101–108). Paris, France: Éditions Errance.
Roberts, C. A. (2017a). Applying the “Index of care” to a person who expe-

rienced leprosy in late Medieval Chichester, England. In L. Tilley &

A. A. Schrenk (Eds.), New developments in the bioarchaeology of care

(pp. 101–124). Chaim, Switzerland: Springer.

Roberts, C. A. (2017b). Palaeopathology. In P. Mitchell & M. Brickley (Eds.),

Updated guidelines to the standards for recording human remains

(pp. 44–47). Reading, UK: Chartered Institute for Archaeologists and

BABAO.

Roberts, C. A., & Buikstra, J. E. (2019). Bacterial infections. In

J. E. Buikstra (Ed.), Ortner's Identification of pathological conditions in

human skeletal remains (3rd ed., pp. 321–439). New York, NY: Aca-

demic Press.

Roberts, C. A., & Connell, B. (2004). Palaeopathology. In M. Brickley &

J. I. McKinley (Eds.), Recording guidelines for the standards for human

remains (pp. 34–39). Institute of Field Archaeologists Paper 7. Reading,

UK: Institute of Field Archaeologists.

Roberts, C. A., & Cox, M. (2003). Health and disease in Britain: From prehis-

tory to the present day. Stroud, UK: Sutton Publishing.

Roberts, C. A., & Mays, S. (2010). Study and restudy of curated skeletal

collections in bioarchaeology: A perspective on the UK and its

implications for future curation of human remains. International Journal

of Osteoarchaeology, 21, 626–630. https://doi.org/10.1002/oa.1175
Roberts, C. A., Millard, A. R., Nowell, G. M., Gröcke, D. R.,

Macpherson, C. G., Pearson, D. G., & Evans, D. H. (2012). Isotopic trac-

ing of the impact of mobility on infectious disease: The origin of peo-

ple with treponematosis buried in Hull, England, in the Late Medieval

Period. American Journal of Physical Anthropology, 150, 273–285.
https://doi.org/10.1002/ajpa.22203

Roberts, C. A., & Redfern, R. (2019). ‘The history of treponematosis con-

tinues to be one of the most contentious issues in science’ (Ortner

2003:273) – some perspectives from bioarchaeology. In S. Sretzer

(Ed.), The Hidden Affliction: Sexually-transmitted infections in history and

infertility (pp. 93–123). Rochester, New York: Rochester University

Press and Boydell & Brewer History of Medicine series.

Rockwell, D. H., Roof Yobs, A., & Moore, M. B., Jr. (1964). The Tuskegee

study of untreated syphilis. The 30th year of observation. Archives of

Internal Medicine, 114, 792–798. https://doi.org/10.1001/archinte.

1964.03860120104011

Rodrigues Lopes, C. C. (2014). As mil caras de uma doença − sífilis na

sociedade Coimbr~a no início do século XX. (Unpublished PhD disserta-

tion). University of Coimbra, Coimbra, Portugal.

Román, G. C., & Román, L. N. (1986). Occurrence of congenital, cardiovas-

cular, visceral, neurologic, and neuro-ophthalmologic complications in

late yaws: A theme for future research. Reviews of Infectious Diseases,

8, 760–770. https://doi.org/10.1093/clinids/8.5.760
Rosebury, T. (1971). Microbes and morals. New York, NY: Viking.

Rosebury, T. (1992). Columbus and the Indians. Monthly Review

(New York), 44, 61–70.
Rosenberg, B. A. (1986). Reconstructed folktales as literary sources. In

J. J. McGann (Ed.), Historical studies and literary criticism (pp. 76–89).
Madison, WI: University of Wisconsin Press.

Ross, E. B. (1995). Syphilis, misogyny, and witchcraft in 16th-century

Europe. Current Anthropology, 36, 333–337. https://doi.org/10.1086/
204365

Rothschild, B. M., Hershkovitz, I., & Rothschild, C. (1995). Origin of yaws in

the Pleistocene. Nature, 378, 343–344.
Rothschild, B. M., & Rothschild, C. (1995). Treponemal disease revisited:

Skeletal discriminators for yaws, bejel, and venereal syphilis. Clinical

Infectious Diseases, 20, 1402–1408. https://doi.org/10.1093/clinids/
20.5.1402

Rothschild, B. M., & Rothschild, C. (1996). Analysis of treponemal disease

in North Africa: The case for Bejel in the Sudan, but absence in West

North Africa. Human Evolution, 11(1), 11–15.
Russell, J. C. (1972). Medieval Regions and their Cities. Bloomington,

Indiana: Indiana University Press.

Salazar, J. C., & Bennett, N. J. (2014). Endemic treponematosis including

yaws and other spirochaetes. In J. Farrar, P. J. Hotez, T. Junghanss,

G. Kang, D. Lalloo, & N. J. White (Eds.), Manson's Tropical Diseases

(23rd ed., pp. 421–432.e3). Philadelphia, PA: Saunders/Elsevier.

https://doi.org/10.1016/B978-0-7020-5101-2.00037-6
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