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Abstract: Syphilis is one of the most exciting diseases explored in paleopathology and, therefore,
tracing back its origin and development has provided a prolific debate. The combination of pa-
leopathological data with historical sources, iconography, and archaeological contexts were the
primary sources used to reconstruct its historical path. However, there are some limitations to
paleopathological diagnosis due to the nature of bone reaction to stimuli. In addition, historical
sources are subjected to a bias of social and cultural nature and the knowledge of those who wrote
them. Hence, ancient DNA analysis offers the possibility of acquiring proof of cause by identifying
pathogens in an organism. We undertook a metagenomic study of a skeleton exhumed from the
Royal Hospital of All Saints (Portugal), renowned for treating syphilis from the 16th century onwards.
The skeleton had previously been diagnosed with syphilis according to paleopathological analysis.
However, the metagenomics analysis showed no presence of the pathogen associated with syphilis
(i.e., Treponema pallidum) but revealed pathogenic microorganisms related to respiratory diseases
(pneumonia), nonspecific bone infections (osteomyelitis), and oral bacterial pathologies as well as
Hansen’s disease (also known as leprosy). The results are exciting and demand a reappraisal of the
observed bone changes, recontextualizing their characterization as syphilis related. They prove that
past reconstruction of health and disease diagnoses based on assessing human osteological remains
of known context (such as a syphilitic hospital) may bias interpretations and, therefore, caution is
recommended, not forgetting that the absence of evidence is not evidence of absence (in this case of
syphilis) in life.

Keywords: ancient DNA; 16S metagenomics; microbiome; paleopathology; leprosy; syphilis; bones;
human remains
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1. Introduction

Palaeopathological studies reconstruct past health patterns and identify diseases, such
as Hansen’s disease (leprosy), tuberculosis, and syphilis, by analyzing human osteolog-
ical remains [1,2]. However, this discipline has limitations since it relies mainly on the
macroscopic observation of bones and teeth. Moreover, identifying a disease based on bone
changes alone is not without interpretative error [3,4]. For this reason, paleopathology has
embraced a multidisciplinary approach when exploring diseases in the past in later years.
Unfortunately, this multidisciplinary approach is often dependent on institutional resources
and, for this reason, palaeopathological studies continue to rely heavily on osteological
remains (e.g., bone) macroscopic analysis.

In recent years, advanced paleopathological research has been complemented with
ancient DNA (aDNA) analysis, alongside other biochemical and biomolecular techniques,
furthering our understanding of disease at a microscopic and evolutionary level, allowing
the identification of disease-related pathogens. Pathological cases with a conditioned
diagnosis can be reassessed, and a positive diagnosis reached. The integration of molecular
analysis in palaeopathological studies has already yielded exciting data, for example, on
Mycobacterium tuberculosis, leprosy, plague, and syphilis [5–9].

Within paleopathology, syphilis is one of the few infectious diseases inferred by analyz-
ing skeletonized human remains with a certain degree of certainty. Other diseases include
Hansen’s disease (leprosy) and tuberculosis. These diseases may leave bone changes easily
observable, identified as disease-related, and tagged as pathognomonic of specific diseases,
be it syphilis, leprosy, or tuberculosis. For example, destruction of the maxillary alveolar
bone and atrophy of the anterior spine may be viewed as pathognomonic of leprosy. Fur-
thermore, cranial typical crater-like lesions with stellate radiating lines are pathognomonic
of skeletal treponematosis (as detailed below) [1,10,11]. However, these need to be inter-
preted with care, and their presence does not exclude the need for a differential diagnosis
when assessing bone changes and addressing their probable etiology. Bone reaction to
disease tends to be monotonous because bone tissue reactions are essentially destructive or
reactive, with variations in degree and form. This diversification, allied to its distribution in
the various bone elements of a skeleton and/or within a bone itself, is the basis for building
a paleopathological diagnosis. Hence, a disease’s pathognomonic trait is a significant
asset in the paleopathological interpretation and diagnosis of diseases in human remains.
However, it must be contextualized.

In syphilis, the skeleton is affected only in its tertiary stage, and bone lesions may
take between 2 and 10 years to develop after the infection [10]. Although any bone from
the skeleton may exhibit changes, these tend to be bilateral, with a preference towards the
tibias, the nasal cavity bones, and the cranial vault, followed by other long bones of the
extremities, and cancellous bone, such as the ribs and sternum, rich in hematopoietic mar-
row [10]. The bone-change pattern results from chronic non-granulomatous inflammation
and/or a granulomatous (gummatous) processes involving bones’ outer surfaces, cortex,
and, sometimes, the medullary cavity. Syphilitic bone lesions are primarily characterized
as gummatous destruction, with perifocal osteosclerotic reactions involving both the pe-
riosteum and underlying bone [10,11]. The diagnostic feature (pathognomonic feature) is
observable in the skull and named “caries sicca”, corresponding to healed superficial gum-
matous osteitis of the calvaria, described as “...nodules coming together to form star-shaped
depressions, which may be deep, or wide and flat...”, i.e., cranial crater-like lesions with
stellate radiating lines, forming a consistent pattern of changes [11]. Hackett [11] (p. 233)
described the continuous lesion sequence from bone destruction (serpiginous cavitation) to
bone formation (nodular cavitation) and bone remodeling (caries sicca).

The reconstruction of the origin of syphilis is ongoing. Whether it was brought to
Europe from the Americas or disseminated by Europeans is a debate that has been enriched
by paleopathological analysis of specimens and aDNA studies (for details on this debate,
see [12–17]). The history and origins of syphilis in Europe are intimately related to the
late 15th century syphilis epidemic, which coincided with Columbus’s “discovery” and
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early voyages to the Americas [12–17]. Like many European countries at the time, Portugal
was also profoundly affected by syphilis. Between the years 1511 and 1532, a total of
20,000 syphilitic patients were treated in Portugal at the Hospital Real de Todos-os-Santos
(Royal Hospital of All Saints—RHAS) (Lisboa, Portugal) [18].

The RHAS was a European reference in the past treatment of infectious disease, with
an emphasis on syphilis. The hospital was built between 1492 and 1504, coinciding with
the first historical records of the syphilis epidemic of 1496, which struck large parts of
Europe. Affected by a large fire in 1750, in 1755, it suffered significant damage due to the
Lisbon earthquake, but its activity carried on until 1773–1775, when the institution was
transferred to the former Jesuit College of Santo Antão-o-Novo building and renamed
the Royal Hospital of São José (Lisboa, Portugal). This later hospital is still in activity
today [19,20].

The Royal Hospital of All Saints Bioanthropological Collection

The Praça da Figueira’s archaeological excavation (Lisbon, Portugal), in 1999–2000,
partially unveiled archaeological structures associated with the RHAS, including those
associated with a significant structural reform during the early 18th century. This reform
transformed a corridor formerly intended for circulation into a small burial ground where
17 skeletons were exhumed, comprising 15 adults and 2 juveniles, alongside an ossuary
with the human remains of at least four adults and two juveniles. It was only possible
to assess the biological sex of 13 skeletons, eight males and five females. This diagnosis
was made based on the morphological assessment of the hip bones and skull [19]. The
individual skeletons were exhumed from primary graves, with single and multiple burials.
The archaeothanatological interpretation of the context suggested that the bodies were
buried with no coffins, promoting the maintenance of all anatomical skeletal connections
during soft-tissue decomposition, suggesting that individuals in multiple graves were
buried simultaneously or with limited time apart. The graves were reused, as proven by
the presence in at least three graves of partially articulated bones not belonging to any
of the primary burials. In addition, bodies were fitted to the available space, as multiple
graves contained skeletons in opposite directions (feet of one, over the skull of another).
Overall, most of the skeletons had some sort of disease-related bone changes, but these
were found to be discreet, except for one individual: Sk.1310.

The Sk.1310, a skeleton of an adult female, was buried with three adult males and is
the only skeleton in this collection exhibiting syphilitic-related bone changes [21]. Sk.1310’s
disease-related bone changes were composed of a matrix of new bone formation, affecting
both the left and right upper limbs and distal ends of the femurs and tibias, and fibula
diaphysis. The tibias also had a bowing deformity, with a “saber shape” morphology
described in paleopathology [10]. In addition, the frontal bone had several bone lesions
described as healed nodular cavitations, akin to “caries sicca”, a biological indicator of
syphilis in the paleopathological analysis. A multimethodological approach was used to
study this case. The methods included the macroscopic visual examination of the remains,
an imagological assessment of the bone changes, and a paleohistological study. All these
supported a diagnosis of acquired syphilis [21].

This finding is relevant due to the fact of its historical context, which is intimately
associated with treating syphilis and other infectious diseases such as leprosy. Since
both pathologies may share similar bone changes [10] and because macro- and microscopic
visualizations of bone are not without limitations, a molecular analysis (which was the focus
of this research paper) was undertaken to complete further the original bioanthropological
and paleopathological assessment and diagnosis of syphilis [21]. However, this option was
not without challenges since previous studies showed no evidence of syphilitic-related
pathogens in the archaeological remains. In contrast, others highlighted its presence [22–25]
and the need to understand better how the pathogen may survive in human osteological
remains. Moreover, since in the tertiary stages of the treponemal disease, organisms in the
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host have been described as reduced, and inferences about syphilis when assessing human
osteological remains will always be limited [26].

With the abovementioned challenges in mind, the aim of this research was two-fold:
to confirm or discard the presence of Treponema pallidum, the leading infectious agent
of acquired syphilis, in the human remains; to assess the presence of other pathogens
and/or microorganisms that could explain the lesions observed, offering a comprehensive
assessment of the case at hands. In the present case, the individual, Sk.1310, exhibited a
mosaic of remodeled and active lesions; hence, microorganisms’ presence was expected.
In addition, whether the bone changes observed were syphilis related or not is addressed.
Hence, we used a metagenomic analysis of the 16S ribosomal subunit to determine and
identify the variety of microorganisms present in the samples rather than targeting a
specific microorganism.

2. Materials and Methods

The bioanthropological analysis of the skeleton SK1310 has already been described
by Assis et al. [21]. The skeleton was that of an adult female. Sexual diagnosis and age at
death estimation followed conventional methodological analysis [27–29]. The bone lesions
found in the skeletons comprised a mosaic of new bone deposition, some remodeled,
others not, distributed in the upper limbs, the distal end of femurs and tibias and fibulas
diaphysis, with the frontal bone exhibiting cranial crater-like lesions with stellate radiating
lines [21] (p. 429). The remains were macroscopically assessed via the naked eye and with
magnifying lenses and conventional X-ray and CT-scan techniques, allied with histological
analyses of some samples [21] (p. 429).

For the metagenomic analysis, three independent samples were selected from the
skeleton SK1310. The region sequenced in the samples was the 16S fourth hypervariable
(V4) region (V4 16S rRNA). Samples were primarily extracted from two teeth—the upper
left and right canines (references: HRTS1310.1 and HRTS1310.2). The canines were fully
formed and erupted without significant damage to the roots and crowns, except for minor
enamel wear with dentine exposition. The third sample was collected on a fragment of
bone with evidence of disease-related bone changes (reference: HRTS1310.3)—a fragment
from the left humerus, exhibiting a mosaic of remodeled and non-healed bone lesions,
was used.

All sample analysis was undertaken at the Forensic Genetics and Population Genetics
Laboratory (FGPGL) at the University Complutense of Madrid. The FGPGL is a restricted-
access, isolated laboratory used only to analyze critical DNA samples; the laboratory
is equipped with UV lights and possesses exclusive material (i.e., to be used only in
this laboratory). All equipment was cleaned before and after use with 70% (v/v) diluted
bleach. Furthermore, the researchers only accessed the laboratory wearing sterilized clothes,
glasses, masks, and shoe covers. Moreover, all the laboratory staff were genotyped to
control contamination issues and detect contamination. In addition, negative controls were
analyzed during DNA extraction and DNA amplification to detect exogenic contaminant
DNA. All these measures were intended to preserve the DNA samples, avoid contamination
with exogenic DNA, and, if this was not possible, detect any DNA contamination that may
have occurred.

The DNA extracts were prepared in an isolated room not used for handling modern
DNA or PCR products. Sample preparation and ancient DNA analysis were as follows:
first, all samples were documented according to the normalized FGPGL work protocol [30].
Secondly, sample surfaces were cleaned with a Sand-Blaster (Base 1 Plus, Dentalfarm),
using aluminum oxide and UV radiation for 30 min [30].

After this step, two methods were performed to prepare samples for DNA extraction.
The first procedure consisted of pulverizing samples HRTS1310.1 and HRTS1310.3 using
a freezer mill with liquid nitrogen (Spex 6700) [30]. The other method was to maintain
HRTS1310.2 intact after the surface cleaning, according to Gomes et al. [30], a nondestructive
aDNA extraction method. Then, DNA extraction was performed using the abovemen-
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tioned samples, pulverized and intact, following the recommendations and procedures
as described in Rohland and Hofreiter [31,32], Rohland et al. [33], and Gomes et al. [30].
In addition, all DNA analyses followed the ancient DNA authenticity criteria, accredited
by international guidelines, and established by the FGPGL laboratory [34,35]. Therefore,
negative controls were analyzed during DNA extraction and amplification to detect any
exogenic DNA contaminant: this process did not detect DNA molecule contamination.

The metagenomic study undertaken focused on the 16S rRNA V4 region. This region
was amplified and sequenced using WineSeq® specific primers (patent: WO2017096385) [36].
The library was performed using the two-step PCR protocol described by Feld et al. [37]
and Albers et al. [38]. The PCR conditions (i.e., number of cycles, temperatures, ther-
mal cycler, and composition of the master mix) were carried out following the WineSeq®

technical procedure [39]. Sequencing was performed in an Illumina® MiSeq instrument
(Illumina®, San Diego, CA, USA). The sequences were then compared with information
available in various databases using the Basic Local Assignment Search Tool (BLAST) of
the NCBI (National Center of Biotechnology Information) and CLUSTAL-OMEGA [40–42].
Finally, the sequences were analyzed on the MG-RAST platform using the Greengenes
database [43,44] with the following parameters: e-value = 0.05; %-ident = 60; length = 15;
min. abundance = 1. Considering the paleopathological diagnosis of this individual and
the wide range of bone lesions observed (some still active at the time of death), an e-value
(0.05) was deemed sufficient to establish a plausible relationship between the bone changes
and their etiological agent extracted from the bacterial DNA.

The research sequences used in this study are available on the NCBI server, with
the BioProject accession: PRJNA522260 (ID: 522260). The information includes data for
all three samples: HRTS1310.1, HRTS1310.2, and HRTS1310.3 (SRX5372162; SRX5372161;
SRX5372160) (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA522260 registration on
13 February 2019).

The interpretation of the results acknowledges the limitations that sequencing plat-
forms may have, as highlighted by Kircher and Kelson [45], and because the technique
used depends on the PCR amplification of the V4 16S rRNA region. In such cases, the
polymerase may have a higher or lower affinity with this region. In the analysis, the
amplification was assumed to be homogeneous for all DNA fragments of the V4 region,
not disregarding the possibility that the bacterial population may have been overestimated
and/or underestimated [45].

3. Results and Discussion
3.1. Overall Profile of the Microbiomes

All three samples showed various pathogenic organisms, i.e., there was no clear asso-
ciation between the presence of specific microorganisms and the fact that the samples were
extracted from teeth or bone. Most microorganisms detected were related to soil bacteria
and marine microorganisms (Figure 1; a detailed list of the microorganisms detected is
provided in Supplementary Materials Table S1).

Some of the soil bacteria microorganisms with the highest frequencies per sample
included Arthrobacter cereus, Nitrosopumilus sp., and Nitrososphaera sp. (Figure 1) [46–48].
It is noteworthy that some of the microorganisms detected in the samples were related to
the human gut microbiota such as Ruminococcus sp. and Odoribacter sp. [48–51]. These are
associated with inflammatory bowel disease, Crohn’s disease, and pancolonic ulcerative
colitis, although they are also known to exist in the human body without causing any
harm [49–51].

The presence of soil bacteria and marine microorganisms is not surprising, since we
are dealing with human remains exhumed from downtown Lisbon, an area flooded in the
1755 tsunami [52,53] and a site of recurrent permeability by the Tagus River. Furthermore,
the archaeological site, and surrounding area, were of a wet and swampy nature: character-
istics provided by the confluence of several watercourses that flow into the Tagus River [54].
Additionally, the archaeological site was excessively contaminated during the excavation
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process, which must be considered [55]. In addition, gut bacteria in the soil should not be
regarded as a surprise considering the chronology of the sample (i.e., late 18th century),
since the Lisbon sewer system became a concern mainly during and after the 19th century.
Before that, accounts of foreign visitors to Lisbon clearly expressed their disgust regarding
the inefficiency of the city’s sewerage system and the filthiness scattered in the streets [56].
Hence, sample contamination via the soil was considered when interpreting the data.
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Figure 1. Graphical representation of the most prevalent (% > 1) microorganisms detected in the
three samples. The percentages of the valid reads using the QC MG-RAST server were as follows:
SRX5372162: 24.942/23.333 (93.55%) sequences; mean sequence length of 290 ± 20 bp; SRX5372161:
33.035/28.225 (85.44%) sequences; mean sequence length of 289 ± 21 bp; finally, SRX5372160:
89.422/76.325 (85.35%) sequences; mean sequence length of 294 ± 21 bp. Sequences are available on
the NCBI server, BioProject accession: PRJNA522260 (SRX5372162; SRX5372161; SRX5372160).

Several human pathogens were found in the three samples, although the percentages
varied, along with the soil bacteria and marine microorganisms. These included bacteria
related to diseases such as pneumonia (i.e., Pseudomonas aeruginosa and Staphylococcus
aureus) and osteomyelitis (i.e., Staphylococcus aureus) [57–61].

Pseudomonas aeruginosa (HRTS1310.1 = 0.848%; HRTS1310.2 = 0.103%; HRTS1310.3 = 0.019%—
the percentual values corresponded to those found on the samples’ microbiome) is a
benign bacterium and a typical inhabitant of healthy human skin. It plays a vital role
as an opportunistic pathogen. It can colonize and infect a wide range of tissues and
organs, such as lungs, airways, and the urinary tract. Such infections tend to occur in
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immunosuppressed individuals, many in hospital contexts. The bacterium enters the skin
commonly via compromised skin due to the presence of wounds from burnt cases. Its
impact may go from mild (i.e., dermatitis) to more severe clinical cases as the bacterium
enters the bold stream causing gastrointestinal, joint, bone, respiratory, and even systemic
infections. If affecting the airways, it may cause pneumonia, and it is a very threatening
bacterium to individuals with highly compromised immune systems such as individuals
with cystic fibrosis or AIDS [46,62–65].

Staphylococcus aureus (HRTS1310.1 = 0.055%; HRTS1310.2 = 0.032%) is one of the most
virulent species of Staphylococcus, although it does not usually cause infection on healthy
skin. However, complications may arise if it is permitted to enter internal tissues or the
bloodstream. This species can be found in the skin and anterior part of the nostrils of
adults. If circumstances allow, it may produce a wide range of diseases. These may in-
clude harmless cutaneous and mucous conditions and relatively benign infections (such
as folliculitis, furunculosis, or conjunctivitis) or life-threatening diseases such as deep
abscesses, osteomyelitis, meningitis, sepsis, endocarditis, or pneumonia (to name but a few
examples) [62,66]. The fact that Staphylococcus aureus may be related to osteomyelitis is fas-
cinating since, in the original bioanthropological assessment, the presence of osteomyelitis
as a cause of the bone changes observed was excluded. This exclusion was argued based
on the widespread distribution of the bone lesions and the absence of a sequestrum, bone
surface formation of an involucrum, and the absence of a cloaca perforating the involu-
crum [10,21]. All these features (i.e., bone changes) are used in the bioanthropological
diagnosis of osteomyelitis [10,21]. Furthermore, none of the remains’ radiological and
histological features credited to osteomyelitis were observed [21] (p. 432). The same was
valid for tuberculosis or pneumonia-related bone changes: none of the abnormal bone
lesions and distribution patterns allowed for the identification of those diseases in the
skeleton [21] (p. 430).

Other pathogenic microorganisms found are related to commonly known oral pathol-
ogy bacteria. These included Treponema lecithinolyticum, Actinomyces naeslundii, and Tre-
ponema socranskii [53–65]. These fit the profile of the oral pathology found associated with
this individual: they suffered from severe bilateral mandibular abscesses, associated with
the second incisor and canine and additional antemortem tooth loss. Moreover, the results
also revealed the presence of two other bacterial genera: Actinomyces and Escherichia. The
Actinomyces sp. Are typically environmental bacteria. However, many actinomyces are
opportunistic pathogens of humans and other mammals, particularly in the oral cavity. In
rare cases, they can cause actinomycosis, a disease characterized by abscesses in the mouth,
lungs, gastrointestinal tract, and female genital tracts [40,59]. Due to the manner of its im-
pacts on the organs and its features, actinomycosis is a pathology frequently misdiagnosed
and confused with neoplasia [67–69].

One of the major limitations of interpreting the microorganism detected relates to
sample preservation and contamination. In some cases, it was not possible to specify the
species of many of the pathogens found. In addition, many of the pathogens found were
environmental/soil bacteria; hence, sample contamination via the diagenesis process, both
due to the burial and taphonomy processes and/or proximity with other remains, need to
be considered.

3.2. Human Pathogenic Microorganisms

A closer assessment of the samples identified different human pathogenic microor-
ganisms. These are summarized in Table 1, complemented with their allocated percentage
per sample (Figure 2). The expression of the pathogens per sample varied, and no specific
pattern of microorganism per type of sample (i.e., teeth versus bone sample) was observed.
Staphylococcus aureus was the microorganism with the lowest frequency observed in all
three samples. The highest frequency recorded was that of the Trichomonas vaginalis in
sample HRTS1310.3, corresponding to the bone sample. The bone fragment came from
the humerus. It exhibited a mosaic of remodeled and non-healed bone lesions, indicative
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that the cause of the lesions and bone remodeling was still active at the time of death. The
fragment healing stage may account for the microorganism being identified, as an active
infection may have facilitated its detection, and it may be embedded in the bone matrix
during the remodeling process.

Table 1. List of the most abundant human pathogenic microorganisms found in the various samples
of the HRTS SK1310 individual and associated frequency.

Microorganism Observations HRTS1310.1 a HRTS1310.2 b HRTS1310.3 c

Mycobacterium
leprae

Mycobacterium leprae causes leprosy (Hansen’s disease).
This disease can leave its signature in bones if untreated.
It primarily leads to the destruction of peripheral nerves
and muscles and their atrophy, and the motor function is
impaired. The loss of sensation in the extremities causes

accidental injuries with subsequent infections. In
addition, loss of bone calcium contributes to a slow

shrinking of the digits and their transition to
claw/pencil-like forms in late-stage leprosy [10,48,70].

0.005 0.033 0.043

Mycobacterium
gilvum

This is an environmental mycobacterium isolated from
river sediments. M. gilvum has rarely been isolated as an

opportunistic pathogen [69] and is viewed as a
nontuberculous mycobacterium and as nonpathogenic
and found in water and humans [71]. Its presence has
been detected in accumulated water associated with a

bathing place for leprosy patients [72].

0.011 0.148 0.290

Trichomonas
vaginalis

May cause vaginitis or sexually transmitted
infections [48,73]. 0 0 1.449

Clostridium
bifermentans

It is a commensal in the gut, oral cavity, and female
genital tract and can be found in soil, sewage, feces, and

marine sedimentations. It was once considered to be
nonpathogenic; however, it has been recently associated
with septic arthritis, osteomyelitis, soft tissue infection,

brain abscess, bacteremia, and endocarditis cases [74,75].

0.405 0 0

Staphylococcus
aureus

Staphylococcus aureus is a highly virulent, life-threatening
pathogen that can cause diseases such as deep abscesses,

osteomyelitis, meningitis, sepsis, endocarditis, or
pneumonia (to name but a few examples) [62,66].

0.055 0.032 0.007

Treponema sp.
The genus Treponema includes a wide diversity of

commensal and pathogen species, most of which exist in
complex bacterial communities [47,48].

0 0.328 0

Leptospira
interrogans

This pathogen evolves from environmental organisms
and a human parasite [47,48]. The most common
leptospiral syndrome in humans is leptospirosis, a

disorder that localizes in the kidneys and can cause renal
failure and ultimately death [48].

0 0.049 0.580

The various colors correspond to the percentage gradient: darker colors = higher percentages. The values represent
the ratio of the analyses shown as the number of specific readings divided by the number of total readings. The
readings have been debugged to remove errors/artifacts using the MG-RAST server. The reads obtained per
sample: a 24.942 spots, 15M bases (tooth sample); b 33.035 spots, 19.9M bases (tooth sample); c 89.422 spots, 53.8M
bases (bone sample).

Although some of the microorganisms identified continue to be environmentally re-
lated (e.g., Mycobacterium gilvum), they have also been found to be opportunistic and able
to cause harm to humans. Overall, there is some overlapping of the diseases that may be
caused by the pathogens identified. The diseases include sexually transmitted diseases,
septic arthritis, osteomyelitis, soft tissue infection, meningitis, sepsis, endocarditis, pneumo-
nia, and renal failure [69]. Bone changes in human remains, exhumed from archaeological
contexts, have already been described in association with septic arthritis, osteomyelitis,
sepsis, pneumonia, and Hansen’s disease [1,10,11,21,70,76,77], to name a few. In addition,
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soft tissue infection and meningitis can leave marks on bone, since they compromise the
macro- and microstructure of the cortical, compact, and cancellous bone tissue [10].
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The bone changes observed in the remains of the individual female, HRTS1310, could
be discussed as early osteomyelitis (less expressive in bone) and prolonged infection and/or
inflammatory process. These three scenarios fit with the changes observed and their
distribution within the skeleton: multiple bone lesions composed of a mosaic of new bone
deposition, some of which were active at the time of death, others not, of a disseminated
pattern, some bilateral, localized in several bones of the upper limbs, the distal end of the
femurs, tibias, and fibulas shaft, as well as the frontal and right parietal bones (for details
see [21] (pp. 434–439). Unfortunately, and as stated above, the absence of osteological
features used in the diagnosis of osteomyelitis (i.e., sequestrum, bone surface forming an
involucrum, and several cloacae perforating the involucrum), excluded osteomyelitis as
the cause of the bone changes observed [10,21].

The most relevant find was the presence of the pathogen related to leprosy (Hansen’s
disease)—Mycobacterium leprae—in all three samples analyzed. This pathogen’s presence
indicates that the individual may have been exposed to leprosy, having probably been
infected, and was a disease carrier after contamination due to the close contact with
infected people [78], not excluding the possibility of zoonotic leprosy, infection via contact
with environmental reservoirs, and trauma-related transmission [78–81]. Regardless, the
presence of Mycobacterium leprae in the samples raises the possibility of its presence, and
it is necessary to discuss that the bone lesions observed were not necessarily related to
syphilis but to other diseases, namely, leprae (alongside osteomyelitis). However, the
comprehensive differential diagnosis provided by Assis et al. [21] and the detailed skeletal
analysis undertaken (inclusively by two coauthors of this paper) excluded leprae and
osteomyelitis as probable causes of the bone changes observed. Overall, no macroscopic,
radiological, or histological features related to leprae were found in the human remains [21]
(p. 431). For example, no primary and secondary bone involvements of the hand and foot
with bone resorption and “penciling” of the metatarsals and osteolysis of the hands and feet
distal phalanges were recorded, which are essential to building a leprae diagnosis [10,70].
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Unfortunately, it was not possible to assess the facial and rhinomaxillary changes due to the
fragmentation of the human remains; thus, the assessment of the osteological remains could
be considered compromised as well as the final diagnosis presented by Assis et al. [21].

3.3. The Absence of Treponema Pallidum

One of the aims of this research was to confirm or discard the presence of Treponema
pallidum, being aware of the limitations of such an endeavor [22–25]. However, the metage-
nomic analysis did not detect the presence of Treponema pallidum. Nevertheless, Treponema
pallidum absence does not mean that the individual did not suffer from the disease. A combi-
nation of low pathogen concentration and poor sample preservation may have contributed
to its nondetection.

Despite the absence of Treponema pallidum, two different species of the Treponema
genus (i.e., T. socranskii and T. lecithinolyticum) were identified in sample HRTS1310.2.
These were both found in the human oral microbiota associated with periodontitis and
gingivitis [82–84]. Gingivitis and periodontitis are widespread inflammatory gum diseases.
However, while gingivitis is reversible if treated, periodontitis has major implications in
the maxilla and mandibula, involving the erosion of the dental ligament, which attaches
the teeth to the supporting bone at the base of the periodontal pocket [46]. Consequently, if
not treated, it will revert to tooth loss, which was observed in the skeletal HRTS1310.

To ascertain that T. socranskii and T. lecithinolyticum were adequality classified, a follow-
up assessment was undertaken using the Basic Local Alignment Search Tool (BLAST).
The aim was to discard the possibility of a wrong assignation of the pathogen species,
since the analysis was based on the 16S rDNA, and we considered the possibility that
this DNA region could be similar in different species of the same genus. This follow-up
analysis showed that both T. socranskii and T. lecithinolyticum were correctly allocated
(see Supplementary Materials Figures S1 and S2); this result was also supported by an
analysis of the phylogenetic relationship and alignment sequencing of T. pallidum with the
other Treponema species found. This analysis was performed using the CLUSTAL-OMEGA
multiple sequence alignment program (Supplementary Materials Figure S3), creating a
phylogenetic tree (Figure 3). For this last analysis, we included the 16S sequences of T.
pallidum, T. socranskii, T. lecithinolyticum, and the 16S sequence of other unrelated bacteria
species (E. coli) used as a control.
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The phylogenetic tree (Figure 3) clearly shows that E. coli was different from the other
species analyzed. In contrast, in the case of the Treponema species, the T. pallidum was
positioned in a distinct branch compared to T. socranskii and T. lecithinolyticum, showing
that although they shared the same genus, they were distinct from T. pallidum. The results
are further supported by the CLUSTAL-OMEGA sequences alignment (Supplementary Ma-
terials Figure S3). The two species located in the three analyzed samples were: Pseudomonas
aeruginosa and Escherichia sp.

4. Conclusions

Despite the paleopathological assessment of a probable diagnosis of syphilis, the
metagenomic analysis did not identify the presence of T. pallidum in any of the analyzed
samples. However, many other different pathogenic microorganisms were detected. The
majority were related to environmental soil and water, highlighting the high degree of
sample contamination and diagenesis processes. Nevertheless, others were found to be
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human pathogens able to cause significant harm to people. These included Trichomonas
vaginalis; Clostridium bifermentans; Staphylococcus aureus; Leptospira interrogans; Treponema
lecithinolyticum; T. socranskii, responsible for a significant number of conditions that range
from sexually transmitted diseases, periodontitis, septic arthritis, osteomyelitis, soft tissue
infection, meningitis, sepsis, endocarditis to pneumonia—some of which have severe
impact on bones. Noteworthy was the detection of the Mycobacterium leprae, even though
the paleopathological diagnosis had discarded this possibility.

As to the presence of T. pallidum, the pathogen responsible for syphilis, which was
the primary diagnosis of the bone changes observed in the skeleton, it was not detected
in the samples. Two microorganisms belonging to the Treponema genus were found, but
these were correctly allocated to species other than T. pallidum, i.e., T. socranskii and T.
lecithinolyticum. However, it is also possible that the absence of T. pallidum was simply
related to the inability to detect the pathogen in human remains as described by additional
studies [12–17]. The absence of a positive result does not exclude the presence of the
pathogen during the individual’s life. It is only indicative that it may no longer be possible
to detect this bacterial genetic material after approximately two centuries, either by a poor
pathogen concentration in that specific human organism or by degradation of that genetic
material, therefore, not being detected.

Despite the absence of the targeted pathogen of this study (i.e., T. pallidum), many
other microorganisms that may have had a significant impact on the life and death of the
SK1310 female were identified. These included microorganisms associated with respiratory
diseases, oral pathology, osteomyelitis, and Trichomonas vaginalis associated with sexually
transmitted infections. The presence of evidence of sexually transmitted infections fits with
the history of syphilis, known to also be sexually transmitted with the added negative
social and cultural connotations. Overall, all these microorganisms could have contributed
to some of the bone lesions found that were extensive and possessed various degrees of
healing, suggesting that these were chronic.

An intriguing surprise was the identification of Mycobacterium leprae, even in the
absence of credited bone-related changes. Identifying Mycobacterium leprae raises the
question of the paleopathological approach to leprae when assessing human remains. It
urges the need for complementary analyses of human remains when exploring diseases
based on the macroscopic analysis of human remains. Paleopathological analysis has made
significant progress since its debut as a discipline, but it has much to gain with the ongoing
development of methodological approaches, not forgetting the essential requirement to
balance the samples’ preservation, aiming for a more ethical approach to human remains
in scientific development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12126096/s1: Figure S1: BLAST search of the T. socranskii
sequence; Figure S2: BLAST search of the T. lecithinolyticum sequence; Figure S3: CLUSTAL sequences
alignment; Table S1: Detailed list of the microorganisms detected. In addition, the sequences used
in this research are available on the NCBI server, BioProject accession: PRJNA522260 (ID: 522260)
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA522260, registration on 13 February 2019).
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