nature ecology & evolution

Article

https://doi.org/10.1038/s41559-025-02771-y

4,000-year-old Mycobacteriumlepromatosis
genomes from Chile reveal long
establishment of Hansen’s disease

inthe Americas

Received: 21 January 2025

Accepted: 27 May 2025

Published online: 30 June 2025 Kirsten|. Bos®?

% Check for updates

Dario A. Ramirez®'"°, T. Lesley Sitter ® >'°, Sanni Oversti® 3'°,
Maria José Herrera-Soto® ?, Nicolas Pastor ® %, Oscar Eduardo Fontana-Silva®,
Casey L. Kirkpatrick ® 278, José Castelleti-Dellepiane ®°, Rodrigo Nores® ' &

Mycobacterium lepromatosisis arecently identified cause of Hansen’s
disease, and is associated with the more severe and potentially lethal
presentations of diffuse lepromatous leprosy and Lucio’s phenomenon.
Detection of this infection has been limited to a small number of individuals,
leaving much to be learned about its global distribution and transmissibility.
Its discovery inwild rodent populations in the United Kingdom and Ireland
alsoraises questions about its zoonotic potential. Here, we raise further
awareness of this disease via analyses of two exceptionally well preserved

M. lepromatosis genomes obtained from 4,000-year-old human remains of
two adult males from the archaeological sites of El Cerrito and La Herradura
in Northern Chile. This formed the basis of genomic comparisons between
ancient and modern forms of the pathogen. We demonstrate an unexpected
long history of M. lepromatosis in the Americas, which contrasts with the
morerecent Eurasian history of the closely related Mycobacterium leprae.
We offer relevant perspectives onits evolution while providing anincentive
for further disease monitoringin both humans and other potential reservoir
speciesinthe Americas and elsewhere.

Hansen'’s disease, more commonly known as leprosy, is caused by the
unculturable bacteria Mycobacterium leprae and the recently described
Mycobacterium lepromatosis'. Transmission occurs via prolonged expo-
suretorespiratory droplets from aninfected person’. Untreated indi-
viduals can develop a chronic peripheral neuropathy with associated
physicalimpairment®. Many infected remain asymptomatic, which can
obscure diagnoses and control measures®. The availability of curative
multidrug treatments has decreased worldwide prevalence’; regard-
less, the disease persists inmore than100 countries, with up to 174,000
new cases reported globally in 2022 alone®. Risk of infection is closely

correlated with conditions of overcrowding, poverty, malnutrition and
animmunocompromised state’.

Writtenaccounts describe the impact of disfiguring diseases pre-
sumed to be Hansen’s disease on Eurasian populations throughout the
historic period®. As skeletal involvement occursin advanced stages’,
pastinfections have beenidentified inarchaeological tissues as early
as 5,000 years ago in Europe, Asia and Oceania'®™". For M. leprae,
analyses of ancient genomic data provide further support for its
infectious potential having spanned several millennia'. While humans
areregarded as the principal host of Hansen’s disease, maintenance
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of the causative bacteria in other animal species has raised con-
cerns over their potential as zoonotic reservoirs from a One Health
perspective”. Nine-banded armadillos are known sources of M. leprae,
where transmission may occur through human consumption’.
Red squirrels in Britain and Ireland can harbour both M. leprae and
M. lepromatosis”, and recent identification of M. leprae in archae-
ological rodent bone demonstrates cross-species infectivity in
historical periods®’. Detection of M. leprae in several species of
non-human primates further demonstrates the broad host range
of this pathogen® 2. Viability of M. leprae in ticks and amoebae for
several months opens the possibility of environmental reservoirs as
well***, Unlike many bacterial diseases, presentation of symptoms
and the development of its more severe multibacillary or leproma-
tous forms seem highly dependent on hostimmunological status>*.
While the few available reports tend to associate M. lepromatosis with
severe disease presentation such as diffuse lepromatous leprosy (DLL)
and the potentially fatal Lucio’s phenomenon (LP), a set of clinically
defined criteria that distinguish it from M. lepraeinfection has yet to
be established”.

Understanding of M. lepromatosis distribution and evolutionary
history is limited as few examples of the infection have been molecu-
larly confirmed. Polymerase chain reaction (PCR)-based detections
demonstrate its presence in the Americas (Mexico and the Carib-
bean)"*, as well as Southeast Asia (Myanmar and Singapore)®, con-
sistent with the global occurrence of DLL”*°. Genome-level analyses
are limited in scope: the available modern genomes suggest a deep
divergence of M. lepromatosis and M. leprae, although with retention of
genomic features that contribute to some similaritiesin disease presen-
tation®. While investigations that draw upon both modern and ancient
genomic data consistently supportanorigin for M. leprae outside the
Americas'®, the identification of M. lepromatosis in archaeological
contexts has notbeenreported, although its modern association with
Latin American contexts has led to the hypothesis of its endemicity in
the continent in the precolonial period®**.

Palaeogenomic investigations of this disease are currently
restricted to the recovery of M. leprae genomes and are dominated
by studies that are limited to a Eurasian context. Here, we present two
high-coverage M. lepromatosis genomes reconstructed from skeletal
remains of individuals from distinct archaeological contexts from
Chile, both dated to about 4,000 years ago. These dataindicatealong
and previously undocumented history of this infectious disease in
the Americas.

Archaeological context, morphology and
molecular recovery

To investigate infectious disease in the American precolonial period
from a molecular perspective, we sampled 35 teeth and 19 bones
with pathological lesions suggestive of active infection belonging to
41lindividuals from five archaeological sites representing various time
periods and subsistence strategies in the semi-arid region of Chile
(Supplementary Information Section 1). Both teeth and pathological
bone were selected to permit identification of pathogens that con-
tribute to either acute or chronic infection, and when available both
tissue types were selected from an individual. Approximately 50 mg
ofeach tissue was extracted and converted into asingle-stranded DNA
library for sequencing onanllluminaHiSeq4000 to adepth of -5 million
reads. Datawere computationally screened for a variety of pathogenic
bacteria and viruses following an hypothesis-free method using the
MALT and HOPS platforms implemented through the nf-core EAGER 2
analysis pipeline*>*. This process revealed several thousand DNA frag-
ments with homology to M. lepromatosisin each of two archaeological
tissues, representing the neighbouring sites of La Herradura (a tibia
fromanindividual referred to here as ECRO01) and El Cerrito (a tooth
fromanindividual referred to here as ECRO03) (Fig.1, Supplementary
Tables 1and 2 and Supplementary Figs. 1-6). Radiocarbon dating of

bothskeletal elementsindicate them tobe roughly contemporaneous,
from around 3,900-4,100 calibrated years ago (Fig. 1).

Currently there s little information on the osteological manifes-
tations of M. lepromatosis infection, but most reported examples are
associated with the DLLand LP forms of Hansen’s disease'. DLL primar-
ily affects the skin and peripheral nerves but it can also cause ocular
damage, rhinitis, destruction of the nasal septum causing saddle or
crooked nose (usually without affecting the nasal bones), damage tothe
larynx, organ damage or failure and sepsis. Generalized hypaesthesia
or anaesthesia resulting from neuritis can contribute to secondary
injury of the extremities, which may result in bony changes. LPis a
rare reaction most commonly associated with DLL that manifests as
acute, necrotizing cutaneous vasculitis, generally affecting the legs,
arms, torso and face®. Although LP does not necessarily affect the
bones, the resulting inflammation and possible secondary infections
could potentially cause osteological changes. Genetically confirmed
M. lepromatosis infections have also been associated with borderline
lepromatous leprosy and lepromatous leprosy?, the latter being the
mostcommon formof Hansen’s disease to cause osteological changes®®.
While its modern presentation may differ from the spectrum of pathol-
ogy observedinthe past, bothindividuals display pathological lesions
that are consistent with, although not diagnostic of Hansen’s disease,
as well as additional changes that are not typically associated with
Hansen'’s disease and may be a result of unrelated afflictions (see Sup-
plementary Information for complete descriptions of the remains).
For example, skeleton ECROO1 (male 35-40 years, Supplementary
Figs. 2-4) exhibits a slight widening of the nasal aperture compared
to other individuals in the population, with rounding of the margins
and possible osteolytic processes in the area. This individual also has
slight recession of the alveolar bone of the anterior teeth (although
this may bein part due to taphonomic breakage orinresponse to other
pathological processes), as well as pitting on the palatine process and
on theribs. The right fibula and tibia are affected by mostly healed
lamellar periostosis and slight thickening and bowing of the right
tibial diaphysis. The small tubular bones of the hands display pitting,
abnormal foramina and periosteal new bone on the palmar surfaces,
but no concentric resorption or evidence of hyperflexion, and there
are pronounced osteolytic lesions on the right calcaneus. Skeleton
ECROO3 (male, 40-44 years) has fewer preserved skeletal elements
butalso displays rounding of the inferior margins of the nasal aperture
and slight thickening and bowing of the tibial diaphysis (Fig. 1 and
Supplementary Fig. 5). Although the aforementioned osteological
changesinbothindividuals could be associated with Hansen’s disease
(thoughnotnecessarily with the DLL or LP forms), they could equally be
caused by other diseases, both infectious and non-infectious. For this
reason, we do not attempt a differential diagnosis based on osteologi-
cal criteria, nor do we propose any new diagnostic criteria from these
limited examples.

To explore the suitability of genomic reconstruction, DNA librar-
ies were enriched via in-solution capture through use of a probe set
designed from a modern M. leprae reference panel”, and sequenced
toaread depth of 20 million fragments, as above. Distinction between
several mycobacterial species was accomplished via a competitive
mapping approach, which demonstrated much higher homology
and hence high confidence in their assignment to M. lepromatosis
(Supplementary Table 3). Both genomes are of exceptional quality,
yielding average genomic coverages of 45- and 74-fold for ECROO1
and ECROO03, respectively, when mapped against the modern FJ924
M. lepromatosis genomic reference (CP083405) (Supplementary
Table 4), isolated from a patient in Mexico®. The distribution of hete-
rozygous positions is consistent with asingle source of M. lepromatosis
DNA for eachindividual, although with a detectable level of chemical
damage and possibly sporadic reads of non-target originin the mapped
datasets (Supplementary Fig. 7), as expected of metagenomically
sourced ancient bacterial DNA. The spectrum of DNA damage from
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Fig.1| Archaeological context for the skeletal elements that yielded ancient ECROO3 (scale bar, 0.5 cm). ¢, Modelled radiocarbon dates of the individuals
M. lepromatosis DNA. a, Map of the semi-arid region of Chile showing the ECROO01and ECRO03 from LaHerraduraand El Cerrito sites, respectively.
location of the two archaeological sites under study. Coordinates follow the Basemap © MapTiler and OpenSteetMap contributors. Inset map of South
universal transverse mercator (UTM) system (Datum WGS 84, Zone 19)); values America from pyty/Depositphotos.com. Panel ¢ created with OxCal v.4.4.4
are given as easting and northing (m). Map created with the MapTiler plugin (ref. 76); radiocarbon dates calibrated using the Marine20 calibration curve”’,
within QGIS. b, Skeletal elements that yielded the two ancient genomes of with marine reservoir data fromref. 78.

M. lepromatosis: left, tibia from ECROO1 (scale bar, 5 cm); right, tooth from

both pathogen and host (Supplementary Figs. 6 and 8) is consistent M. lepromatosis pangenome and comparisons

with their contemporaneous antiquity as determined from radiocar- against M. leprae

bon data (Fig.1). Ananalysis of human DNA also indicates anexclusively  Despite our use of an M. leprae capture panel, we observed a 279- and
AmericanIndigenous host source (Supplementary Table 5). Negative ~ 23-foldincreasein M. lepromatosis DNA content between the shotgun
controls were free of M. lepromatosis DNA (Supplementary Table 6).  and enriched datasets, with 83% and 88% of the M. lepromatosis genome
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Fig.2| Overview of the recovery status of the newly identified ancient

M. lepromatosis genomes. a, Indication of the genomic regions with adepth
range between zero and fivefold averaged over bins 0of 1,000 bp. The top panel
depicts an artificially fragmented dataset of the reference genome FJ924 mapped
toitself toidentify regions of low mappability. b, Genome coverage of the

M. leprae probes mapped to the M. lepromatosis F}924 reference genome
averaged over bins 0of 1,000 bp (top and bottom represent two different probe
sets that are pooled for enrichment). ¢, Visual representation of the location of
the non-reference loci recovered for ECRO01and ECRO03.

covered at fourfold read support for genomes ECRO01 and ECRO03,
respectively (Fig. 2 and Supplementary Tables 3 and 4). To investi-
gate possible enrichment biases over individual regions, probes were
mapped with high sensitivity against the M. lepromatosis reference
and probe coverage was compared to that observed in the two ancient
genomes over annotated coding regions (Fig.2, Supplementary Fig. 9
and Extended DataFig.1). Bothancient genomesinclude coverage over
regions of the M. lepromatosisreference that were notincludedin probe
design and hence were not enriched. Coverage across these regionsis
higher for genome ECR0O03, which may be due to a higher abundance
of M. lepromatosis DNA in the non-enriched fraction (Supplementary
Table 3). Importantly, weidentify several regions with limited mapping
reads in both ancient genomes where probe coverage is abundant.
Further investigation revealed these regions to have asymmetric rep-
resentation across host-associated modern genomes, which could
indicate lineage-specific losses unrelated to host adaptation. This also
reveals no pattern of gene loss/acquisition that distinguishes ancient
from modern forms (Extended Data Fig.1).

This analysis was complemented by evaluation of the two recon-
structed ancient genomes alongside 16 modern M. lepromatosis
(Supplementary Table 7) based on acommon mapping to the FJ924 ref-
erence (Supplementary Table 8 and Supplementary Figs. 10 and 11). No
consistent pattern of gene acquisition or loss across the fullannotated
codingregion distinguishes the human-associated strains fromthose
associated with red squirrel populations in the north of the United
Kingdom or Ireland (Supplementary Fig. 11). This implies that any
long-term changes related to host-specificity areinfluenced by either
nucleotide substitution, disruptions in synteny or changes outside of
the mapped coding regions that are undetected viathe methods used
here. This analysis also revealed asurprisingly low coverage for genome
FJ924 S 4 reported in ref. 39 as a first example of M. lepromatosis
in India (Supplementary Table 9 and Supplementary Figs. 10 and 11).
A competitive mapping approach revealed this genome to show far
greater homology to M. leprae, thus questioning the accuracy of its
assignment to M. lepromatosis (Supplementary Table 9).

Given the established observation of genome decay and reduc-
tion in M. leprae over evolutionary timescales*’, divergence between
M. lepromatosis and M. leprae was investigated on a gene level. There
are currently four chromosomally resolved modern M. leprae genomes
available, representative of branches1(n=2),3 (n=1) and 4 (n=1).
Apangenomicanalysis carried outin Roary* indicated astronglevel of

divergence between the two pathogens, with2,000 (about half) of the
4,097 protein coding regionsidentified in Prokka showing a minimum
of 50% sequence homology between the two pathogens (Supplemen-
tary Fig. 12). This demonstrates a high sequence divergence despite
M. leprae having been identified as the most closely related organism
toM. lepromatosis®. This is further demonstrated viaa mapping-based
approach, whichreveals the two to share only ~25% nucleotide identity
(Supplementary Table10). Analignment of the genomes using LASTZ**
and MAUVE* shows several large rearrangements and -0.5 mega base
pairs (Mb) (-12% of the genome) present in M. lepromatosis F}924 that
is absent in M. leprae MRHRU-235-G, either through acquisition in
the former, decay in the latter or a nucleotide homology that is too
low for alignment. Less similarity is observed with the more distantly
related Mycobacterium haemophilum (Supplementary Figs. 12-14).
This would leave only disparate regions of similarity upon which to
perform downstream genome-level analyses where M. leprae or another
mycobacterial representative are included.

Phylogenetic analysis

The relationship of M. lepromatosis to other pathogenic mycobacte-
ria was first determined through investigation of the 16S ribosomal
RNA locus (Fig. 3b), which confirmed M. leprae to be its closest rela-
tive despite extensive genomic divergence described above. This was
complemented by aconservative approach to genome-level phyloge-
netic reconstruction, where focus was restricted to diversity within
M. lepromatosis. These data are limited to the two ancient genomes pre-
sented here, four modern human genomes from Mexico and six modern
genomesisolated fromredsquirrelsinIreland and the United Kingdom.
Single nucleotide polymorphisms (SNPs) were called at fourfold read
support, and regions of low complexity, along with additional regions
identified as potentially drawing background signal from co-enriched
metagenomic DNA, were removed (Supplementary Table 11). While
M. lepraehas not been observed to undergo recombination, Gubbins**
was applied to investigate this phenomenon in this sparsely studied
organism (Supplementary Table 11). These various filters resulted in
650 variant positions upon which to base the phylogeny (Fig. 3a and
Supplementary Tables 12 and 13). A maximum parsimony tree was
generated in MEGALI (ref. 45) with 100 bootstraps, midpoint root-
ing and branch-length estimation (Fig. 3c). The phylogeny supportsa
robust separation between the human and rodent-associated lineages,
where the two ancient genomes formasister clade to the cluster of all
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Fig. 3| Phylogenetic representation of ancient and modern M. lepromatosis.
a, Distance network generated using MEGA11v.11.0.13 on the full SNP set (650 SNPs).
The network is based on an unrooted UPGMA tree with a precomputed pairwise
distance model set to ‘number of differences’ to calculate genetic distance in
SNPs. Missing data were removed via ‘pairwise deletion’, which removed pairs
where one dataset had an ambiguous character. This reduced the number of
SNPs displayed in the network to 590. No bootstraps were needed. b,c, Maximum
parsimony trees (with branch-length estimation) constructed in MEGA X v.11.0.13

Years before present

(ref. 45) with 1,000 bootstrap iterations based on a16S ribosomal RNA alignment
of several mycobacterial representatives with ambiguous sites masked in

the lower coverage genome ECROO01 (b) and 650 full genomic alleles called at
fourfold read support (c). d, Maximum clade credibility tree with median heights,
reconstructed using the BSP and relaxed clock. Branches ind are colour-coded
on the basis of the median rate estimates from the optimized relaxed clock
model, with blue indicating lower rates and red indicating higher rates. Node
labels show posterior support values.

human M. lepromatosis thus far sequenced at the genomic level. For
all polymorphic positions, 94 occur uniquely in the ancient genomes
of which 43 correspond to non-synonymous changes with potential
functional significance (Supplementary Table 12).

Emergence scenarios for M. lepromatosis

Reconstruction of the first ancient M. lepromatosis genomes with such
deep chronology offers an unprecedented opportunity to explore the
evolutionary history of the species. Using the radiocarbon ages of skeletal
elements from ECRO01 and ECRO03 and the collection year for all mod-
ern genomes (Supplementary Table 14), time-calibrated phylogenetic
trees were constructed to estimate divergence times and evolutionary
rates using the BEAST v.2.7.7 software package*®. Topology of the Bayes-
ian phylogeny agrees with that inferred from parsimony (Fig. 3d). For
thorough comparison we considered both strict and optimized uncor-
related relaxed log-normal clock models* along with both the Bayesian
skyline plot (BSP)**and the coalescent constant population size model for
demographicinference (Supplementary Information Section 5.1). Model
selectionstrongly supported arelaxed clock with BSPindicating rate het-
erogeneity amongbranches (Supplementary Table 15a), which may reflect
host-specificadaptations withinhuman-and rodent-associated lineages.

Strength of temporal signal in the data was investigated via date
randomization test*’ (Supplementary Figs. 15 and 16). Simulations
here showed a small proportion of overlap in the clock rate param-
eter (Supplementary Fig. 17), which indicated that a Bayesian frame-
work may not estimate evolutionary rates and timescales with high
confidence. This limitation probably arises from the small number
of available genomes. We, therefore, chose to apply a prior distribu-
tion for the rate parameter based on previous estimates inferred for
M. leprae (Supplementary Information Section 6.3). The best-supported
model estimates an evolutionary rate of 6.91 x 10~° substitutions per
site per year (95% HDPI: 0.34 x 10"°-15.64 x 107 substitutions per site
per year) for M. lepromatosis, which agrees closely with estimates
obtained viaother models (Supplementary Table 15b), as well as previ-
ous estimates for M. leprae genomic substitution rates (Supplementary
Table 16). From this, we estimate the median time for the most recent
common ancestor (tMRCA) of M. lepromatosistobe ~26,800 years ago
(95%HPDIrange of 4,206 t0 115,340 yr BP) (Supplementary Table 15b).
Genomes obtained from human hosts yield a divergence estimate of
~12,600 years (95% HPDI: 5,304 to 49,659 yr BP), while the tMRCA for
thered squirrel clade is ~440 years (95% HPDI: 73 t0 2,063 yr BP) (Sup-
plementary Table 15b). The estimates proposed here are consistent
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withresults obtained from alliterations tested, supporting robustness
across different demographic and molecular clock models (Supple-
mentary Table 15b and Supplementary Figs. 17-20). Our tMRCA for
M. lepromatosis closely aligns with results presented elsewhere based
onmoderndata®, althoughwith broader temporal intervals resulting
from either ourinclusion of ancient genomes or our selection of more
permissive models. Further refinement of the origin, evolution and
relationship between the ancient strains and those from the regions
where the disease is found today is expected to come with additional
genomic examples made available throughincreased awareness for its
detectioninboth clinical and archaeological contexts.

Recentinvestigations of M. leprae, as well as several other bacterial
pathogens where ancient genomes are available, place their extrapo-
lated coalescence date in the last 6,000 years, which correlates with
cultural adaptations such as the adoption of agriculture and animal
husbandry in the Neolithic that are regarded as conducive to the emer-
gence and maintenance of new pathogens in human groups'®*°~**>. The
current analysis reveals a different evolutionary history for M. lepro-
matosis: although based on only afew genomes, multiple simulations
suggest acommon ancestor for the human-associated lineages which
temporally aligns with the Pleistocene-Holocene transition. This
encompasses awarming period wherein human movements were less
impededby largeice sheets that covered 25% of the Earth’s land surface
during the Last Glacial Maximum. Further exploration of the vast ter-
ritories of the American continent soon followed, as demonstrated
by the sudden increase in archaeological sites which indicate human
activity®*. This opens opportunities for acquisition of new infectious
diseases and their transmission between connected groups. Our find-
ing of two M. lepromatosis infections in South America, before the
periods of known contact with either Oceanian or European popula-
tions, implies either movement of the pathogen within human groups
during anearly peopling event or its previously established endemicity
inthe continentin aseparatereservoir species eventually acquired by
humans. The latter would imply that its current distribution arises from
apostcolonial dissemination, and would make it one of the few global
diseases known to have emerged in the Americas™. Its presence in the
continent has thus far remained undetected based on morphologi-
cal analyses of human archaeological tissues, where skeletal lesions
ascribed to Hansen’s disease are limited to examples from the post-
colonial period*®, with the exception of two potential infections from
the northern Pacific Coast that await molecular characterization and
confirmation of their possible pre-AD 1492 status®’. Additional ancient
genomes from either human or faunal remains may eventually disen-
tangle the current mystery of its origin and possible means of acquisi-
tionamong the hunting-gathering-fishing groups studied here. It may
also assist in the establishment of morphological diagnostic criteria
for disease identification in the archaeological record.

While we observe a deep divergence between the human- and
rodent-associated lineages, current data from non-human sources
arelimited to modern rodent lineages within a restrictive geographic
spreadinlreland and the United Kingdom®®, fromasingle introductory
event of unknown origin within the last 500 years. While surveillance
has as yet failed to identify M. lepromatosis or M. lepraein several squir-
rel species in mainland Europe®, analogous efforts in other parts of
the world are needed to explore its ecological distribution in broader
scale. Greater awareness of this pathogen and its potential for zoonotic
transmission from armadillos is also being explored given that they
are known reservoirs of M. leprae in the Americas. Previous contact
with these animals (handling or consumption) has been reported in
two individuals with confirmed M. lepromatosis infection in Mexico®.
Screening efforts of several species of armadillos have also begun in
Brazil, where human infections with M. lepromatosis represent >10%
of reported instances of Hansen'’s disease®. Of note, both individu-
als studied here come from archaeological contexts in Chile that are
outside the current range of armadillos.

Modern M. lepromatosis in perspective

Since its discovery in 2008, M. l[epromatosis has been regarded as a
second causal pathogen for Hansen’s disease. While associated with
the more severe forms of DLL and LP, these presentations are equally
considered within the clinical spectrum of M. leprae infection?. Distinc-
tion between the two pathogens through use of the recently validated
species-specific PCR assay®® has the potential to elucidate the true
global prevalence of M. lepromatosis. Here, we aim to raise awareness
of M. lepromatosis infection through demonstration of its previously
unknown health impact along the Pacific Coast of South America sev-
eral millennia in the past. This region currently has a low incidence of
Hansen'’s disease where occasional reported cases, thus far attributed
to M. leprae, are thought to result from travel to regions within Latin
Americawhere disease incidence is high®***. Its restricted modern geo-
graphicdistribution may in partbe due toits decreased transmissibility
incomparison to other globally dispersed pathogens. Management of
humaninfectionsin living populations remains a principal concern, and
adoption of aOne Health perspective could provide the means to elu-
cidate the zoonotic potential of this disease bothin the present as well
asthe past®. Available data suggest that squirrel populationsin Britain
and Ireland may be the sole non-humanreservoir for these pathogens in
West Eurasia®®*’, The results of such screenings from rodent populations
in East Eurasia have yet to be reported, and recent evidence suggests
that wild rodents may be a natural source of M. leprae in Brazil®. This
highlights the need for broader-scale investigations into potential
wild reservoirs for both M. leprae and M. lepromatosis. The capacity
of armadillos to harbour M. lepromatosis infection in Latin American
countries, especially those where DLL representation is high, such as
Mexico and the Caribbean?”, should also be considered. Given the nar-
row known host range for M. leprae, susceptibility in rodents, armadil-
los or other animals may be related to their possible maintenance of
M. lepromatosis in the past. Further contributions are also expected
to come from palaeogenomic analyses that continue to explore past
disease landscapes represented in both human and animal remains.

Methods
Skeletal elements were selected for analysis on the basis of gross
examination of morphological features suggestive of active
infectious disease. See Supplementary Information Section 2
for a detailed description of the two individuals who yielded the
M. lepromatosis genomes. Bone powders underwent a demineraliza-
tionand protein-mediated lysis vial6-hincubation at 37 °Cwith 0.45M
EDTA buffer (pH 8.0, Thermo Fisher), 0.25 mg ml™ of proteinase K
(Sigma-Aldrich) and 0.05% Tween (Sigma-Aldrich) in Lo-Bind 2-ml
Eppendorftubes. Single-stranded DNA libraries were constructed from
400 pl of digested bone through an automated process, as described®’,
and were sequenced on an Illumina HiSeq 4000 using single-end
75 base pair (bp) chemistry to a depth of 5 million reads. Data were
processed with the HOPS (Heuristic Operations for Pathogen Screen-
ing) pipeline®’, which performs a metagenomic evaluation through
MALT onthe basis of areference database of 6,000 full genomes from
bacteria and viruses®?, followed by extraction of reads assigned to
a customized list of 1,915 reference pathogen genomes, including
bacteria, virus, fungi and parasites. HOPS was run using nf-core/eager
v.2.4.3 pipeline***’. Sample and control libraries were enriched for
M. leprae or M. lepromatosis DNA in two rounds of consecutive
in-solution capture®® automated on the Bravo NGS workstation. Both
non-enriched and enriched library products were sequenced onanlllu-
minaHiSeq4000 using single-end 75-bp chemistry. Damage patterns
suggestive of ancient DNA were estimated by DamageProfiler v.0.4.9
(ref. 69) as implemented in nf-core/eager v.2.4.3 pipeline. Damage
plots generated by the software were visually inspected and validate
the antiquity of both human and pathogen DNA.

To evaluate human DNA content, shotgun and enriched data were
analysed using nf-core/eager v.2.4.4 (ref. 34) (Supplementary Table 5).
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Adaptor sequences were trimmed with AdapterRemovalv.2.3.2 (ref. 70)
using default parameters for removing low-quality reads (minimum
read length =30 and minimum base quality = 20). Before being merged,
three bases were trimmed from both ends of each read using fastp
v.0.20.1 (ref. 71). As DNA recovery in both individuals was too low for
whole-genomic evaluation of ancestry, sequences were subsequently
mappedtothe revised Cambridge reference sequence (NC_012920.1)
using bwa v.0.7.17 (ref. 72) with --bwaalnn 0.01 and --bwaalnl 32 for
mitochondrial haplogroup determination. Mapped sequences were
quality filtered using samtools v.1.12 (ref. 73) for a minimum quality
of 37 and a minimum length of 30. VCF files were constructed using
GATKs unified genotyper v.3.5 (ref. 74) resulting in amean coverage of
3.6x and 2.4x for ECROO1 and ECROO03, respectively. HaploGrep v.2.4
(ref. 75) was used to assign mitochondrial DNA haplogroups, which
were later manually confirmed. The resulting haplogroups indicated
a Native American origin for both individuals: ECROO1 belongs to
A2+ (64) and ECRO03 to D4h3ala.

Additional methods regarding the genomic analyses and molecu-
lar dating can be found in Supplementary Information Sections 5 and
6, respectively.

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

Data availability
Dataare accessible viathe European Nucleotide Archive (ENA) project
ID ERR13916540 and ERR13916541.
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Extended Data Fig. 1| Heat map of relative mapping coverage over annotated

coding regions of the FJ924 M. lepromatosis genome. Plot is restricted to all
annotated genes that have less than 85% coverage at 4-fold read depth in any of

the genomes or less than 85% average coverage at 1-fold depth in the probe set at

the stated mapping stringency (based on a pooled dataset of ‘A’and ‘B’ probes).
Red square indicates genes of interest with asymmetric coverage across species-
associated lineages. Blue box indicates genes with coverage in either ancient
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Data are accessible via the ENA project ID ERR13916540 and ERR13916541
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant
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groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Microbial DNA analyses from archaeological human remains.
Research sample Achaeological human bone.
Sampling strategy Data were obtained from two bones, each from a different individual that represent different archaeological sites. Both genomes

reported are high coverage and are treated as separate data points in our analyses.

Data collection Bones were selected by Dario Ramirez. Sequencing data were obtained from a HiSeq 4000 and were analyzed by the team included
in the author list.

Timing and spatial scale  The bones are dated to ca. 4000 years ago.

Data exclusions N/A
Reproducibility Analytical procedures are described in detail in our supplementary information.
Randomization Randomization was performed to test the robusticity of our molecular dating analysis by randomly shuffling the dates of the ancient

and modern genomes and running simulations to compare strength of temporal signal.

Blinding N/A

Did the study involve field work? |:| Yes |Z| No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Palaeontology and Archaeology
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Specimen provenance Skeletal elements for this work were obtained under permits N° 43.341 dated August 31 2022 of the Consejo de Monumentos
Nacionales issued by the Ministerio de las Culturas, las Artes y el Patrimonio of Chile

Specimen deposition N/A
Dating methods Radiocarbon dates were obtained from the Curt-Engelhorn-Center Archaeometry.
|Z| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Ministerio de las Culturas, las Artes y el Patrimonio of Chile

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied-

Authentication Describe-any-atthentication-proceduresfor-each-seed-stock-used-ornovel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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