DISSERTATIONES
BIOLOGICAE
UNIVERSITATIS
TARTUENSIS

462

BIANCAMARIA BONUCCI

Reading the archaeological record
through ancient biomolecules:
preservation, disease landscapes, and
human-microbe interactions in the past




DISSERTATIONES BIOLOGICAE UNIVERSITATIS TARTUENSIS
462



DISSERTATIONES BIOLOGICAE UNIVERSITATIS TARTUENSIS
462

BIANCAMARIA BONUCCI

Reading the archaeological record through
ancient biomolecules: preservation,
disease landscapes, and human-microbe
interactions in the past

b

UNIVERSITY oF TARTU
Press

—
o —
O E—
D —
—
—



Institute of Molecular and Cell Biology, Institute of Genomics, University of Tartu,
Estonia

The dissertation was accepted for the commencement of the degree of Doctor of
Philosophy in Gene Technology on the 19th of June, 2026 by the Council of the Institute
of Molecular and Cell Biology, University of Tartu.

Supervisors: Christiana Lyn Scheib, PhD; Research Fellow, Department of
Zoology, University of Cambridge, Cambridge, UK

Kristiina Tambets, PhD; Professor of Archacogenomics,
Estonian Biocentre, Institute of Genomics, University of Tartu,
Tartu, Estonia

Antonio de Dios Martinez, PhD; Research Fellow in Ancient
Metagenomics, Estonian Biocentre, Institute of Genomics,
University of Tartu, Tartu, Estonia

Opponent: Camilla Speller, PhD; Associate Professor, Department of
Anthropology, University of British Columbia, Vancouver, Canada

Commencement: Room No 105, 23B Riia St, Tartu, on 14" of August, 2026, at 10.15.

Publication of this thesis is granted by the Institute of Molecular and Cell Biology and
the Institute of Genomics, University of Tartu.

This research was funded by the European Research Council Advanced Grant “Making
Ancestors: The Politics of Death in European Prehistory” (no. 885137); the Ministry of
Education and Research Centres of Excellence grant TK215 Estonian Roots: Centre of
Excellence for transdisciplinary studies on ethnogenesis and cultural diversity; the
European Union though the European Regional Development Fund (Project No. 2014—
2020.4.01.16-0030). Data analyses were in part carried out at the High-Performance
Computer Center of the University of Tartu.

—
N

9

vf%

Ancestors;& b 2 NS

Making Ancestors: The Polmcs x‘b % TEA DUSMINISTEERIUM W,. !s: a‘%
< /

of Death in Prehistoric Europe §
“‘(' A
W .

ISSN 1024-6479 (print)

ISBN 978-9908-57-275-8 (print)
ISSN 2806-2140 (pdf)

ISBN 978-9908-57-276-5 (pdf)

Copyright: Biancamaria Bonucci, 2026

University of Tartu Press
www.tyk.ee



To my parents,

for their sacrifices,

for nurturing my curiosity,
and for always encouraging me
to pursue my dreams.






TABLE OF CONTENTS

LIST OF FIGURES AND TABLES ..ottt 10
FIGUIES o.eviiieeieetece ettt e et e e ta e s taestaeesbesnsaensaessaessnes 10
TADIES ...ttt sttt et 10

LIST OF ORIGINAL PUBLICATIONS ....ocoiiiieieieeeeee e 11

AUTHOR’S CONTRIBUTION TO THE LISTED ARTICLES................... 12

ABBREVIATIONS ...ttt ettt sttt sse e sse s nas 13

1. INTRODUCTION.....ccotiitiiiiiieiteientteesie ettt 15

2. LITERATURE OVERVIEW .....ooiiiiiiiiiieeeee et 17
2.1 A microbial WOrld.........ccooiiiiiiiiinieiiiee e 17
2.2 Ancient DNA as the foundation of biomolecular archaeology........... 18

2.2.1 Ancient DNA, from the first steps to high-throughput
SCQUEIICING. .. .evveerreerreerieereresreeseesseeseesseesssessseesseessesssessssenssennns 18
2.2.2 How does DNA degrade ..........ccoeevveieeniienieniieieeieeseeeee e 19
2.2.3 Characterising and authenticating aDNA damage..................... 20
2.3 The ancient metagenomics revolution: from single genomes to
mixed DNA assemblages.........cccovvverrieriieriieniiesiesie e 21
2.4 Proteins as a complementary data SOUICE ..........ccceveeieniereerieneneennens 22
2.5 Methods in ancient metagenomics and ancient proteomics................ 23
2.5.1 From archaeological material to sequencing............c.cccecuenee.e. 23
2.5.2 Bioinformatics methods in ancient metagenomics ................... 24
2.5.3 Ancient protein eXtraCtion........c..ccvevveereervesveerreerseeseesnesnennns 28
2.5.4 Ancient protein identification and data analysis....................... 28
2.5.5 Metadata, databases, reproducibility........c...cccceevvieviiencrirnnnnnn. 30
2.6 Host associated biomolecular archives............ccoccevveeieninceseneneeen, 31
2.6.1 Teeth as microbial archives..........cccecereeierinienenececeeee 31
2.6.1.1 Dental calculus as the primary host-associated
ATCRIVE ..o 32
2.6.1.2 Dentine and the pulp chamber for pathogen
dEteCtiON ....eeueeeieiiee e 33
2.6.1.3 Caries, the necrobiome, and postmortem tooth
100 (0110] 03 (0] [0y 20RO 33
2.6.2 Palaeofaeces as gut-associated biomolecular archives ............. 34
2.6.3 BOMES ...eeiiiiieiiie ettt e 34
2.7 Environmental DNA and ancient sediments............cccccecueeeenieencennen. 35
2.8 Beyond human remains: other biomolecular archives........................ 37
2.9 Ancient pathOgen ZENOMICS........cccverveerreerieerieereesreereereereesseesseenenes 38
2.9.1 From the first steps of palacomicrobiology to ancient
PAthOZEN ZENOMICS. ... .eciiieiieriieeiieeie ettt et eeeens 38
2.9.2 Yersinia pestis as a model pathogen in ancient pathogen
OTIOIIIICS ..vveeivieeiieeereeeteeeereeeseeeereessseesseeessseesnseeessaennseesssens 39



2.9.3 Zoonoses and disease [andscapes..........cceeeeveeerieeriieecieenneennnes 41

2.9.4 Limitations in ancient pathogen genomics...........c.cceevereverennnn. 42
2.10 Ethics in ancient metagenomics research: from sampling to
long-term responsibility, to community involvement ....................... 43
2.11 Future and perspectives in the field of ancient metagenomics:
about MAGS, functional studies, multidisciplinarity ..............c.......... 45
3. AIMS OF THE STUDY ..ottt ettt 48
3.1 Specific aims of the first study (REF I) : Biomolecular preservation
N SediMEeNt CONCIETIONS ......verveeeieeieeieiesieeie ettt 48
3.2 Specific aims of the second study (REF II): Bone-adhered sediments
as sources of ancient biomolecules............ccccceevervieniiiniiecieieeeee, 48
3.3 Specific aims of the third study (REF III): Infectious disease
landscapes in medieval Sint-Truiden..........cccceeevverciieniie e, 49
3.4 Specific aims of the fourth study (REF IV): Co-occurrence of
zoonotic pathogens in prehistoric EUrope .........cccocceeevvecivecivenieennenen. 49
4. MATERIALS AND METHODS ......cooiiiiieeeeeeee e 50
41 R L 50
4.2 R Il ettt 52
4.3 R IIT oottt et ne e 54
4.4 R TV et 57
5. RESULTS AND DISCUSSION ......oociiiiieieiieienieeeenieeeeie e eee e 60
5.1 Concretions covering human remains preserve microbial ancient
DNA and proteins (REF I)......ccccoeeeiiiiiiiiiiiceieeee e 60
5.1.1 Low ancient human DNA content in concretions and
COTTESPONAING LISSULS ..vveeeireiiieiieiieeiieeie e eieesieesaeeseeseeeeeens 61
5.1.2 Ancient oral microbial genomes can be retrieved from
COMCTEIONS 1.eeetieuieenieette sttt et e et et e bt e site st e e bt e bt e sbeesaeeeeeens 61
5.1.3 Preservation of human and bacterial peptides..............ccceveeee. 64
5.2 Obtaining ancient genomic and proteomic data in a nondestructive
manner from bone-adhered sediments. (REF II)............cccccevvrennennnee. 65
5.2.1 Endogenous Human aDNA and Proteins..........c.ccccevevveeveennnns 67
5.2.2 Detection of microbial DNA and peptides...........cccecvervveuennen. 67
5.2.3 Black rat (Rattus rattus) DNA and proteins retrieved from
ONE SAMPIE 1.evvieerierieiieiieereere et e et e steesreeereebeeseeseeesesessseesseens 69
5.3 Infectious landscape in a long-used medieval cemetery in Flanders
(REF TIL) ettt 73
5.3.1 Population genetics of Sint-Truiden through time..................... 73
5.3.2 Metagenomic findings and broader infectious landscape.......... 73
5.3.3 Plague evidence despite historical absence..........c...ccccvveeenneen. 74
5.3.4 Immunity-related analyses ..........cccoceeveerieriieniienieeeeeeeeen, 75

5.4 Evidence for the co-occurrence of Yersinia pestis and the zoonotic
pathogen Erysipelothrix rhusiopathiae in prehistoric Europe



5.4.1 Genetic ancestries of Grotta della Spinosa..................ccuueuunn.. 76
5.4.2 Y. pestis presence in Southern Europe earlier than previously

thOUZRE ..o 77

5.4.3 Erysipelothrix as a possible marker of zoonotic contacts......... 80

6. CONCLUSIONS. ...ttt st 84
SUMMARY IN ESTONIAN ..ottt 87
REFERENCES ...ttt et 91
ACKNOWLEDGEMENTS ...ttt 118
PUBLICATIONS ...ttt ettt ettt ettt ettt sse s et esseensennas 123
CURRICULUM VITAE .....oiiiiiieeeeese ettt 258
ELULOOKIRJELDUS ...ttt 263



Figure 1:
Figure 2:

Figure 3:
Figure 4:

Figure 5:
Figure 6:

Figure 7:
Figure 8:

Figure 9:
Figure 10:

Figure 11:
Figure 12:
Figure 13:
Figure 14:

Figure 15:

Table 1:

LIST OF FIGURES AND TABLES

Figures
Characteristic aDNA damage pattern..........cccceeveeevercieenieeneeennen. 21
Overview diagram of the main steps and tools of the
nf-core/eager PIPEliNe.........cceevveeiieriiniirie ettt 25
SEM images of a cross-section of an archaeological human
tooth with a dental calculus deposit.........ccccevevvierciieeniieciieeee, 32
Map of Italy, with the sites highlighted, site map, and
archaeological material............ccccoevviieiiiiiiiiiece e, 60
Microbial ecology background of the samples..........ccccceeeennenne 62
Circos plot of the mapping of samples PALOOSE and PALO06C
and phylogenetic tree of AbOt439 .......oovvieviiiiiiiieiieeeeeeee, 63
Relative proportions of peptides by organism and Venn diagrams
showing number of species per sample type and individual ....... 64
Geographical, chronological, and osteological sampling areas
used in this StUAY ...c.eeeiviieciieee e 66
Bacterial composition of the samples in this study ..................... 68

Population genomic analyses of the ancient R. ratfus genome
recovered from NMSO022B ........ccccooevieniniiiininienineceneneeens 70

R. rattus specific peptide identification from sample NMS022B . 72
Temporal distribution of the metagenomic findings ................... 75
Phylogenetic relationships and gene content of GSP013 ............ 79

Geographic and temporal distribution of Erysipelothrix spp.
genomes reported in this StUAY .......cvevverierericiiecieerieseeee e 81

Phylogeny of modern and ancient Erysipelothrix rhusiopathiae .. 83

Tables

Mapping statistics for putative pathogens detected in the
SAIMPIES ...eeiiiieiieeciee ettt ettt e et e e tb e e ebeeesebeesreeetbeeesbaeeaaeas 77

10



L

IL.

III.

Iv.

LIST OF ORIGINAL PUBLICATIONS

Bonucci, B., de-Dios, T., Barbieri, R., Thompson, J. E., Panella, S., Radina, F.,
Sivilli, S., Kabral, H., Solnik, A., Tafuri, M. A., Robb, J., & Scheib, C. L.
(2025). Ancient microbial DNA and proteins preserve in concretions

covering human remains. iScience, 28(8), 113182.
https://doi.org/10.1016/j.is¢i.2025.113182.

de-Dios, T., Bonucci, B., Barbieri, R., Kushniarevich, A., D’Atanasio, E.,
Dittmar, J., Cessford, C., Solnik, A., Robb, J. E., Warinner, C., Oras, E., &
Scheib, C. L. (2025). Bone adhered sediments as a source of target and
environmental DNA and proteins. Molecular Biology and Evolution, 42(9),
msaf202. https://doi.org/10.1093/molbev/msaf202.

Beneker, O., Molinaro, L., Guellil, M., Sasso, S., Kabral, H., Bonucci, B.,
Gaens, N., D’Atanasio, E., Mezzavilla, M., Delbrassine, H., Braet, L.,
Lambert, B., Deckers, P., Biagini, S. A., Hui, R., Becelaere, S., Geypen, J.,
Hoebreckx, M., Berk, B., Driesen, P., Pijpelink, A., van Damme, P.,
Vanhoutte, S., De Winter, N., Saag, L., Pagani, L., Tambets, K., Scheib, C. L.,
Larmuseau, M. H. D., & Kivisild, T. (2025). Urbanization and genetic
homogenization in the medieval Low Countries revealed through a ten-
century paleogenomic study of the city of Sint-Truiden. Genome Biology,
26(1), 127. https://doi.org/10.1186/s13059-025-03580-z

de-Dios T.*, Bonucci B.*, Thompson J. E., Panella S., Barbieri R., Keller M.,
Saupe T., Bernardini S., Sasso S., Thirolle M., Solnik A., Kabral H.,
Aranguren B., Sanz M., Daura J., Lalueza-Fox C., Kivisild T., Metspalu M.,
Guellil M., Tafuri M. A., Robb J., Scheib C. L. Co-occurrence of Yersinia
pestis and other zoonoses during European prehistory. bioRxiv doi:
https://doi.org/10.64898/2026.02.20.707102.

*These authors contributed equally.

11



AUTHOR’'S CONTRIBUTION TO THE LISTED ARTICLES

The author’s contributions to the listed publications are as follows:

REF1I: 1 was part of conceiving the study, performed laboratory work,
participated in all data analyses, interpreted results and co-wrote the
manuscript.

REF II: 1 generated figures, participated in the microbial analysis, performed
the Dstat, interpreted the results and co-wrote the manuscript.

REF III: I performed laboratory work.

REF 1V: I performed laboratory work, participated in all data analyses, gene-
rated figures, interpreted results and co-wrote the manuscript.

12



ABBREVIATIONS

1240k 1240k single nucleotide polymorphism capture panel
AADR Allen Ancient DNA Resource

aDNA Ancient DNA

ANGSD Analysis of Next Generation Sequencing Data
ANI Average Nucleotide Identity

ANOVA Analysis of Variance

BAM Binary Alignment Map

BCE Before Common Era

BLAST Basic Local Alignment Search Tool
BLASTP Basic Local Alignment Search Tool for proteins
BP Before Present

bp base pairs

BWA Burrows-Wheeler Aligner

CAA Chloroacetamide

cal calibrated years

CE Common Era

clr Centered Log-Ratio

CpG Cytosine-phosphate-guanine dinucleotide
cRAP common Repository of Adventitious Proteins
DNA Deoxyribonucleic acid

DDR DNA damage response

dsDNA double-stranded DNA

EDTA Ethylenediaminetetraacetic acid

eHOMD expanded Human Oral Microbiome Database
FASP Filter-aided sample preparation

FDR False discovery rate

Fst fixation index

GASP Gel-aided sample preparation

GATK Genome Analysis Toolkit

HBV Hepatitis B virus

HCI Hydrochloric acid

HHV Human herpesvirus

HOM Human Oral Microbiome

HO Human Origins array

HRC Haplotype Reference Consortium

HSV-1 Herpes simplex virus type 1

IBD Identity by descent

IGV Integrative Genomics Viewer

LC-MS/MS Liquid chromatography-tandem mass spectrometry

13



LNBA
MAF
MAGs
MALT
MAPQ
MEGAN
ML
MTBC
NCBI
NGS
nMDS
PAHs
PCA
pCD1
PCoA
PCR
pH

pla
PMD
pMT1
PNK
pPCP1
PSM
qPCR
RNA
rRNA
sedaDNA
SMAG
SNP
SP3
TBE
TCEP
TEAB
TFA
tRNA
UDG
UK10K
USER
Uuv
WHO
ymt

Late Neolithic and Bronze Age

Minor Allele Frequency
Metagenome-assembled genomes
MEGAN Alignment Tool

Mapping quality

MEtaGenome ANalyzer

Maximum likelihood

Mycobacterium tuberculosis complex
National Center for Biotechnology Information
Next-generation sequencing

non-metric multidimensional scaling
Polycyclic aromatic hydrocarbons
Principal Component Analysis

Plasmid calcium dependence 1
Principal Coordinate Analysis
Polymerase Chain Reaction

potential of hydrogen

plasminogen activator

post-mortem damage

Plasmid murine toxin 1

Polynucleotide kinase

Plasmid coagulase/plasminogen activator 1
Peptide-spectrum match

quantitative Polymerase Chain Reaction
Ribonucleic acid

ribosomal RNA

sedimentary ancient DNA

Species-level Metagenome-Assembled Genome catalog
Single Nucleotide Polymorphism
Single-pot, solid-phase-enhanced sample preparation
Transfer Bootstrap Expectation
Tris(2-carboxyethyl)phosphine
Triethylammonium bicarbonate
Trifluoroacetic acid

transfer RNA

Uracil-DNA glycosylase

United Kingdom 10,000
Uracil-Specific Excision Reagent
Ultraviolet

World Health Organization

Yersinia murine toxin

14



1. INTRODUCTION

Ancient biomolecular research has transformed the way archaeological remains
can be studied. Human bones, teeth, sediments, dental calculus, and mineralized
deposits are no longer viewed only as anatomical or environmental materials, but
archives that may preserve traces of human genomes, microbial communities,
pathogens, proteins, dietary evidence, and post-mortem processes (Der Sarkissian
et al., 2021; Warinner, 2022; Warinner et al., 2017a). The rise of ancient meta-
genomics has been particularly important within this framework because it has
expanded ancient DNA (aDNA) research beyond host genomes and single target
organisms, allowing mixed biological assemblages to be interpreted and studied
(Der Sarkissian et al., 2021; Warinner et al., 2017a). At the same time, ancient
proteins are a complementary molecular archive, because they may survive in
archaeological and palacontological materials where DNA is poorly preserved
(Hendy, 2021; Hendy, Welker, et al., 2018a; Warinner et al., 2022). Together,
ancient metagenomics and palaeoproteomics make it possible to move towards a
better understanding of past biological environments, human-microbe relation-
ships, diet, disease, and preservation.

This thesis explores the potential and limitations of ancient metagenomics and
palaeoproteomics for the study of archaeological materials. In particular, it focuses
on how different substrates preserve biomolecular information and how this infor-
mation can be used to reconstruct past interactions between humans, microbes,
animals, and environments. Teeth are especially valuable in the study of the past
because a single tooth contains multiple microhabitats that retain different infor-
mation. For example, dental calculus, a mineralized form of dental plaque, is the
richest known source of ancient DNA in the archaeological record (Mann et al.,
2018), and it is the only part of the human body that routinely fossilizes during
life. It is primarily composed of oral microbes, but can preserve entrapped materials
such as dietary microfossils, airborne and waterborne pollutants, host DNA,
proteins derived from food consumption, and in general acts as a sink for a range
of oral debris (Hendy, Warinner, et al., 2018; Radini et al., 2017, 2019; Warinner
et al., 2015; Weyrich et al., 2015). In addition, some pathogens have been found
in dental calculus, including Mycobacterium leprae, the causative agent of leprosy
(Fotakis et al., 2020). Dentine, instead, and especially the inner surface of the dental
pulp chamber, is one of the best sources for the retrieval of host and pathogen DNA.
Teeth are vascularized during life, with the dental pulp being supplied with blood
and nutrients via the root canal. Chronic blood-borne infections and acute events
can introduce pathogens into the dental pulp, and pathogen DNA may remain
preserved within the pulp cavity after death (Bos et al., 2019; Spyrou et al., 2019;
Warinner, 2022). Also, after death oral bacteria contribute to dental decom-
position (Mann et al., 2018) and their proteins and DNA can also be found in
samples obtained from dentine.

This thesis also aims to investigate less conventional substrates, including
concretions adhering to human remains and bone-adhered sediments, showing
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that overlooked, and for many years discarded, materials can retain ancient DNA
and proteins. Those can provide information on human-associated microbes,
human and non-human animals’ DNA, and information on depositional environ-
ments (REF I; REF II). The four studies included in this dissertation approach
ancient metagenomics from different perspectives. The first study evaluates
sediment concretions adhering to human remains as potential reservoirs of
ancient DNA and proteins, showing that, despite poor human DNA preservation,
concretions can preserve oral microbial DNA and human and bacterial peptides
(REF I). The second study investigates bone-adhered sediments as a minimally
destructive source of genomic and proteomic information, demonstrating that
such sediments can preserve host DNA, gut-associated microbial signals, and even
environmental biomolecular evidence, including a partial genome and proteome
of a medieval black rat, or Rattus rattus (REF 1I). These studies contribute to the
growing recognition that archaeological materials are not homogeneous archives,
but they are constituted of microenvironments whose biomolecular content
depends on substrate formation, mineralization, degradation, contamination, and
depositional history (Der Sarkissian et al., 2021; Hendy, Welker, et al., 2018a;
Warinner, 2022). Because archacological samples are finite, these studies open
up the possibility of using alternative and less destructive materials to retrieve
information about the past, while helping to safeguard our archaeological heritage.

The second part of the thesis applies ancient metagenomics to the study of
infectious diseases and zoonotic history. In the medieval cemetery of Sint-
Truiden (city in what is now Belgium), metagenomic screening revealed multiple
pathogen signals, including hepatitis B virus (HBV), Borrelia recurrentis, Herpes
simplex virus (HSV-1), and Yersinia pestis (REF III). The detection of Y. pestis
in fourteenth-century individuals is especially significant because written sources
do not record plague in Sint-Truiden at that time, demonstrating that the absence
of historical documentation should not automatically be interpreted as the
absence of disease (REF III). The final study investigates the co-occurrence of
Yersinia pestis and Erysipelothrix rhusiopathiae in prehistoric Europe, con-
tributing to current discussions on the diversity of Late Neolithic and Bronze Age
Y. pestis, and the role of zoonotic pathogens in contexts of increasing human-
animal contact (REF IV). Together, these studies show that ancient meta-
genomics is not only a tool for identifying individual infections, but also a way
to reconstruct broader infectious landscapes and ecological relationships among
humans, animals, microbes, and environments.

By combining ancient metagenomics and proteomics, and inserting them in
the archaeological context, this work highlights both the promise and the inter-
pretive challenges of studying complex biomolecular archives. As shown by the
studies presented here, these approaches can recover information from both tradi-
tional and overlooked substrates, while also revealing biological processes that
may remain invisible in skeletal evidence or written sources (REF I-1V).
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2. LITERATURE OVERVIEW

Humans have always had a complex relationship with microbes. From coopting
them to release nutrients from food or unlock psychoactive chemicals, to coping
with the diseases caused by falling out of balance with them, microbes are
invisible figures that have profoundly shaped human existence. This literature
overview highlights the state of the art in microbial archaeology and reflects upon
the question ‘what can archaeological remains tell us about our microbial past?’

2.1 A microbial world

Microorganisms, or microbes, are a diverse range of organisms that are not visible
to the naked eye. The existence of unseen life was suspected for centuries: Marcus
Terentius Varro in a Ist-century BCE book entitled De Re Rustica (On Agri-
culture) indicated the possibility of diseases spreading by unseen organisms,
which he called animalia minuta (Varro, 1934). It was the Dutch merchant
Antonie van Leeuwenhoek who was the first to observe and describe micro-
organisms, or “little animals”, using a single-lensed microscope of his own design
in 1677 (Corliss, 2002). But the importance of microorganisms to human health
was not fully appreciated until almost 200 years later, when Pasteur and Koch
first cultured bacteria from diseased tissues (Opal, 2009).

Now we know that microbes include bacteria, archaea, fungi, protists, micro-
scopic animals, and microscopic plants. Microbes occupy every imaginable eco-
logical niche across diverse environments, including soil, air, shallow waters, and
deep seas. They recycle nutrients, degrade pollutants and perform photosynthesis.
Despite being microscopic and easy to overlook, microorganisms influence a lot
of aspects of our daily lives. More than half of the cells in the human body are,
in fact, bacterial ones (Sender et al., 2016a, 2016b). Our gut microbiome, com-
posed of 10'* to 10'* bacterial and archaeal cells, helps us process food, some of
the microbes that constitute it are fundamental for the production of B and K
vitamins (LeBlanc et al.,, 2013; Warinner, 2022). Some microbes, such as
Saccharomyces cerevisiae or Lactobacillus delbrueckii, are also key actors in the
fermentation processes of what we eat and drink, they are the ones that convert
grapes to wine, milk to yogurt and more (Bourdichon et al., 2012, 2021).

Humans and animals have always had a complex relationship with microbes.
They have been important in shaping who we are, our evolution, and have been
key actors in historical and prehistoric events. By focusing on microbes and the
biomolecular traces they left, we can get a better understanding of our shared past.
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2.2 Ancient DNA as the foundation of biomolecular
archaeology

2.2.1 Ancient DNA, from the first steps to
high-throughput sequencing

Ancient DNA is genetic material that can be extracted from ancient remains dating
from decades to tens of thousands of years.

The source of aDNA can be as varied as the traces that living organisms leave
behind, from skeletal remains and mummified tissues to cave sediments, dental
plaque, and fossilized feces. The advancement that aDNA has made in the past
few decades has opened doors to countless new research questions concerning our
history.

In 1984, two short fragments of mitochondrial DNA, comprising 229 nucleotide
pairs, were sequenced from a quagga, a now extinct zebra-like species (Equus
quagga) from a museum specimen by Higuchi and colleagues (Higuchi et al.,
1984). In this study, the extracted quagga DNA was cloned through bacterial
plasmids (E. coli), inserts that were then sequenced by the Sanger sequencing
method (Higuchi et al., 1984), which itself was a relatively new technology,
developed by Fredrick Sanger and colleagues in 1977 (Sanger et al., 1977). The
extraction and sequencing of this extinct species’ DNA is considered the first
retrieval and sequencing of an aDNA molecule (Orlando et al., 2021). Over the
next few years, through investigations of mummified specimens, Svante Pdébo
showed that the preservation of DNA was not possible only in museum specimens
but could be replicated in different mummified human samples dated to several
thousand years (Pddbo, 1985a, 1985b, 1986). Although it later turned out that
these very first DNA sequences he retrieved were surely contamination from
present-day people (Zhao, 2024), these first works opened the doors to a revolution.

The development of next-generation sequencing (NGS) transformed the
situation. Unlike Sanger sequencing or PCR-based assays, NGS made it possible
to sequence millions of short DNA fragments in parallel, an approach particularly
well suited to ancient DNA because ancient molecules are usually highly frag-
mented and chemically damaged (Orlando et al., 2021). In combination with
improved library preparation, indexing, capture enrichment, and bioinformatic
methods, high-throughput sequencing enabled researchers to move from the
detection of single diagnostic fragments to genome-scale reconstruction.

This shift also changed the scale of ancient microbiome research. Early
microbiome studies often relied on PCR amplification of marker genes such as
16S rRNA, which provided broad taxonomic inventories but limited information
on strain-level diversity or function. It was also demonstrated that extensive
length polymorphisms in the V3 region were a cause of differential amplification
and lead to taxonomic bias in ancient microbiome reconstructions (Ziesemer
et al., 2015). Shotgun metagenomics made it possible to analyse all DNA preserved
in a sample, allowing researchers to reconstruct microbial community composition,
functional potential, and sometimes individual microbial genomes from substrates
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such as dental calculus, palacofaeces, skeletal remains, and sediments (Orlando
et al., 2021; Warinner et al., 2015; Warinner, Rodrigues, et al., 2014; Ziesemer
et al., 2015). This has moved ancient DNA research from the study of isolated short
sequences toward genome-wide and metagenomic approaches capable of investi-
gating DNA from different sources within the same methodological framework.

2.2.2 How does DNA degrade

Every cell of the human body is affected by thousands of DNA lesions each day
(Lindahl & Barnes, 2000). Some DNA errors are caused by physiological
processes, such as DNA mismatches that can occur during DNA replication or
DNA strand breaks caused by abortive topoisomerase activity (Jackson & Bartek,
2009). In addition to this, hydrolytic reactions and non-enzymatic methylations
cause lesions to the DNA in the cells every day. DNA damage is also produced
by reactive-oxygen compounds that are by-products of oxidative respiration or
through redox-cycling events that involve environmental toxic agents (Valko et al.,
2006). Reactive oxygen and nitrogen compounds are also produced by
macrophages and neutrophils at sites of inflammation and infections (Kawanishi
etal., 2006). Also environmental factors such as ultraviolet (UV) light, mycotoxins,
polycyclic aromatic hydrocarbons (PAHs) and ionizing radiation can cause DNA
strand breaks. In mammalian cells, DNA damage activates mechanisms that arrest
the cell cycle in order to allow the repair of the DNA, or if that is too severe to
induce cell death, most commonly by apoptosis(Plesca et al., 2008). These
mechanisms evolved to fight the threats posed to DNA, are collectively called
DNA-damage response (DDR) that detect DNA lesions, signal their presence and
promote their repair (Harper & Elledge, 2007).

However, as an organism dies, these enzymatic repair mechanisms that maintain
genomic integrity during life cease to function. Already in 1993 Lindahl examined
postmortem damage in detail (Lindahl, 1993). He presented a theoretical model
of DNA degradation based on the chemical properties of DNA, identifying
hydrolytic and oxidative decomposition as the most likely types of damage that
accumulate in aDNA. A few years later, Hofreiter and colleagues (Hofreiter et al.,
2001) noted that the excess of C to T and G to A miscoding lesions in PCR-
amplified DNA was likely a result of deamination of cytosine residues in aDNA
template molecules. The first step of DNA damage is usually a hydrolytic attack
of the bond that attaches the nitrogenous base of a purine to the nucleotide’s
deoxyribose sugar. This process is called depurination, as this step leads to the
removal of G and A bases, producing abasic sites along the DNA molecule. These
abasic sites make the phosphate backbone more exposed and thus susceptible to
attack. Next, cleavage of the phosphate bone occurs and usually this happens at
the 3’ abasic sites, a process called nicking. Because they only affect one strand
at any given position, these are called single-stranded nicks. As these nicks
accumulate along the DNA molecules, the DNA becomes destabilised and the
hydrogen bonds between the complementary bases become the primary force
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holding the DNA together. When two nicks form close to each other, the hydro-
gen bonds between the nicks may not be strong enough to hold the DNA together
and the helix may separate in a process known as melting (Fellows Yates et al.,
2025).

Over time, the effect of nicking over the DNA molecule causes a high degree
of fragmentation. Once the DNA is fragmented, nucleotides within the single
stranded overhangs become more exposed to further chemical attacks. The amine
group of the cytosine nitrogenous base is particularly vulnerable to hydrolytic
attack when not hydrogen-bonded to its complementary guanine, and it under-
goes cytosine deamination. During this process, the ammine group (NH2) is lost
and the cytosine base is turned into uracil, which is usually found in RNA, not
DNA.

Although cytosine deamination may occur at any time in DNA, the rate of its
formation is higher in single-stranded DNA (Frederico et al., 1993; Lindahl &
Nyberg, 1974). Consequently, aDNA molecules tend to accumulate uracils at the
fragment ends (Bokelmann et al., 2020). However, as most DNA polymerases
are not able to correctly recognize uracils, they misread uracils as adenines and
incorporate a thymine on the opposite strand during DNA amplification. During
each subsequent amplification cycle, the misincorporated T will propagate across
the subsequent copies of the original DNA molecule. This process produces the
characteristic patterns of C to T transitions observed in aDNA datasets, as well
as the corresponding G to A transitions in the complementary strand (Fellows
Yates et al., 2025).

One important variant of the cytosine deamination process occurs when the
cytosine is methylated, as is common in CpG islands involved in epigenetic DNA
regulation. Methylated cytosines can also undergo deamination, and when that
occurs the cytosine turns into a thymine, instead of a uracil.

2.2.3 Characterising and authenticating aDNA damage

Although aDNA was long known to be degraded, its true length distribution and
damage structure remained poorly understood before the rise of NGS. Early PCR-
based studies typically targeted fragments of approximately 100-500 bp, partly
because shorter molecules were difficult to extract, visualize, and amplify with
the methods then available. This created the misleading impression that aDNA
was present in low abundance but often retained moderate fragment length.
Dabney, Meyer, and Padbo (Dabney et al., 2013) later emphasized that aDNA is
usually much shorter and that earlier laboratory protocols systematically failed to
recover a large proportion of the shortest endogenous molecules.

The field changed decisively with the adoption of high-throughput sequencing,
because short ancient molecules could now be sequenced directly after adapter
ligation without requiring long intact PCR targets. Briggs and colleagues, working
on Neanderthal DNA, showed that purines were overrepresented immediately
adjacent to strand breaks, consistent with depurination-driven fragmentation
(Briggs et al., 2007). They also demonstrated the now well known excess of
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C to T substitutions at the 5’ ends of fragments and complementary G to A sub-
stitutions at the 3’ ends. This pattern, often visualized as the “smile plot” (Figure 1),
provided one of the clearest empirical demonstrations that postmortem damage
follows recognizable and interpretable molecular rules (Briggs et al., 2007).

The recognition that damage is predictable transformed it from a problem into
a tool. In modern aDNA research, damage profiles are central to authentication
because they help researchers distinguish genuine ancient molecules from modern
contamination. This principle underlies software such as mapDamage 2.0 and
PMDtools, which quantify terminal substitutions and fragmentation patterns in
order to estimate authenticity and preservation state (Jonsson et al., 2013;
Skoglund et al., 2014). Damage is therefore not simply a consequence of decay;
it is one of the most important criteria by which aDNA is identified as ancient.
At the same time, damage is not a straightforward molecular clock. (Allentoft et
al., 2012) showed that DNA decay rates are highly temperature-dependent, and
this means that a younger sample from a warm environment may be more
damaged than an older sample from a cold one. Damage patterns are therefore
most useful in relative rather than absolute terms: they help establish authenticity
and compare preservation, but they cannot on their own provide a simple measure
of sample age across different depositional contexts (Allentoft et al., 2012).
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Figure 1: Characteristic aDNA damage pattern.

Colloquially known as the “smiley plot”, it represents the output of the MapDamage2
program. The red line represents the C to T misincorporation rate from the 5° end on the
forward read, while the blue line represents the G to A misincorporation rate from the 3’
end on the reverse read. Adapted from MapDamage plots (Jonsson et al., 2013).

2.3 The ancient metagenomics revolution:
from single genomes to mixed DNA assemblages

Ancient metagenomics can be defined as the study of the total DNA content of
samples that have degraded over time (Fellows Yates, Andrades Valtuefia, et al.,
2021; Warinner et al., 2017a). Ancient metagenomics has emerged as one of the
most important extensions of biomolecular archaeology, because it expands the
focus of aDNA research beyond host genomes and single target organisms. In
recent years, the field of aDNA has undergone a shift. In fact, rather than treating
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microbial sequences as incidental background to human aDNA, in the last 10-15
years researchers have argued that they should be understood as part of the
archaeological framework in which biomolecular data are interpreted through
context, taphonomy, preservation, and depositional history (Bozzi et al., 2024;
Der Sarkissian et al., 2021; Warinner et al., 2017a).

In this respect, ancient metagenomics occupies an intermediate space between
environmental genomics, paleopathology, forensics and archaeological sciences.
It is at the same time a study of past microbes, of preservation environments, and
of the histories of the sources from which biomolecules are recovered. Most
archaeological samples preserve mixtures of host biomolecules, commensal
microbes, environmental organisms, post-mortem colonizers, and modern con-
taminants. The interpretive challenge is therefore not only taxonomic identification,
but the disentangling of overlapping biological and depositional processes. This
problem is precisely why ancient metagenomics has become so relevant to
archaeology: it forces explicitly contextual reasoning about burial, preservation,
material association, and post-depositional change (Der Sarkissian et al., 2021).

2.4 Proteins as a complementary data source

Proteins provide an important complementary archive to aDNA because they can
persist in archaeological and palaeontological materials under conditions where
DNA is poorly preserved. Since the first reports of amino acids in fossils, ancient
protein research has shown that proteins are not immune to degradation, but that
their chemical structure, abundance, tissue context, and association with mineral
matrices can allow some peptides to survive over long timescales (Abelson, 1954;
Goodfriend & Weidman, 2001; Hendy, Warinner, et al., 2018; Miller & Wyckoff,
1968; Paterson et al., 2025; Warinner, 2022). Peggy Ostrom was the first to
improve the sequence coverage of ancient proteins peptide mass fingerprinting
and liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Ostrom
et al.,, 2006). With the development use of high-sensitivity mass spectrometry,
palacoproteomics has become increasingly important for archacology and evo-
lutionary biology, enabling the study not only of individual proteins, but also of
complex proteomes and metaproteomes preserved in archaeological materials
(Hendy, 2021; Hendy, Welker, et al., 2018Db).

Protein preservation is highly selective and depends on both molecular
properties and depositional context. Mineralized substrates are particularly impor-
tant because mineral matrices can protect proteins from rapid degradation and
facilitate their long-term survival. This has been demonstrated in ostrich eggshell,
where mineral-bound proteins have survived for millions of years, and in dental
enamel, which can preserve phylogenetically informative proteins beyond the
temporal range usually accessible to aDNA (Cappellini et al., 2019; Demarchi
etal., 2016).

In archaeological contexts, proteins have been recovered from bone, dentine,
enamel, dental calculus, parchment, ceramics, palacofaeces, and eggshell, but each
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substrate preserves different classes of proteins and therefore supports different
kinds of interpretation (Hendy 2021; Warinner et al. 2022). Collagen remains
one of the most commonly recovered ancient proteins because of its abundance,
structure, and association with bone mineral, while enamel proteins and dental
calculus proteins can provide information on taxonomy, diet, host biology, oral
microbiomes, and immune responses (Welker et al. 2015; Mackie et al. 2017,
Cappellini et al. 2019; Hendy 2021).

Like aDNA, ancient proteins are affected by diagenesis. They are progres-
sively fragmented and chemically modified through processes such as hydrolysis,
oxidation, deamidation, and backbone cleavage, and these modifications vary
according to protein structure, burial environment, temperature, pH, water avail-
ability, and microbial activity (Hendy, Welker, et al., 2018a; Warinner et al., 2022).
Deamidation of glutamine and asparagine is often used as one line of evidence
for protein degradation and antiquity, but it cannot be treated as a simple mole-
cular clock because its rate depends on sequence context, three-dimensional
structure, and environmental conditions (Asmundsdottir et al., 2026; Hendy,
Welker, et al., 2018a; Warinner et al., 2022). For this reason, palaeoproteomic
interpretation requires careful attention to substrate formation, contamination,
peptide specificity, degradation patterns, and the archaeological context in which
proteins are recovered.

2.5 Methods in ancient metagenomics and
ancient proteomics

2.5.1 From archaeological material to sequencing

Ancient metagenomic work should begin in physically isolated clean-room
facilities, because ancient substrates usually contain low quantities of DNA
mixed with environmental, handling-derived, and laboratory-derived microbial
DNA (Hendy et al., 2018; Hiibler et al., 2019). Sampling is thus performed using
protective clothing, surface cleaning, UV irradiation or chemical decontamination
where appropriate, and extraction and library blanks to monitor contamination
introduced during laboratory processing (Hendy et al., 2018; Hiibler et al., 2019).
Sampling protocols and sample quantities highly depend on the material under
study, but all the protocols for DNA extraction from archaeological bones, teeth,
and sediment are optimized for highly fragmented molecules, often using decal-
cification followed by silica-based purification to recover short or ultrashort DNA
fragments (Rohland et al., 2018; Rohland & Hoftreiter, 2007).

After extraction, aDNA molecules are converted into sequencing libraries,
most commonly using double-stranded library preparation or, for highly degraded
material, single-stranded library preparation that can improve recovery of short
and damaged molecules (Gansauge & Meyer, 2013; Meyer & Kircher, 2010). In
2010, Briggs and colleagues developed the first enzymatic process to remove
damage signatures from aDNA fragments, focusing initially on aDNA from
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mammoths and Neanderthals (Briggs et al., 2010). With this method, aDNA frag-
ments are phosphorylated using polynucleotide kinase (PNK) and then treated
with the Uracil-Specific Excision Reagent (USER), a mixture of two enzymes.
The first enzyme, uracil-DNA glycosylase (UDG), locates and removes uracils
from the DNA fragments, leaving abasic sites. The second enzyme, endo-
nuclease-VIII, then clips the phosphate backbone at these sites. USER treatment
can be very useful because it removes all of the uracils from a DNA extract, but
it also shortens the DNA molecules. UDG or partial-UDG treatment may be used
to reduce cytosine-deamination-derived sequencing errors, while half-UDG treat-
ment preserves terminal damage patterns that are useful for authenticating aDNA
molecules (Briggs et al., 2010; Rohland et al., 2015).

Shotgun sequencing is useful when the aim is broad microbial or metagenomic
screening, whereas deeper sequencing or targeted enrichment can be used when
a specific pathogen or low-abundance taxon is suspected (Hiibler et al., 2019;
Pochon et al., 2023). Targeted enrichment is a laboratory approach used when a
particular taxon is suspected but present at low abundance. After sequencing
libraries are prepared, synthetic DNA or RNA probes complementary to the target
sequences are hybridized to the library molecules; the bound target molecules are
then pulled down, amplified, and sequenced at higher relative abundance. This
approach can substantially increase the recovery of low-endogenous or low-
abundance ancient DNA and has been used for both human and ancient pathogen
studies (Carpenter et al., 2013; Maricic et al., 2010; Schuenemann et al., 2011).
To note is that targeted enrichment depends on probe design and prior knowledge
of the target, it is not suitable for metagenomic community profiling, and needs
careful evaluation of time and temperature of hybridization (Carpenter et al.,
2013; Warinner et al., 2017b).

2.5.2 Bioinformatics methods in ancient metagenomics

Bioinformatic analysis of ancient metagenomic data begins with preprocessing
steps to reduce technical noise and keep informative sequences for downstream
analysis. These steps commonly include demultiplexing, adapter trimming,
merging of overlapping reads, filtering for quality and length, duplicate removal,
mapping, and taxonomic classification. Because ancient DNA molecules are
usually short, damaged, low in abundance, and mixed with DNA from many bio-
logical sources, preprocessing choices can strongly influence the final composition
of the dataset. For this reason, reproducible workflows such as PALEOMIX and
nf-core/eager (Figure 2) are commonly used in ancient DNA and ancient meta-
genomic studies, because they allow standardized processing and reproducibility
across datasets (Fellows Yates, Lamnidis, et al., 2021; Schubert et al., 2014).
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Figure 2: Overview diagram of the main steps and tools of the nf-core/eager pipeline.

The pipeline can take sequencing data in FASTQ or BAM format, or a TSV file
specifying FASTQ/BAM inputs. Raw reads can first undergo preprocessing, including
adapter removal and quality trimming, followed by quality evaluation with and indexing
or file conversion with SAMtools. Upstream steps include host DNA removal with
strip_fastq, complexity filtering with bbduk, and metagenomic screening with MALT or
Kraken2, which can be followed by ancient metagenomic screening with HOPS. Processed
reads are then mapped to a reference genome using BWA, Bowtie2 or CircularMapper,
followed by post-processing with SAMtools and duplicate removal with DeDup or
MarkDuplicates. Mapping quality and library complexity can be assessed using preseq,
Qualimap 2 and endoR.py, while additional statistics can be generated with MTNucRatio,
Sex.DetERRmine and bedtools. Ancient DNA authenticity and damage patterns can be
evaluated and modified using DamageProfiler, bamUtils, ANGSD, mapDamage2 and
PMDtools. Downstream analyses include genotyping with GATK, ANGSD, FreeBayes
and pileupCaller, consensus calling with VCF2Genome and MultiVCFAnalyzer, and
variant statistics with bcftools. Final quality-control summaries are collected in MultiQC,
and the pipeline produces files for downstream analyses, including FASTQ, BAM and
VCF outputs. Licensed under CC BY 4.0, designed by Zandra Fagernas.

Taxonomic classification is then used to answer the question ‘what is there’,
and identify the organisms represented in a sample.This can rely on nucleotide-
level k-mer-based tools such as Kraken2 (D.E.Woodetal,, 2019) and
KrakenUniq (Breitwieser et al., 2018), or on alignment-based approaches such as
BLAST (Altschul et al., 1990), MALT (Herbig et al., 2016) and MEGAN (Huson
et al., 2007). Taxonomic profiling can also use amino-acid-level classifiers, such
as Kaiju, which compares translated reads against protein databases (Menzel
et al., 2016) , or DIAMOND, which allows fast protein-level searches and can be
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useful for functional or distant-homology analyses (Buchfink et al., 2015). Marker-
gene-based approaches, such as MetaPhlAn, estimates microbial community
composition from clade-specific marker genes (Segata et al., 2012). In ancient
metagenomics all taxonomic assignments should be treated as preliminary and
need further validation, because they can vary depending on the taxonomic classi-
fier, and because short and damaged reads may be misassigned, especially when
closely related taxa share conserved genomic regions or when the true source
organism is absent from the reference database (Pochon et al., 2023; Warinner
et al., 2017b)

After taxonomic profiling, microbial diversity analyses can be used to compare
community composition between samples. Alpha diversity describes diversity
within a sample, while beta diversity describes differences between samples,
often using measures such as Bray-Curtis, Jaccard, or Euclidean distance, and
ordination methods such as Principal Component Analysis (PCA), Principal
Coordinate Analysis (PCoA), or non-Metric Multidimensional Scaling (nMDS)
(McMurdie & Holmes, 2013). In ancient metagenomics, abundance tables need
to be interpreted cautiously because read counts are compositional and affected
by sequencing depth, genome size, mappability, database composition, preser-
vation, contamination, and laboratory processing. Therefore, low-abundance and
low-prevalence taxa should be filtered, negative controls should be assessed, and
transformations such as centred log-ratio (clr) transformation can be used when
compositional assumptions are relevant (Aitchison, 1986).

In ancient metagenomics it is important for abundance tables to be filtered,
negative controls should be assessed, and contaminant-detection tools such as
decontam (Davis et al.,, 2018) and source-tracking tools as SourceTracker2
(McGhee et al., 2020) can be used to evaluate the possible origin of microbial
signals and whether it is a true or a false positive hit.

For candidate microbial taxa, taxonomic classification alone is not sufficient.
Candidate hits are usually validated by remapping reads to one or more reference
genomes using short-read aligners such as Burrows-Wheeler Aligner (BWA) (L1
& Durbin, 2009), Bowtie2 (Langmead & Salzberg, 2012), and many others.
Mapper choice and parameter settings are especially important because short
fragment length, post-mortem damage, and reference divergence can affect read
alignment and downstream interpretation (Key et al., 2017; Warinner et al., 2017a).
This allows researchers to assess number of reads, duplication, edit distance, frag-
ment length distribution, breadth and depth of coverage, evenness of coverage,
edit distance decay, Average Nucleotide Identity (ANI) (Hiibler et al., 2019;
Pochon et al., 2023). Authentication also relies on aDNA damage patterns, espe-
cially terminal C to T and G to A substitutions, which can be assessed with tools
such as mapDamage (Jonsson et al., 2013), PMDtools (Skoglund et al., 2014),
PyDamage (Borry et al., 2021), and MetaDamage(Everett & Cribdon, 2023) spe-
cifically for sedimentary ancient DNA (sedaDNA). These tools help assess whether
the organism is, indeed, ancient and present in the sample. Subsequently, the
genomes can be assessed for their gene content, in order to perform comparative
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identification of virulence genes over their evolutionary time frames (Spyrou et al.,
2019; Végene et al., 2018).

When sufficient data are recovered, microbial genome reconstruction and
comparative genomic analysis can be performed. This may include consensus
genome calling, single-nucleotide polymorphisms (SNPs) identification, gene-
content analysis, and screening for virulence-associated genes, plasmids, anti-
microbial resistance markers, or other functional elements. In ancient pathogen
studies, gene-content analysis can be important for understanding how virulence-
associated traits changed through time, as shown in studies of Y.pestis (Spyrou
et al., 2019), among others. However, the absence of a gene in a low-coverage
ancient genome must be interpreted cautiously, because it may reflect poor
preservation, or reference bias instead of a true absence.

Phylogenetic analysis can place ancient strains in an evolutionary context. How-
ever, reliable phylogenetic inference requires enough authentic DNA to recover
informative genomic positions, sufficient breadth and evenness of coverage,
limited contamination, and confident distinction from closely related taxa. For
suitable datasets, tree reconstruction is commonly based on SNP alignments, with
maximum-likelihood (ML) tools such as IQ-TREE2 (Minh et al., 2020) and
RAXML-NG (Kozlov et al., 2019) often used as tools for tree building. BEAST2
(Bouckaert et al., 2019) is a tool commonly used for Bayesian time calibration and
evolutionary rate estimation. Microbial phylogenetics also requires attention to
recombination, because horizontally transferred regions and mobile elements can
distort branch lengths and tree topology. Therefore, analyses often require filtering
out recombinant regions, repetitive or poorly mappable regions, low-quality SNPs,
homoplasy, and sites affected by excessive missingness, and of course post-mortem
damage, using tools such as bcftools (Danecek et al., 2021) , Gubbins (Croucher
et al., 2015) and ClonalFrameML (Didelot & Wilson, 2015).

In addition to microbial phylogenetic and comparative genomic approaches,
population-genetic analyses can be useful when ancient metagenomic data contain
sufficient host, or any other eukaryotic DNA. This may be relevant, for example,
when non-human animal taxa are identified in archaeological sediments, dental
calculus, coprolites, or other ancient metagenomes. In such cases, taxonomic
identification can be followed by mapping reads to an appropriate reference
genome and assessing whether enough informative genomic positions are covered
to support population-level analysis. Depending on data quality and reference
availability, analyses may include sex determination, PCA, outgroup /3 statistics,
D-statistics, or related methods originally developed for ancient human population
genomics (Patterson et al., 2006, 2012; Skoglund et al., 2013). PCA can be used
to project low-coverage ancient individuals onto variation described by modern
and ancient reference populations, helping to evaluate broad genetic affinities.
D-statistics can test whether a sample shares more alleles with one reference
population than another. Genotype imputation can also be used in some cases to
increase the number of analysable variants in low-coverage ancient genomic data
using tools such as Beagle (Browning et al., 2018) or GLIMPSE (Rubinacci et al.,
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2021). This can improve the resolution of downstream population-genetic analyses
and has been evaluated specifically for low-coverage ancient genomes.

In general, ancient metagenomic bioinformatics workflows proceed from broad
screening to increasingly strict validation.

2.5.3 Ancient protein extraction

Similar to aDNA analysis, the extraction and authentication of ancient proteins
are challenging. Usually there are two approaches to extract proteins from ancient
specimens: bottom-up and top-down. Top-down proteomics is used very little to
analyse ancient proteins because of analytical difficulties (Cleland et al., 2021).
Bottom-up proteomics, also called ‘shotgun’, involves ancient proteins being
digested by enzymes, of which the most common one is trypsin.

In order to release the bound protein in some archeological material such as
bones, dental calculus, eggshells and teeth, a demineralisation step is required
(Warinner et al., 2022). This is usually achieved by using a weak acid such as
EDTA or cold hydrochloric acid (HCl) (Palmer et al., 2021). This allows the
proteins to be released from the mineral matrices. To make ancient proteins soluble,
detergents, sonication, chaotropic agents, and other buffers are used (Warinner
et al., 2022). After demineralisation and protein solubilisation, there is the need
to perform buffer exchange so that extracts can be compatible with downstream
analysis. There are three main ways in which this is done for ancient proteins, the
GASP protocol uses gels, the FASP uses filters and SP3 uses magnetic beads.

Afterwards, extracts are incubated with digestion enzymes (usually trypsin) to
generate peptides suitable for LC-MS/MS analysis (Hendy, Welker, et al., 2018a;
Warinner et al., 2022). Peptides are then purified, desalted, separated by liquid
chromatography, and introduced into the mass spectrometer, where precursor ions
and their fragment ions are measured (Hendy, Welker, et al., 2018a; Warinner
et al., 2022). The resulting spectra provide the basis for peptide and protein identi-
fication, but they do not by themselves identify proteins without computational
comparison against reference databases (Hendy, Welker, et al., 2018a; Warinner
et al., 2022). For non-mineralised archaeological materials demineralisation is
not necessary, and the protocols are changed based on sampling size and sample
preservation (Fiddyment et al., 2019).

2.5.4 Ancient protein identification and data analysis

Contamination control is essential throughout ancient protein workflows because
proteins found may derive from handling, laboratory reagents, conservation treat-
ments, or carry-over between mass-spectrometry runs (Hendy, Welker, et al.,
2018a; Ramsee et al., 2020; Warinner et al., 2022). For this reason, extraction
blanks, instrument blanks, contaminant databases, careful documentation of
sampling and laboratory protocols are important components of palacoproteomic
analysis (Hendy, Welker, et al., 2018a; Ramsge et al., 2020; Warinner et al., 2022).
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After LC-MS/MS acquisition, ancient proteomic data are analysed by matching
experimental spectra to theoretical peptide spectra generated from protein sequence
databases (Hendy, Welker, et al., 2018a; Warinner et al., 2022). This process is
usually performed with database-search engines such as Mascot, MaxQuant,
PEAKS, pFind, MetaMorpheus, FragPipe, or related tools (Rodriguez Palomo
et al., 2024). Different search engines can produce different identifications from
the same ancient dataset, so search strategy, parameter choice, and reporting
transparency are particularly important in the field (Hendy, Welker, et al., 2018a;
Rodriguez Palomo et al., 2024).

Peptide-spectrum matches (PSMs) are usually filtered using false-discovery-
rate (FDR) approaches, often based on target-decoy database searching (Elias &
Gygi, 2007; Hendy, Welker, et al., 2018a; Warinner et al., 2022). FDR control is
necessary because mass-spectrometry database searches can generate good looking
but incorrect matches, particularly when used for low-abundance, degraded, and
taxonomically complex archaeological samples(Elias & Gygi, 2007; Hendy,
Welker, et al., 2018a; Warinner et al., 2022).

Another central problem in palacoproteomics and metaproteomics derives from
the fact that many peptides are shared across homologous proteins, conserved
protein families, and closely related taxa (Warinner et al., 2022). This means that
the identification of a peptide does not always allow confident assignment to a
single protein, species, or biological source (Aebersold et al., 2005; Hendy, Welker,
et al., 2018a; Mesuere et al., 2018). The problem is particularly important in
ancient metaproteomic samples, where proteins from humans, microbes, animals,
plants, diet, soil, and contaminants may be present in the same dataset (Hendy,
2021; Hendy, Welker, et al., 2018a; Warinner et al., 2022). The choice of reference
database strongly influences ancient protein identification (Hendy, Welker, et al.,
2018a; Warinner et al., 2022). Narrow databases can miss proteins from unsampled
or extinct organisms, whereas overly broad databases can increase search time,
taxonomic ambiguity, and false-discovery problems (Hendy, Welker, et al., 2018a;
Rodriguez Palomo et al., 2024; Warinner et al., 2022). For this reason, archaeo-
logical proteomic studies often use combinations of curated protein databases,
taxon-specific databases, contaminant databases such as cRAP, and specialized
databases such as the Human Oral Microbiome Database when analysing dental
calculus or oral-associated samples (Hendy, Welker, et al., 2018a; Warinner et al.,
2022).

After peptide identification, taxonomic and functional interpretation happen.
Peptides are evaluated for sequence specificity, spectral quality, taxonomic
uniqueness, reproducibility, absence or low abundance in blanks, and consistency
with the archacological substrate (Hendy, Welker, et al., 2018a; Ramsge et al.,
2020; Warinner et al., 2022). In metaproteomic datasets, tools such as Unipept can
support peptide-based taxonomic and functional annotation, but these assignments
remain dependent on database completeness and on the presence of diagnostic
peptides(Mesuere et al., 2018; Warinner et al., 2022). Authentication of ancient
proteins depends on multiple lines of evidence rather than on a single criterion
(Hendy, Welker, et al., 2018a; Ramsge et al., 2020; Warinner et al., 2022).
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Degradation patterns such as glutamine and asparagine deamidation can support
the antiquity of a protein signal, but deamidation should not be treated as a simple
molecular clock because rates vary according to protein structure, peptide
position, burial environment, temperature, pH, and laboratory treatment (Ramsge
etal., 2020, 2021; Warinner et al., 2022). Reliable interpretation should therefore
combine peptide-spectrum quality, taxonomic specificity, reproducibility, blank
controls, degradation patterns, and archaeological plausibility (Hendy, Welker,
et al., 2018a; Ramsee et al., 2020; Warinner et al., 2022).

2.5.5 Metadata, databases, reproducibility

In ancient metagenomics and ancient proteomics, metadata, databases, and repro-
ducibility are particularly important topics because results are highly dependent
on technical choices made during laboratory processing, bioinformatic analysis,
and database searching. As a result of the aforementioned characteristics of ancient
metagenomics, taxonomic assignments can change depending on the reference
database, classifier, alignment parameters, filters, abundance thresholds, and
contaminant-screening strategy used. Studies evaluating ancient metagenomic
classification have shown that ancient DNA characteristics can strongly affect
taxonomic assignment, making transparent reporting of analytical parameters
essential (Eisenhofer & Weyrich, 2019). Community resources such as
AncientMetagenomeDir were developed to standardise published ancient meta-
genomic sample metadata, making datasets easier to find, compare, and reuse
(Fellows Yates, Andrades Valtuefia, et al., 2021). Platforms such as protocols.io
help address the limitation of reproducibility by providing a citable and versioned
space for sharing step-by-step experimental and computational methods
(Teytelman et al., 2016).

For ancient proteomics, reproducibility similarly depends on reporting sample
preparation, digestion protocols, LC-MS/MS settings, search engines, protein
reference databases, peptide-spectrum matching criteria, false discovery rate
thresholds, and post-translational or diagenetic modifications. Public repositories
such as PRIDE and the ProteomeXchange consortium provide infrastructure for
depositing raw and processed mass spectrometry data, supporting transparency,
reanalysis, and comparison across studies (Deutsch et al., 2017; Perez-Riverol
etal., 2022).

In both fields, the publication of raw data, controls, metadata tables, code,
software versions, protocols and reference databases used is therefore not only a
technical requirement, but also an ethical one, because destructive sampling of
ancient material should produce data that remains reusable beyond a single study.
Recent discussions in ancient genomics and palacoproteomics have stressed that
incomplete archiving and poor metadata can limit replication and long-term reuse,
highlighting the need for standardised reporting and open, well-documented
workflows (Bergstrom, 2024; Dekker et al., 2025).
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2.6 Host associated biomolecular archives

As we have already extensively seen in this literature overview, humans are not
autonomous organisms, but more biological units that also include microbial
symbionts and their genomes (Bordenstein & Theis, 2015). Therefore, humans
can be considered a superorganism, also called ‘holobiont’, together with their
microbial component. But once an organism dies, its associated microbes can still
be retrieved, as some tissues become real biomolecular archives.

2.6.1 Teeth as microbial archives

Teeth are among the most informative substrates in ancient biomolecular research
because they preserve several distinct microbial signals within a single anatomical
structure (Figure 3). A tooth is not a single archive, but a composite one. Dental
calculus preserves the oral microbiome and associated host, dietary, and environ-
mental debris; the pulp chamber and dentine may retain traces of blood-borne
pathogens present during death; and tooth tissues can also be colonized by post-
mortem microbial communities during decomposition (Bos et al., 2019; Mann
et al., 2018; Margaryan et al., 2018; Spyrou et al., 2019; Warinner, 2022). This
makes teeth especially valuable for ancient metagenomics, because they allow
the investigation of oral ecology, infectious disease, and postmortem microbial
processes within the same broader substrate.

The importance of teeth also lies in their preservation. Their dense mineralized
structure provides physical protection to biomolecules, while the distinct micro-
environments within the tooth preserve different fractions of the ancient biological
signal. Teeth therefore occupy a central place in ancient microbiome and pathogen
research, while also illustrating a broader methodological point: archaeological
biomolecular archives are not homogeneous, and their interpretive value depends
on understanding how different anatomical compartments form, preserve, and
transform over time (Warinner, 2022).
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Figure 3: SEM images of a cross-section of an archaeological human tooth with a
dental calculus deposit.

a) Labio-lingual section of a lower incisor with dental calculus on the labial crown
surface. b) Detail of the dentine at the border of the pulp cavity showing areas of altered
mineral density (left) and pitting (right) caused by acid-producing environmental
microbes that invaded the pulp cavity post-mortem; ¢) Detail of zones of hypomineralized
(dark gray) and hypermineralized (white) dentine; d) Detail of bacteria infiltrating the
dentine tubules arrows. (e—f) Details of the dental calculus which exhibits a layered
structure. g) Detail of microorganisms within dental calculus showing large crystal
structures and high bacterial cell density. Reproduced from Supplementary figure 6
(Warinner, Rodrigues, et al., 2014) with permission from Springer Nature.

2.6.1.1 Dental calculus as the primary host-associated archive

Among host-associated substrates, dental calculus has emerged as one of the most
important archives in ancient metagenomics. As a mineralized form of dental
plaque, it routinely fossilizes during life and preserves biomolecular evidence
with remarkable stability. At least since the 1980s it was clear to researchers that
dental calculus played an important role in the reconstruction of past human diet
and oral ecology (Dobney & Brothwell, 1986, 1988). It is now widely regarded
as one of the richest known sources of ancient microbial DNA in the archaeo-
logical record, and it has provided some of the clearest insights into the evolution
of the oral microbiome, long-term host-microbe relationships, and the interactions
among oral health, diet, and environment (Adler et al., 2013; Fellows Yates,
Velsko, et al., 2021; Velsko et al., 2019; Warinner, Rodrigues, et al., 2014; Weyrich
etal., 2017).
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What makes dental calculus especially powerful is that it is more than a simple
microbial archive. In addition to preserving oral bacterial communities, it can
entrap host biomolecules, dietary particles, inhaled debris, and environmental
material (Radini etal., 2017, 2019). This means that calculus can be used not only
to reconstruct oral microbial composition, but also to investigate broader questions
of diet, inflammation, health, and microbial adaptation (Hendy, Warinner, et al.,
2018; Warinner, Hendy, et al., 2014). For this reason, dental calculus has become
a key substrate in both ancient metagenomics and ancient metaproteomics, and it
remains one of the strongest examples of how host-associated biomolecular
archives can retain complex multisource evidence over archaeological timescales.

2.6.1.2 Dentine and the pulp chamber for pathogen detection

Whereas calculus primarily reflects the oral environment, dentine and especially
the pulp chamber are important for the detection of blood-borne pathogens.
Because the pulp cavity is vascularized during life, pathogens circulating in the
bloodstream can reach the dental pulp and, if death occurs during active infection,
traces of those pathogens may remain within the tooth. This principle was already
central to early paleomicrobiological studies, since the first PCR-based works on
historical plague victims, where Y. pestis DNA was detected from dental pulp and
used to support the diagnosis of ancient septicemic infection(Drancourt et al.,
1998; Raoult et al., 2000; Wiechmann & Grupe, 2005). This principle has remained
central to ancient pathogen genomics, where teeth have repeatedly been used to
identify and reconstruct genomes of pathogens associated with systemic infection
(Bos et al., 2011; Rascovan et al., 2019; Rasmussen et al., 2015; Végene et al.,
2018). Teeth clearly illustrate the analytical advantage of working with anatomi-
cally structured substrates: different dental tissues allow different questions to be
asked. Calculus is particularly informative for oral microbial ecology, whereas
pulp and dentine are often more directly relevant to systemic infection and
pathogen detection near the time of death (Warinner, 2022).

2.6.1.3 Caries, the necrobiome, and postmortem
tooth microbiology

Teeth can also preserve evidence of disease-associated and postmortem microbial
processes. Carious lesions are of particular interest because they can trap and
preserve bacteria associated with oral dysbiosis and dental decay, including
cariogenic taxa such as Strepfococcus mutans (Simon et al., 2014). Molecular
analysis of archaeological caries has therefore been used to investigate the long-
term history of oral disease directly from diseased tissue rather than from gene-
ralized oral biofilm alone. At the same time, tooth tissues may also be colonized
after death by microbes involved in decomposition. This postmortem community,
often considered as part of the necrobiome or thanatomicrobiome, is typically a
mixture of environmental organisms and microbes translocating from host-
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associated niches during decomposition (Javan et al., 2016; Metcalf et al., 2016).
Applied to teeth, this means that not all microbial DNA recovered from dentine
or internal tooth structures necessarily reflects ante-mortem biology, some may
derive from post-mortem colonization and decomposition. This distinction is
methodologically important for ancient metagenomics, because it requires careful
interpretation of mixed microbial signals preserved in dental tissues (Mann et al.,
2018; Warinner, 2022).

2.6.2 Palaeofaeces as gut-associated biomolecular archives

Palaeofaeces are another major host-associated archive in ancient metagenomics
because they preserve direct evidence of the gut microbiome, dietary residues,
and intestinal pathogens. Their archaeological importance lies in the fact that they
provide access to a host-associated microbial community that is otherwise largely
inaccessible in the archaeological record. Recent work has shown that palacofaeces
can support both community-level and genome-resolved analyses of ancient gut
microbiota, including the reconstruction of previously undescribed microbial
lineages and the investigation of long-term evolutionary histories within the human
gut ecosystem (Borry et al., 2020; Maixner et al., 2021; Tett et al., 2019; Wibowo
et al., 2021).

At the same time, palaeofaeces are analytically challenging. Their morphology
may be distorted, their source species may be uncertain, and their preservation
depends heavily on environmental conditions such as desiccation, freezing,
salinity, or mineralization. Reviews of coprolite and palacofaeces research there-
fore stress the importance of multiproxy approaches and careful source attribution
(Shillito & Mackay, 2020). More broadly, palacofaeces are best interpreted as
integrated archives of diet, health, microbiome composition, and local environ-
ment rather than as isolated gut samples (Warinner, 2022).

2.6.3 Bones

Bones can yield very important microbial information (Warinner, 2022). In
particular, skeletal lesions can act as a signpost that a pathogen was present at the
time of death. For example, aDNA testing of spine, ribs and other bone lesions
has led to positive diagnosis of tuberculosis, and the identification of the Myco-
bacterium tuberculosis complex (MTBC) strains which caused the disease (Bos
et al., 2014). Other pathogens identified by analysing aDNA from pathological
bone lesions are Mycobacterium leprae, the causative agent of leprosy (Schuene-
mann, Avanzi, et al., 2018; Schuenemann et al., 2013) and Treponema pallidum
subspecies pallidum, the causative agent of syphilis (Schuenemann, Kumar
Lankapalli, et al., 2018). However, when analysing the microbial composition of
bones, it is important to distinguish pathogens from close relatives which are
present in soil and colonize the skeleton after death, as for example some Myco-
bacteria species, Clostridium tetani and Clostridium botulinum (Warinner et al.,
2017a).
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The petrous bone, which is a portion of the skull that contains the middle and
inner ear, is usually used to retrieve host DNA. Its dense structure preserves DNA
very well. Even if pathogens are usually not recovered from this source, there
have been a few cases in which this has happened. This is the case for Treponema
pallidum from a human infant and Brucella melitensis from an adult sheep in the
case of bacteria (L’Hote et al., 2024; Majander et al., 2020). Hepatitis B virus and
Human Betaherpesvirus 6A and 6B have also been retrieved from petrous bones
(Guellil et al., 2026; Sun et al., 2024).

2.7 Environmental DNA and ancient sediments

Environmental DNA, or eDNA, refers to genetic material recovered directly from
environmental samples without the need to isolate or physically observe the target
organism (Taberlet et al. 2018). This DNA can originate from cellular and extra-
cellular material shed by organisms into their surroundings, including skin cells,
hair, mucus, feces, urine, reproductive material, or decomposing tissue. When
preserved in sedimentary archives, this material is commonly referred to as
sedaDNA. Sediments are particularly important because they can accumulate bio-
logical traces over long periods of time, creating archives that may preserve
information on past ecosystems, environments, human activities, and species that
are otherwise absent from the visible archaeological or palaeontological record.

The use of sediments as biomolecular archives developed from early studies
showing that DNA could persist outside conventional skeletal or tissue remains.
One of the first demonstrations came from lake sediments, where Coolen and
Overmann (Coolen & Overmann, 1998) recovered bacterial DNA from Holocene
deposits associated with purple sulphur bacteria.

Shortly after, Willerslev and colleagues (Willerslev et al., 2003) showed that
both plant and animal DNA could be recovered from Siberian permafrost deposits
and temperate cave sediments from New Zealand, even in the absence of visible
macrofossils. This study was especially important because it demonstrated that
sediments could preserve signals of extinct megafauna and plants, and not only
microbial DNA. Around the same period, (Hofreiter et al., 2003) introduced the
potential of “molecular caving”, showing that cave sediments could be used to
identify molecularly extinct.

At the same time, early research also made clear that sedaDNA records require
careful interpretation. A work on New Zealand cave sediments, showed that DNA
from recently introduced sheep could be detected in older pre-European layers,
suggesting that vertical movement of DNA through some sediment profiles may
occur (Haile et al., 2007). However, vertical migration appears to be less likely
in compacted lake sediments or permanently frozen deposits, where DNA may
become immobilised within the sediment matrix (Anderson-Carpenter et al., 2011).

The development of high-throughput sequencing further expanded the potential
of sedaDNA. Pedersen and colleagues, for example, used lake sediment DNA
together with other palacoecological evidence to investigate the postglacial
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viability of the North American ice-free corridor (Pedersen et al., 2016). More
recently, environmental DNA from the Kap Kegbenhavn Formation in northern
Greenland revealed a two million years old ecosystem containing a mixture of
taxa, including plants and animals that were not fully represented by macrofossil
or pollen evidence alone (Kjer et al., 2022). This study is particularly relevant
because it suggested that ancient DNA may survive over exceptional timescales
under favourable conditions, especially in cold, mineral-rich sediments where
DNA can bind to clay and other mineral surfaces.

In archaeological contexts, sedaDNA has become increasingly important
for detecting human activity, animal exploitation, and site use. Seersholm and
colleagues analysed Greenlandic midden sediments and identified DNA evidence
for bowhead whale exploitation by Paleo-Inuit groups around 4,000 years ago,
showing that archaeological sediments can preserve evidence of subsistence
practices that may be invisible in zooarchaeological assemblages (Seersholm
et al., 2016). Cave sediments have also become central to ancient DNA research.
A key study in 2017 recovered Neanderthal and Denisovan mitochondrial DNA
from Pleistocene cave sediments, demonstrating that hominin presence can be
detected even in the absence of skeletal remains (Slon et al., 2017). Subsequent
studies extended this approach to Denisovan DNA from Baishiya Karst Cave
(Zhang et al., 2020), hominin and faunal turnovers at Denisova Cave (Zavala et
al., 2021), and Neanderthal population history using nuclear and mitochondrial
DNA from cave sediments (Vernot et al., 2021). Microstratigraphic studies have
further improved our understanding of how DNA is preserved within sediments.
A work from Massilani and colleagues (Massilani et al., 2022) showed that ancient
faunal and hominin DNA can be concentrated in small micro-contexts, such as
microscopic bone or coprolitic particles, and that resin-impregnated sediment
blocks can preserve DNA at fine spatial scales.

Although many sedaDNA studies have focused on lakes, caves, rockshelters,
and permafrost, open-air archaeological deposits are now also being explored.
These contexts are more challenging because they are more exposed to tem-
perature fluctuations, water movement, erosion, and redeposition. Nevertheless,
recent work suggests that open-air sediments can preserve useful genetic infor-
mation. Ancient human mitochondrial DNA from sediments was retrieved from
at open-air archaeological sites in Japan, particularly from sediments associated
with human bones (Sawafuji et al., 2026). Similarly, Zampirolo and colleagues
investigated open-air archaeological deposits and palaco-meanders in Serbia,
showing that sedaDNA can preserve evidence of terrestrial and freshwater eco-
systems in unsheltered deposits, while also highlighting the problems created by
erosion, redeposition, complex chronology, and uncertain DNA movement in
dynamic open-air environments (Zampirolo et al., 2026).
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2.8 Beyond human remains: other biomolecular archives

Beyond all the previously mentioned sources, microbial DNA and biomolecular
traces can also be recovered and investigated from a range of less conventional
archaeological, and historical materials. Ceramic vessels, amphorae, jars, and
other food containers are particularly important for the study of ancient fermen-
tation, because absorbed residues and surface deposits may preserve molecular,
chemical, microscopic, or microbial evidence of wine, beer, dairy, and mixed
fermented beverages (Aouizerat et al., 2019; Cavalieri et al., 2003; Drieu et al.,
2020; McGovern et al., 2004). However, the identification of ancient wine or beer
from vessels remains methodologically difficult, and biomolecular interpretations
should be supported by other analyses, such as residue chemistry, archacobotanical
or microfossil data, and controls (Drieu et al., 2020; J. Wang et al., 2021). Chewed
birch pitch, also called ancient "chewing-gums" is another unusual but highly
informative archive, because saliva and oral material can become trapped in the
hydrophobic pitch matrix. A 5700-year-old piece of chewed birch pitch from
Syltholm, Denmark, yielded a complete human genome, oral microbial DNA,
bacterial and viral taxa including Epstein-Barr virus, and plant and animal DNA
probably linked to recent diet of studied individuals (Jensen et al., 2019) .
Mesolithic chewed pitch from Huseby Klev, Sweden, has also been used to
reconstruct oral microbiome profiles and identify oral-health-associated microbial
signals, showing that pitch can preserve information on human biology, oral
ecology, diet, and material use even in the absence of skeletal remains (Kirdok
et al., 2024).

Other materials can also preserve microbial signatures. Parchments and
manuscripts can retain animal DNA together with bacterial, fungal, viral, and
human-associated traces, providing information on production, handling,
conservation state, and deterioration processes (Fiddyment et al., 2019; Perini et al.,
2020; Pifiar, Tafer, et al., 2020). Painted surfaces, paintings, drawings, murals, and
other artworks may preserve bacterial and fungal communities, which can help
reconstruct biodeterioration processes, storage environments, handling histories,
and conservation needs (Lopez-Miras et al., 2013; Pifiar, Sclocchi, et al., 2020;
Rosado et al., 2014; Torralba et al., 2021).

Historical medical and museum collections form another important archive
for microbial and pathogen DNA. Formalin-fixed and paraffin-embedded tissues,
microscopy slides, alcohol-preserved specimens, pathological tissues, and parch-
ment can all retain microbial or pathogen genetic material, although preservation
is often affected by fixation artefacts, fragmentation, contamination, and storage
history (Blevins et al., 2026; Campos & Gilbert, 2012; Raxworthy & Smith,
2021). Historical blood slides, for example, have been used to recover DNA from
eradicated European malaria parasites, including Plasmodium vivax and P.
falciparum (de-Dios et al., 2019; Gelabert et al., 2016; van Dorp et al., 2020).
Similarly, archived pathological tissues have yielded a near full-length HIV-1
genome from formalin-fixed tissue from 1966 and genomic data from nineteenth-
century Vibrio cholerae preserved in intestinal material from the 19th century
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Philadelphia cholera outbreak (Devault, Golding, et al., 2014; Devault,
McLoughlin, et al., 2014; Gryseels et al., 2020). Exceptionally preserved animal
remains can also retain host-associated microbial DNA, as shown by the analysis
of mammoth remains from which researchers identified microbial taxa associated
with mammoth tissues and reconstructed partial genomes from host-associated
bacterial genera including Actinobacillus, Pasteurella, Streptococcus, and
Erysipelothrix (Guinet et al., 2025). Together, these examples show that micro-
bial archaeology is at a stage in which it can extend beyond the usual substrates,
broadening the archaeological record to include traces of food production, craft
practices, object use, conservation history, disease, and host-microbe-environment
interactions.

2.9 Ancient pathogen genomics

2.9.1 From the first steps of palaeomicrobiology
to ancient pathogen genomics

Ancient pathogen genomics is one of the major subfields of archaecogenomics
because it allows infectious diseases to be investigated molecularly and directly,
rather than only through skeletal lesions, historical descriptions, or modern
pathogen diversity. From the early 1990s onward, PCR-based studies were
already used to detect pathogen DNA in archaeological remains, especially for
diseases such as tuberculosis and plague (Drancourt et al., 1998; Drancourt &
Raoult, 2005; Spigelman & Lemma, 1993). These early studies established the
foundations of palacomicrobiology, a field focused on the detection and identi-
fication of ancient microorganisms from preserved biological material (Drancourt
& Raoult, 2005). These studies were important because they showed that pathogen
DNA could survive in archaeological material and that the diagnosis of past
infectious diseases was possible. However, at the same time, early PCR-based work
was often difficult to authenticate, because pathogen DNA was present in low
quantities and results could be affected by contamination (Drancourt & Raoult,
2005; Gilbert et al., 2004) .

The development of high-throughput sequencing, metagenomic screening,
and targeted enrichment changed the scale of ancient pathogen research (Bos et al.,
2011; Schuenemann et al., 2011). As a result, ancient pathogen research moved
from retrospective diagnosis toward evolutionary and epidemiological questions.
Ancient pathogen genomes now provide a molecular fossil record of infection,
allowing researchers to investigate pathogen emergence, extinct lineages, dispersal,
virulence evolution, and the relationship between epidemics and human history
(Bos et al., 2019; Duchéne et al., 2020; Spyrou et al., 2019)
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2.9.2 Yersinia pestis as a model pathogen in ancient
pathogen genomics

Among ancient pathogens, Y. pestis has played a particularly important role in
the development of the field. Y. pestis, the causative agent of plague, evolved from
the closely related enteric pathogen Yersinia pseudotuberculosis and is historically
associated with three major pandemics: the First Pandemic, beginning with the
Plague of Justinian in the 6th century CE; the Second Pandemic, beginning with
the Black Death in the 14th century; and the Third Pandemic, which began in the
19th century and gave rise to much of the modern global distribution of plague
(Achtman et al., 1999; Barbieri et al., 2020; Parkhill et al., 2001; Perry &
Fetherston, 1997; Stenseth et al., 2008).

Y. pestis is maintained today as a zoonotic pathogen in natural reservoirs, mainly
through cycles involving wild rodents and their fleas. Humans are incidental hosts
and are usually infected through the bite of infected fleas, direct contact with
infected animals or tissues, or inhalation of infectious droplets in cases of pneu-
monic plague (Barbieri et al., 2020; Perry & Fetherston, 1997; Stenseth et al.,
2008). Modern plague can present as bubonic, septicaemic, or pneumonic disease,
with pneumonic plague being especially relevant epidemiologically because it can
allow human-to-human transmission through respiratory droplets if left untreated
(Perry & Fetherston, 1997).Genomically, the reference strain CO92 contains a
4.65 Mb chromosome and three virulence-associated plasmids, pCD1, pMT]I,
and pPCP1 (Parkhill et al., 2001). These plasmids encode key traits involved in
mammalian infection and vector-borne transmission: pCDI1 carries the type III
secretion system and Yersinia outer proteins, pMT1 includes factors such as the
F1 capsule antigen and ym¢ gene, which is important for flea-borne transmission,
and pPCP1 carries the plasminogen activator gene pla, which promotes invasion
from the site of inoculation(Demeure et al., 2019; Parkhill et al., 2001; Perry &
Fetherston, 1997).

As seen in this literature overview, plague was a central topic in ancient
pathogen research before whole-genome sequencing. Works from Drancourt and
colleagues (Drancourt et al., 1998) and Raoult and colleagues (Raoult et al., 2000)
were foundational, but also controversial (Gilbert et al., 2004). The transition to
genome-scale plague research occurred with targeted enrichment and high-
throughput sequencing: Haensch et al. (Haensch et al., 2010) provided molecular
evidence for distinct Y. pestis clones during the Black Death and later outbreaks,
and in 2011 Schuenemann and colleagues (Schuenemann et al., 2011) enriched
the Y. pestis pPCP1 plasmid, and Bos et al. (Bos et al., 2011) reconstructed a draft
genome from Black Death victims in London.

As of today, more than 200 ancient genomes of Y.pestis have been retrieved
(Fellows Yates, Andrades Valtuena, et al., 2021). Genome-scale studies have
refined the history of the historically documented pandemics. For the First
Pandemic, earlier detections from sixth-century remains in Bavaria (Wiechmann
& Grupe, 2005) were followed by genome-scale studies on the Justinianic Plague
strains (Harbeck et al., 2013; Wagner et al., 2014). Later on, Keller and colleagues
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(Keller et al., 2019) showed that Y. pestis was geographically widespread and
genetically diverse in western Europe during the First Pandemic. More recent
data from Jerash in Jordan have extended genomic evidence closer to the histori-
cally described eastern Mediterranean context of the Plague of Justinian (Adapa
et al., 2025).

For the Second Pandemic, ancient genomes have clarified the relationship
between the Black Death, later European outbreaks, and broader Eurasian plague
diversity (Bos et al., 2011; Spyrou et al., 2016, 2019, 2022). Although the Third
Pandemic is mostly studied through modern and historical isolates rather than
ancient DNA, it remains important as the source of many extant Y. pestis lineages
and as a comparative framework for understanding plague phylogeography,
reservoir ecology, and global dispersal (Barbieri et al., 2020; Stenseth et al., 2008).

Ancient genomes have also pushed the history of Y. pestis far earlier than
the documented pandemics. Late Neolithic and Bronze Age genomes showed that
Y. pestis lineages were present in Eurasia by approximately 5,000 years before
present, although many early strains lacked genetic features associated with
efficient flea-borne bubonic transmission (Andrades Valtuefia et al., 2017
Rasmussen et al., 2015; Spyrou et al., 2018). Subsequent studies have expanded
the geographic and ecological range of prehistoric plague, including evidence
from Late Neolithic/Bronze Age Central Europe, Britain, Scandinavia, the Baltic
region, and eastern Eurasia (Andrades Valtuefia et al., 2022; Rascovan et al.,
2019; Seersholm et al., 2024; Susat et al., 2021; Swali et al., 2023).

Specifically, in 2021 Susat and colleagues (Susat et al., 2021) reconstructed a
ca. 5,000-year-old Y. pestis genome from a hunter-fisher-gatherer buried at
Rinnukalns in Latvia and argued that this very early strain probably represented
an isolated zoonotic event rather than evidence for a large prehistoric pandemic.
In a later study, they identified two Y. pestis-positive individuals among 133
tested individuals from the Late Neolithic Warburg necropolis in Germany and
showed that the two infections belonged to distinct strains, suggesting the
possibility of independent infection events rather than a single local outbreak
(Susat et al., 2024). As the title of the study clearly states, they also reported
Y. pestis DNA in a Neolithic dog from Sweden, raising the possibility that dogs
or other domestic and wild animal interactions may have contributed to human
being exposed to early Y. pestis reservoirs (Susat et al., 2024).

Seersholm et al. (Seersholm et al., 2024) reported an extensive signal of plague
infection in Neolithic Scandinavia. They detected Y. pestis in at least 17% of the
sampled individuals and inferred three distinct infection events over approxi-
mately 120 years. This study is especially interesting because it shows plague
infections across a multi-generation patrilineal kin group. However, the authors
also note that the detected rate reflects the sampled and preserved individuals,
and should not be treated as an estimate of the prevalence of the disease in the
population (Seersholm et al., 2024). New data from eastern Eurasia further extend
the geographic and chronological range of early plague. Macleod and colleagues
(Macleod et al., 2024) reported Y. pestis infections in hunter-gatherer cemeteries
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from the Lake Baikal region beginning around 5,600—5,400 cal BP, including a
high reported detection rate at Ust’-Ida I.

In general, it is important to say that large-scale screening studies are now
moving the field away from isolated case studies as the one from (Sikora et al.,
2025). Furthermore, studies of animal hosts suggest that prehistoric plague should
be interpreted in relation to human-animal interactions, domesticates, wild reser-
voirs (Light-Maka et al., 2025; Susat et al., 2024). Y. pestis remains a model orga-
nism in ancient pathogen genomics: it illustrates the methodological transition
from debated PCR-based diagnosis to genome-scale analysis, while also showing
how ancient DNA can transform interpretations of pandemic history, pathogen
evolution and zoonotic ecology.

2.9.3 Zoonoses and disease landscapes

The term “Zoonoses” comes from the Greek words “Zoon”, which means animal,
and “nosos”, which means disease. Any infection or disease that is naturally
transmissible between vertebrate animals and humans is classified as a zoonosis
according to the World Health Organization (WHO) (WHO, 2020). Zoonoses are
widespread, with around 61% of all infectious diseases that affect humans and
75% of new or reemerging infections considered zoonotic (Morse et al., 2012;
Taylor et al., 2001). Zoonotic infections can be caused by different pathogens,
including viruses, fungi, parasites and bacteria (Morse et al., 2012). The financial
costs and economic losses associated with zoonotic diseases are incredibly heavy.
The most recent and important example of the worldwide economic impact of a
zoonosis is the COVID-19 pandemic, which affected the global economy in what
was described as “the most serious challenge of the post-war era due to the sudden
halt in economic activity in both advanced and developing countries”(UNIDO,
2020). Their burden on human lives is also substantial: neglected zoonotic diseases
alone have been estimated to cause approximately 2.4 billion human illnesses and
2.2 million deaths every year, with the greatest impact falling on low- and middle-
income regions and mostly livestock-dependent populations (Grace et al., 2012;
Rahman et al., 2020). For their impact on both animals and humans at local and
global scale, zoonoses are central to initiatives such as the ‘One Health’ approach,
which aims to bring together human, animal and environmental health (Ronald M.
Atlas, 2012).

The archaeological importance of zoonoses was recognized before aDNA
studies focused on them. Epidemiological and evolutionary studies linked major
changes in disease ecology to the Neolithic transition, when stabilization, popu-
lation growth, animal domestication, herding, storage of food, accumulation of
waste, and closer contact with animals changed the conditions for pathogen trans-
mission (Armelagos et al., 2005; Barrett et al., 1998; Pearce-Duvet, 2006). In this
framework, domestication was seen as a process that altered the conditions under
which existing pathogens, vectors, and livestock-associated infections could
circulate. Pearce-Duvet (Pearce-Duvet, 2006), for example, argued that agriculture
and animal domestication may have changed the transmission ecology of pre-
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existing pathogens, increased the success of vectors, created new forms of human-
wildlife contact, and provided more stable routes for infections to move between
animals and humans. Molecular-clock and comparative genetic studies debated
whether the expansion of Plasmodium falciparum was linked to Holocene demo-
graphic and ecological change, including agriculture, mosquito habitats, and
human population growth (Joy et al., 2003; Tanabe et al., 2010).

Ancient DNA has made it possible to test some of these long-standing hypo-
theses directly. A key example is Salmonella enterica: Key and colleagues (Key
et al., 2020) recovered eight ancient S. enterica genomes, up to 6,500 years old,
from western Eurasian foragers, pastoralists, and agro-pastoralists, and linked the
emergence of human-adapted lineages to Neolithization and changing human-
animal relationships. This is particularly relevant because Salmonella is a food-
related pathogen and this study helps to connect pathogen evolution to animal
management, diet, hygiene and settlement practices. More recently, the recovery
of the genome of an 8,000-year-old Brucella melitensis from a sheep and its phylo-
genetic placement suggests an increase in the potential for pathogen transmission
within the herd (L’Hote et al., 2024).

Other livestock-associated pathogens further broaden this picture. Recent zoo-
archaeological work has identified ancient pathogen signatures in domesticated
and wild animal remains, including E. rhusiopathiae and Streptococcus lutetiensis,
and has shown that animal bones can be used to investigate ancient reservoirs,
host ranges, and possible spillover pathways (W Runge et al., 2026). E. rhusio-
pathiae, the causative agent of swine erysipelas and a zoonotic occupational
pathogen in humans, is an especially useful case because it shifts attention toward
diseases connected to animal management and animal products.

Finally, large-scale metagenomic screening studies represent an important
stage in this field. In a recent paper, Sikora and colleagues (Sikora et al., 2025)
screened shotgun sequencing data from 1,313 ancient humans across 37,000 years
of Eurasian history and identified bacterial, viral, and parasite DNA. Their study
found that zoonotic pathogen signals became detectable from around 6,500 years
ago and peaked around 5,000 years ago, broadly overlapping with the spread of
livestock domestication and pastoralist lifeways. This should be interpreted care-
fully: it does not mean that zoonoses were absent before this period, because pre-
servation, sampling, detection, and pathogen biology all affect visibility. Rather,
it provides large-scale genomic support for older hypotheses that the change in
human-animal relationships could have altered exposure, transmission, and
reservoir dynamics.

2.9.4 Limitations in ancient pathogen genomics

Despite its potential, ancient pathogen genomics has important methodological
and interpretative limitations. Authentication remains central because pathogen
DNA is often present in low abundance, and mixed with host DNA, environmental
microorganisms, and modern contaminants (Duchéne et al., 2020; Key et al., 2017,
Spyrou et al., 2019). Pathogen assignments should therefore be evaluated using
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multiple lines of evidence, including short fragment lengths, cytosine deamination
patterns, evenness of coverage, negative controls, competitive mapping against
related organisms, and phylogenetic placement (Key et al., 2017; Spyrou et al.,
2019).

Pathogen detection also depends strongly on pathogen biology, tissue tropism,
and sampling strategy. Different pathogens are more likely to be preserved in
different anatomical substrates depending on whether they caused systemic
infection, chronic disease, respiratory infection, or gastrointestinal disease (Blevins
etal., 2026). As explained before in this literature, teeth and dental pulp are useful
for detecting blood-borne pathogens such as Y. pestis, because pathogens circu-
lating in the bloodstream may enter the pulp chamber before death (Drancourt
et al., 1998; Drancourt & Raoult, 2005; Raoult et al., 2000). However, sometimes
when studying both the host and the infectious agent, it’s important to remember
that the best substrate for host DNA might not always be the best substrate for
pathogen DNA.

Finally, detection of pathogen DNA does not automatically prove disease
symptoms, cause of death, or epidemic impact. Some microorganisms may
represent asymptomatic carriage, opportunistic infection, oral or environmental
colonisation, post-mortem microbial activity, or contamination (Key et al., 2017,
Spyrou et al., 2019). Conversely, failure to detect a pathogen does not prove that
an individual or population was uninfected, because pathogen load, tissue pre-
servation, sampling choice, and analytical methods all affect recovery (Duchéne
et al., 2020; Spyrou et al., 2019). For this reason, ancient pathogen results are
strongest when interpreted together with archaeological context, skeletal patho-
logy, radiocarbon chronology, historical evidence, host genomic data, proteomics
(Blevins et al., 2026; Spyrou et al., 2019).

2.10 Ethics in ancient metagenomics research:
from sampling to long-term responsibility,
to community involvement

Ethical ancient DNA research should be treated as a form of stewardship rather
than only as a technical procedure. For human remains, recent global guidance
(Alpaslan-Roodenberg et al., 2021) emphasizes that researchers should comply
with relevant laws and permissions, prepare a detailed research plan before
sampling, minimize physical damage, make data available in ways that permit
scientific scrutiny, and engage stakeholders from the beginning of the project.
Fleskes et al. (Fleskes et al., 2022) emphasize that aDNA research involves unre-
solved tensions around consent, destructive sampling, data access, data manage-
ment, and accountability to stakeholder communities, especially descendant and
Indigenous communities.

Some recent works also caution that open data policies cannot be treated as
universally neutral because they may conflict with Indigenous Data Sovereignty
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and with community authority over decisions about publication, access, and reuse
(Kowal et al., 2023).

Best practice begins before sampling. Researchers should ask whether aDNA
analysis is necessary for the research question, and how much material is strictly
required. Sampling should be targeted, minimal, well documented, and justified in
advance, following the emphasis on prior planning and damage minimization in
(Alpaslan-Roodenberg et al., 2021). Documentation should include the sampled
element or matrix, the amount removed, contamination-control procedures,
the fate of the remaining extracts and libraries, and whether future use of those
materials would require renewed permission. This is particularly important
because, as Gibbon and colleagues (Gibbon et al., 2024) argue, aDNA data will
persist indefinitely in sequenced libraries and may affect not only the sampled
individual, but also living communities and future generations. It is thus
important to discuss with the community involved or stakeholders (museum cura-
tors, for example) the future storage of the physical material itself but of the
extracts, libraries, and sequences derived from it.

Kowal and colleagues (Kowal et al., 2023) argue that aDNA researchers should
not treat the legal minimum as the ethical standard, and that excluding community
perspectives from decisions about publication and data sharing is itself ethically
problematic, particularly in relation to Indigenous Data Sovereignty. It is impor-
tant that aDNA research, especially in the Global South, addresses histories of
scientific colonialism, extractivism, unequal access to resources, and limited
participation of local researchers and communities (Avila-Arcos et al., 2022).

Consent should also be understood relationally. Because ancient individuals
cannot consent for themselves, Gibbon and colleagues in 2024 proposed informed
proxy or relational autonomy consent, in which living people or groups affected
by the research may provide permission on behalf of the deceased (Gibbon et al.,
2024).

These ethical concerns should not be restricted to visible human remains.
Johnson and colleagues define “composites” as archaeological materials with
multiple genetic sources, including sediment, coprolites, birch pitch, and dental
calculus, and argue that ethical principles developed for human remains can also
guide research on these mixed materials (Johnson et al., 2024). This is important
because composite samples may contain human, animal, plant, microbial, dietary,
and environmental DNA. They can therefore reveal information about human
presence, diet, disease, mobility, land use, and relationships between people and
place, even when the material being sampled is not a bone or tooth. Johnson and
colleagues explicitly warn that composite samples should not become a way to
avoid collaboration, consultation, or legal and ethical responsibilities (Johnson
et al., 2024).

Sedimentary aDNA requires particular ethical care. A work by Lewis and
colleagues argue that sediments and soils are often treated as excavation by-
products, yet sedaDNA can contain genetic information from past fauna, flora,
microbial communities, and human ancestors, which may be culturally significant
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for Indigenous peoples (Lewis et al., 2025). For this reason, sediment should not
be treated as ethically neutral “dirt.”

Microbial aDNA raises related issues. Dental calculus, coprolites, sediments,
and pathological tissues can preserve microbial DNA that informs on past diet,
health, disease, migration, and human-environment interactions. For example,
recently, a work by Velsko and colleagues (Velsko et al., 2024) showed that
archaeological dental calculus can preserve high levels of endogenous oral
bacterial DNA from Oceania, making it a valuable archive for potentially recon-
structing past migration histories. At the same time, microbial data can be sensi-
tive because they may reveal information about disease, diet, lifestyle, ancestry,
or community-specific biological histories. Handsley-Davis and colleagues for
instance, found a distinctive oral microbiota in Indigenous Australian dental
calculus and argued that oral microbiota may be shaped by long relationships with
Country (Ancestral homeland), showing that microbial data can intersect with
Indigenous heritage, health, and identity (Handsley-Davis et al., 2022). All this
evidence shows how carefully researchers have to produce, handle and com-
municate the results.

Overall, ethical aDNA research requires a precautionary and relational
approach: a sample does not need to be a human bone to be culturally, biologi-
cally, or politically sensitive.

2.11 Future and perspectives in the field of ancient
metagenomics: about MAGS, functional studies,
multidisciplinarity

Until a few years ago, the only option for aDNA analysis was to take the short-
read sequencing data and align them against some known reference genomes.
However, this is problematic, because this approach relies on the organisms whose
genomes are present in the reference database. A major future direction in ancient
metagenomics is the transition from taxonomic profiling towards genome recon-
struction of ancient microbial communities through metagenome-assembled
genomes, or MAGs (Wibowo et al., 2021). This shift is important because de novo
assembly and binning can recover previously undescribed species-level genome
bins from ancient material (Wibowo et al., 2021), thus allowing researchers to
avoid databases. For example, Wibowo et al. reconstructed 498 medium- and
high-quality microbial genomes from ancient palaeofaeces, and 39% of the 181
most confidently ancient gut genomes represented previously undescribed species-
level genome bins (Wibowo et al., 2021). Similarly, ancient dental calculus has
been used for de novo metagenomic assembly, with Granehéll et al. reconstructing
117 MAGs from 20 calculus samples and identifying ancient archaeal diversity
within Methanobrevibacter that was poorly represented in modern reference
databases (Granehill et al., 2021). However, MAG recovery from ancient samples
remains technically challenging because aDNA is fragmented, damaged, low in
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abundance, and often mixed with environmental or modern contaminant DNA
(Borry et al., 2021; Wibowo et al., 2021). Future work will therefore need con-
tinuous aDNA-aware pipelines for MAGs, rather than direct transfer of pipelines
developed for modern high-quality metagenomic data (Borry et al., 2021; Pochon
etal., 2023).

A second major perspective is the development of functional ancient meta-
genomics, in which the field moves beyond “which taxa were present?” toward
“what genes, pathways, and functional capacities were present?” (Gancz et al.,
2023; Wibowo et al., 2021). Functional profiling of ancient palacofaeces has
already shown differences between ancient and industrialized gut microbiomes,
including lower abundance of antibiotic-resistance and mucin-degrading genes
and enrichment of mobile genetic elements in ancient samples (Wibowo et al.,
2021). Ancient dental calculus studies have also linked microbial functional
profiles to diet and lifestyle, with Gancz et al. reporting that microbial functions
reflected differences in dairy and carbohydrate consumption across British
archaeological populations (Gancz et al.,, 2023). Functional approaches are
especially promising because they can connect microbial communities to host
diet, oral hygiene, inflammation, pathogen exposure, antibiotic resistance, carbo-
hydrate metabolism, and biosynthetic potential (Gancz et al., 2023; Klapper et al.,
2023; Wibowo et al., 2021). One particularly striking example is the recovery of
ancient biosynthetic gene clusters from dental calculus MAGs, which allowed
Klapper and colleagues to investigate natural-product biosynthesis in Middle and
Upper Palaeolithic oral bacteria (Klapper et al., 2023). This type of work opens a
new perspective in which ancient metagenomics can even contribute to bio-
technology, because ancient genomes may preserve biosynthetic pathways that
are absent or rare in modern microbiomes which have been sampled (Klapper
et al., 2023). At the same time, functional interpretation must remain cautious
because of short reads, and incomplete MAGs.

A third future direction is deeper multidisciplinarity, because ancient meta-
genomic data are most informative when interpreted together with archaeology,
bioarchaeology, palaecopathology, palaeoproteomics, microremains recovery, iso-
topes data, and environmental evidence (Modi et al., 2023; Quagliariello et al.,
2022) . Especially dental calculus is valuable for this kind of integrated work,
because it can preserve microbial DNA, host molecules, dietary residues, plant
microremains, proteins, and environmental particles within the same biofilm
matrix (Jersie-Christensen et al., 2018; Warinner et al., 2015). For example,
Quagliariello et al. integrated oral microbiome data from dental calculus with
embedded plant remains to investigate how the Neolithic transition toward agri-
culture shaped oral microbiome composition in Italy (Quagliariello et al., 2022).
Future studies should therefore be designed from the beginning as integrated
archaeological-biological projects, rather than as purely sequencing-based surveys,
because contextual information is essential for distinguishing biological signal
from taphonomy, contamination, sampling bias, and post-excavation history
(Fellows Yates, Andrades Valtueiia, et al., 2021; Warinner et al., 2017a). Such
multidisciplinarity would also help tackle some of the challenges that were
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already highlighted by Green and Speller in 2017, in their discussion of ancient
DNA extraction from novel sources (Green & Speller, 2017). These include the
need for a more detailed understanding of substrate-specific DNA preservation
and degradation processes, as well as the development of multi-proxy approaches
capable of supporting the authentication of ancient genetic signals.

Overall, the future of ancient metagenomics will likely be towards genome
reconstruction, functional studies and a better dialogue between disciplines,
with a multi-omic archaeology grounding molecular results in human evolution,
environment, health, and material culture.

47


https://paperpile.com/c/gjRK9P/gxQe

3. AIMS OF THE STUDY

The overall aim of this thesis was to evaluate the potential of ancient meta-
genomics and palaeoproteomics for reconstructing past human-environment,
human-animal, and human-microbe interactions using archaeological materials.
In particular, the thesis aimed to assess how both conventional and overlooked or
usually discarded archaeological substrates preserve ancient biomolecular infor-
mation, and how such information can be used to investigate microbial ecology,
biomolecular preservation, infectious diseases, and zoonotic transmission in past
populations.

3.1 Specific aims of the first study (REF I) : Biomolecular
preservation in sediment concretions

Archaeological remains covered with concretions, including human bones, are
commonly found in certain areas and time periods of interest for understanding
the past, but had not been investigated for potential ancient DNA (aDNA) and
protein content. In this study, we aimed to extract aDNA and proteins in tandem
from human dental remains and their surrounding concretions, in order to have
the opportunity to investigate this unexplored source.

3.2 Specific aims of the second study (REF Il): Bone-adhered
sediments as sources of ancient biomolecules

Sediments adhered to human skeletal remains are an abundant material that is often
ignored or discarded during excavation, postexcavation cleaning, or laboratory
processing (Damgaard et al. 2015; Pinhasi et al. 2019). This source is persistent
in skeletal collections and can be found even after years of storage. In some cases,
these sediments could be the last remaining material that provides environmental
data of a site years after its excavation. However, the role of bone-adhered sedi-
ments as a reliable source of ancient biomolecules is poorly understood. In this
study, we aimed at exploring the biomolecular content of sediments adhered to
different human skeletal elements. In doing so, we explored human, animal and
microbial content both from a genomics and from a proteomics perspective. We
also wanted to understand if the human DNA found in the sediments was com-
parable with the original skeletal elements.
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3.3 Specific aims of the third study (REF IlI): Infectious
disease landscapes in medieval Sint-Truiden

In addition to reconstructing human genetic ancestry and population structure,
the study aimed to explore the infectious disease landscape of medieval and post-
medieval Sint-Truiden through metagenomic screening of shotgun sequencing
data from dental remains. Teeth were selected instead of petrous bones partly
because they allowed the recovery of both human and pathogen DNA. The meta-
genomic investigation aimed to detect human-associated pathogens and patho-
bionts, evaluate their temporal distribution across the eighth to eighteenth cen-
turies, and test whether infections such as plague could be identified even where
written historical sources were silent.

3.4 Specific aims of the fourth study (REF IV): Co-occurrence
of zoonotic pathogens in prehistoric Europe

The study aimed to use metagenomic screening of ancient DNA libraries from
Copper Age individuals at Grotta della Spinosa to investigate the presence of
pathogens and the infectious disease burden in the prehistoric community. In
particular, we sought to identify and authenticate pathogen DNA, reconstruct mic-
robial genomes where possible, and assess whether multiple pathogens could co-
occur within the same individuals or archaeological contexts. The study was
especially focused on the detection of Yersinia pestis and Erysipelothrix spp., in
order to explore prehistoric disease burden, pathogen co-occurrence, and the
possible role of zoonotic transmission during the Late Neolithic/Bronze Age
period in Southern Europe.
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4. MATERIALS AND METHODS

This chapter of the thesis contains an overview of the methods used in each
publication that constitutes the dissertation work. All the ancient DNA laboratory
work that is presented in this thesis was carried out in the dedicated ancient DNA
facilities at the Institute of Genomics, University of Tartu. Library quantification
and sequencing were performed at the Estonian Biocentre Core Laboratory. For
further details, please refer to the original publications and supplementary
materials.

4.1 Ref |

In this study, DNA was extracted from 62 skeletal samples from Grotta Scaloria
and Titolo, with all necessary permissions obtained from The Soprintendenza
Archeologia, Belle Arti e Paesaggio per le province di Barletta-Andria-Trani e
Foggia and the Soprintendenza Archeologia, Belle Arti e Paesaggio per la Citta
Metropolitana di Bari.

Samples included tooth roots, concretion-covered tissues, concretion powder,
and dental calculus. Sampling tools were sterilised between samples, and materials
were decalcified in EDTA before DNA purification. Tooth-root extracts were
concentrated with Vivaspin Turbo 15 columns, and all extracts were purified using
Roche High Pure Viral Nucleic Acid Large Volume columns. DNA was eluted
in EB buffer and stored at —20 °C. One extraction was performed per sample, and
30 uL of extract were used for library preparation.

Sequencing libraries were prepared following established protocols (Keller
et al., n.d.) and quantified using Qubit, TapeStation, and qPCR. Libraries were
sequenced on an [llumina NextSeq 500/550 using paired-end 150-cycle chemistry.

Before mapping, the raw sequences were trimmed with AdapterRemoval
v.2.3.3 (Schubert et al., 2016), the sequences shorter than 30 bp and with quality
below 20 were discarded, we removed low complexity sequences using prinseq
v.0.20.4 and a dust value of 7 (Schmieder & Edwards, 2011). At the end, we
collapsed all duplicated reads using bbmap v.38.18 tool suite (Bushnell, 2014).

Reads were mapped to the human reference genome hgl9 using bwa
backtrack (Li & Durbin, 2009) with edit distance and seeding modified to account
for aDNA damage (-n 0.01 and -1 16000). Alignments were processed with
SAMTools (Li et al., 2009) and Picard (Broad Institute, 2019.), retaining non
duplicated reads with mapping quality >30. Mapping statistics, genetic sex
estimation, and post-mortem damage profiles were generated using Qualimap2
(Okonechnikov et al., 2016), bedtools (Quinlan & Hall, 2010), sexing.py script
(Skoglund et al., 2013), and mapDamage2.2.1 (Jonsson et al., 2013).

After preprocessing, all the reads that didn’t map to the human genome
were processed with KrakenUniq (Breitwieser et al., 2018) and the standard
MicrobialDB. We have filtered our raw KrakenUniq reports considering valid
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microbial species with a minimum E-score (proportion of unique kmers by read
per genome coverage) of 7. Microbial profiles were analysed with SourceTracker2
(McGhee et al., 2020) using reference datasets representing oral, skin, soil, and
gut microbiomes (Bissett et al., 2016; Human Microbiome Project Consortium,
2012; Oh et al., 2016; Rampelli et al., 2015). Oral-associated microbial species
were selected from eHOMD and SourceTracker2 results. We extracted these
species from our samples’ raw reports and combined them with published ancient
and modern oral microbiome datasets. After merging these, we have normalised
each sample for library size, discarded species with a representation below 0.02%,
clr-transformed the dataset, and a PCA was computed using mixOmics R package
(Rohart et al., 2017). Selected samples were mapped against reference genomes
of oral bacterial taxa, including Anaerolineaceae bacterium oral taxon 439,
Actinomyces sp. oral taxon 414, and Olsenella sp. oral taxon 807.

Ancient DNA authenticity was assessed through genome coverage, mapp-
ability, GC content, and deamination patterns. For phylogenetic analysis, published
ancient and modern Anaerolineaceae genomes were combined with our five
newly generated samples with >3% coverage. Variants were called with GATK
(McKenna et al., 2010), filtered for quality, depth, missingness, and proximity,
and used to build a maximum-likelihood tree with RAXML (Stamatakis, 2014),
rooted with a Neanderthal strain (Stamatakis, 2014; Weyrich et al., 2017) and
visualised with ggtree (G. Yu et al., 2017).

For proteomic analysis, the pellets and 50 uL. of supernatant were retained. In
order to perform protein extraction, 150 pL of 2M guanidine HC] were added,
then 20 pL each of 100 mM CAA and TCEP. Samples were incubated at 99C for
10 min then allowed to cool. 10 uL of a mix of Sera Mag beads was added along
with 230 pL of 100% ethanol and incubated at 24 °C for 5 min on a shaker. Beads
were pelleted using a magnetic rack and the supernatant removed. Beads were
washed three times with 80% ethanol then 150 pL of TEAB and 1 pL trypsin
were added to each tube. The tubes were incubated for overnight digestion at
37 °C, with light shaking. The peptides were then immobilised on Pierce™ C18
Tips, which were prepared with methanol, AT80 and 0.1% TFA. Samples were
run through the tips twice and followed by two rounds of 150 puL 0.1% TFA.
Peptides were analysed by LC-MS/MS on a Q Exactive HF mass spectrometer.

Raw spectra were searched with novor.cloud (Ma, 2015) and pFind
(Chietal., 2018) SwissProt (Release 2017/01), cRAP (as for 04/03/2019)
(https://www.thegpm.org/crap/) and the extended Human Oral Microbiome Data-
base (eHOMD). Peptide identifications were filtered using a <1% false-discovery
rate, and proteins were accepted only when supported by at least two unique
PSMs. Contaminants were removed using extraction blanks and the cRAP data-
base, except for human collagen. Peptide preservation was assessed through post-
translational modifications, especially glutamine and asparagine deamidation,
and peptide length distributions. We compared bacterial peptides against an in-
house database, including the eHOMD (version 3.1), the SMAG -catalog
(Ma et al., 2023), RefSoil (Choi et al., 2017), and the European Soil Diversity
database, to classify bacterial peptides. Non-modified bacterial peptides were
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additionally searched against NCBI nr using BLASTP, retaining only matches
with 100% identity and coverage, and results were parsed with MEGAN (Huson
et al., 2007).

4.2 Ref Il

In this work, between 3.43 and 15.58 mg of sediment samples were collected
from the cavities of ribs, vertebrae, and petrous bones using a dental scraper
cleaned between samples with 6% NaOCI, double-distilled water, and 70%
ethanol. Each sample was incubated overnight at room temperature in 500 puL of
0.5 M EDTA. Supernatants were then purified, following a published protocol
(Keller & L Scheib, 2023), with the difference that there was no concentration of
the extracts and 4.5 mL of PB buffer were added at the beginning, and the final
elution volume was of 60 puL. EB buffer. One extraction was performed per
sample for screening, and 30 pL of extract were used for library preparation.

Sequencing libraries were prepared using a modified NEBNext Library
Preparation Kit protocol. Libraries were single-indexed and PCR-amplified for
18 cycles. Amplified libraries were purified with MinElute columns and quanti-
fied using Qubit, TapeStation, and qPCR. Samples were shotgun-sequenced to
approximately 20 million reads on an Illumina NextSeq 500/550 using a High-
Output single-end 75 bp kit.

Raw FASTQ files were processed with AdapterRemoval2 (Schubert et al.,
2016) to remove adapters, indexes, and poly-G tails. Reads shorter than 30 bp
and with quality below 20 were discarded. Low-complexity reads were removed
with prinseq (Schmieder & Edwards, 2011) using a dust value of 7, and duplicate
reads were collapsed with the bbmap tool suite (Bushnell, 2014). For microbial
analysis, first human reads were removed by mapping against the human refe-
rence genome build 37 using BWA backtrack (Li & Durbin, 2009) with para-
meters adjusted for ancient DNA damage.

Non-human reads were then classified with KrakenUniq (Breitwieser et al.,
2018) using the standard MicrobialDB. A second KrakenUniq screening with a
custom mitochondrial and plastid genome database was used to improve detection
of eukaryotic taxa. Candidate species were further checked through competitive
mapping to reduce cross-mapping between closely related species.

KrakenUniq reports were filtered and microbial species were considered valid
when they had an E-score of at least 7. SourceTracker2 (McGhee et al., 2020)
was used to estimate the likely origin of microbial reads using reference datasets
for oral, skin, soil, gut, and domestic animal gut microbiomes. Species were
retained when they had at least 200 reads in the reference dataset, 50 reads in the
target sample, and an abundance above 0.02% across the full dataset. Microbial
community structure was explored using Bray—Curtis distances and nMDS in R.
Potential contaminants were identified from extraction blanks using decontam
with a threshold of 0.7 and removed from downstream analyses.
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Ancient DNA authenticity of microbial reads was assessed by mapping reads
from source-associated taxa to reference genomes and estimating terminal
cytosine deamination with mapDamage2 (Jonsson et al., 2013). GC content was
also evaluated, and differences in damage between microbial sources were tested
using ANOVA. Human- and ruminant-gut-associated species were extracted
from KrakenUniq reports, filtered using an E-score >7 and at least 10 reads,
normalised by library size, and filtered for minimum abundance. The resulting
dataset was clr-transformed and analysed by PCA using the mixOmics R package
(Rohart et al., 2017). Microbial taxa of interest were further validated using
krakentools (https://bio.tools/krakentools), megablast (Chen et al., 2015), and
MEGANG6 (Huson et al., 2007).

Modern human contamination was estimated using schmutzi (Renaud et al.,
2015) on mitochondrial and nuclear human reads. For selected samples, mito-
chondrial contamination was also checked manually in IGV (Robinson et al.,
2011) by comparing allele depths at informative positions. Human mitochondrial
haplogroups were assigned using GATK (McKenna et al., 2010), bcftools
(Danecek et al., 2021), and HaploGrep3 (Schonherr et al., 2023). Genetic sex was
estimated using ry _compute, with established ratio thresholds for male, female,
and undetermined classifications (Skoglund et al., 2013) .

To analyse black rat sequences from sample NMS022B, published R. rattus
and R. tanezumi (Massini Espino et al., n.d.; Puckett et al., 2016; Teng et al.,
2016; H. Yu et al., 2022) genomic data were downloaded and processed together
with the ancient sample. Modern data were mapped with BWA mem, while
ancient data were mapped with BWA backtrack. Individuals with more than
0.01x genomic coverage were included in population genetic analyses. Genotype
likelihoods were generated with ANGSD (Korneliussen et al., 2014) and used for
PCA with PCAngsd (Meisner & Albrechtsen, 2018). A pseudohaploid dataset
excluding transitions was also generated for f4-statistics using gpDstat in
ADMIXTOOLS (Patterson et al., 2012). Statistical significance was assessed
using block jackknife resampling. For mitochondrial phylogeny, SNPs were called
with GATK UnifiedGenotyper and filtered by depth and genotype quality.
Consensus mitochondrial sequences were generated with bcftools, and poorly
covered positions were masked. A maximum-likelihood phylogenetic tree was
built with RAXML (Stamatakis, 2014) using the GTR-GAMMA model, 100 boot-
straps, and R. tanezumi as the outgroup. Trees were visualised with ggtree (G. Yu
etal., 2017).

Published human data from Cherry Hinton and sediment-derived human
reads were mapped and processed using the same aDNA pipeline. Pseudohaploid
calls were generated with pileupcaller (available at
https://github.com/stschiff/sequenceTools) using the HO dataset as a calling
panel (Lazaridis et al., 2014). Terminal deamination patterns were compared
between sediment and skeletal samples using mapDamage?2 (Jonsson et al., 2013)
and a Welch two-sample t-test. Low-coverage genomes from CHRY038B and
CHRY038 were imputed with QUILT (Davies et al., 2021) using the HRC refe-
rence panel (McCarthy et al., 2016). Post-imputation filtering retained high-
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confidence genotypes, although results were treated as suggestive because
sequence coverage was below the recommended level for imputation. Human
population affinities were explored by projecting the samples onto a PCA of
modern European individuals from the HO dataset using smartpca. Relatedness
between CHRY 038 and CHRY038B was assessed with READvV2 (Alacamli et al.,
2024). Phenotype-associated SNPs were extracted from the imputed genomes,
including HlrisPlex-S (Chaitanya et al., 2018) pigmentation markers and selected
diet- and disease-related variants. Pigmentation probabilities were estimated using
the HlrisPlex-S webtool (https://hirisplex.erasmusme.nl/).

During DNA extraction, the remaining pellet and 50 uL of supernatant were
retained for protein analysis. Proteins were extracted using a modified SP3
protocol with guanidine HCI, CAA, TCEP, Sera-Mag beads, ethanol washes, and
overnight trypsin digestion. Peptides were purified using C18 tips and stored at
—20 °C before analysis. Peptides were analysed by LC-MS/MS at the Proteomics
Core Facility, University of Tartu. Samples were separated by nanoLC and
analysed on a Q Exactive Plus mass spectrometer using data-dependent acquisi-
tion. Raw spectra were used for downstream protein identification and preser-
vation analysis. Raw mass spectrometry data were searched with pFind (Chi
et al., 2018) against SwissProt (Release 2017/01) and cRAP (as for 04/03/2019)
(https://www.thegpm.org/crap/), and results were compared with novor.cloud
(Ma, 2015). Searches included carbamidomethylation as a fixed modification and
several variable modifications. PSMs were filtered at <1% false discovery rate,
and only peptides with pFind scores <0.01 and at least two PSMs were retained.
Contaminants identified in extraction blanks and the cRAP database were
removed. Peptides were further checked using BLASTP, MEGAN (Huson et al.,
2007), and Unipept (Vande Moortele et al., 2025). For rat peptide identification,
a custom Rattus protein database was built using R. rattus and R. norvegicus
reference protein sequences. Filtered peptides were searched against this database
and NCBI nr. Species-specific peptides with 100% identity and coverage were
parsed with MEGAN (Huson et al., 2007).

4.3 Ref 11l

In this study, teeth of 404 individuals from Sint-Truiden and 15 from Ypres were
sampled for the analyses. Tooth roots were sampled with a sterile drill wheel and
briefly brushed to remove surface dirt using full-strength household bleach, 6%
w/v NaOCl, and a disposable toothbrush soaked in bleach before use. Decontami-
nation, extraction, purification, and library preparation were performed following
published aDNA laboratory protocols (Keller & Scheib, 2023). Shotgun se-
quencing of pooled libraries was performed in two phases: an initial screening
phase to assess endogenous DNA content, contamination, and sample complexity,
followed by deeper sequencing of selected samples to reach a target autosomal
depth of >0.1x for genotype imputation. Libraries were sequenced at the KU
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Leuven Genomics Core facilities using 100 bp paired-end kits on Illumina
NovaSeq S4 flow cells for 200 cycles.

All downstream analyses of human DNA were performed using established
pipelines on the University of Tartu cluster. Adapters, low-quality 3’ ends, and
flanking N bases were removed with CutAdapt-2.10 (Martin, 2011), keeping read
pairs only when both reads were at least 28 bp long. Paired-end reads were merged
with FLASH-1.2.11 (Mago¢ & Salzberg, 2011) and mapped to the hs37d5 human
reference genome using BWA-backtrack (Li & Durbin, 2009), chosen because of
the short read length. BAM files were generated with SAMTools-1.9 (Li et al.,
2009), unmapped reads were discarded, duplicates were removed with Picard
MarkDuplicates (Broad Institute, 2019.), and local realignment around indels was
performed with GATK (McKenna et al., 2010). Reads with MAPQ <10 were
removed, and mapping statistics were generated with SAMTools (Li et al., 2009).

Endogenous DNA content was calculated as the proportion of mapped reads,
including duplicates, out of the total number of reads. Ancient DNA authenticity
was assessed with mapDamage2.0.6 (Jonsson et al., 2013) by measuring C to T
substitutions at read ends. Autosomal contamination was estimated with ANGSD-
0.917 (Korneliussen et al., 2014) using the X-chromosome contamination module,
while mitochondrial contamination was calculated from the proportion of non-
consensus bases at haplogroup-defining positions. All samples were mapped
against the hs37d5 human reference genome and checked against sample-specific
mitochondrial haplogroup-defining sites. After filtering alignments with MAPQ
>20, we estimated genetic sex using ry_compute (Skoglund et al., 2013) and
karyo RxRy (Anastasiadou et al., 2024).

Mitochondrial variants were called with beftools v1.14 (Danecek et al., 2021)
using the hs37d5 mitochondrial sequence as reference. Mitochondrial haplogroups
were assigned with HaploGrep v2.1.21 (Weissensteiner et al., 2016) using
PhyloTree Build 17 (van Oven, 2015). Binary Y-chromosome variants were
called at approximately 273,000 previously identified polymorphic sites using
ANGSD haploid calling. The output was converted to PLINK, VCF, and BED
formats, filtered against reference and alternative alleles, converted to haploid
format, and annotated with bedtools (Quinlan & Hall, 2010). Y-chromosome sub-
haplogroups were assigned by comparing derived allele calls to the YFull tree
(available at https://www.yfull.com/), requiring at least two variants to support
terminal branch assignment.

For genetic relatedness analyses, pseudohaploid genotypes were generated
from 382 individuals with coverage above 0.01%. One randomly sampled allele
was called with ANGSD at common variants from the UK10K subset of the HRC
panel (McCarthy et al., 2016), filtered for Minor Allel Frequency (MAF) >5%.
The output was converted to PLINK, VCF, and BED formats for downstream
analyses. Close biological relationships from the 1st to 3rd degree were screened
using KIN (Popli et al., 2023) and READV2 (Alagamli et al., 2024) on 372 indi-
viduals with coverage >0.01%. Genotypes of Sint-Truiden and Ypres individuals
were imputed with QUILT (Davies et al., 2021) using the HRC v1.1 reference
panel. After filtering and removal of individuals with coverage below 0.1x,
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338 Sint-Truiden and 8 Ypres individuals were retained. The final imputed
dataset was merged with published genomes and used for downstream analyses.

A PCA was performed after merging the imputed Sint-Truiden data with Early
Medieval, Iron Age, and modern European reference genomes. After LD pruning
and exclusion of likely non-neutral regions, PCA was calculated with FlashPCA
2.0 (Abraham et al., 2017). Population structure analyses were performed using
imputed genotype data downsampled to the 600K SNPs available in the Allen
Ancient DNA Resource (AADR) (Mallick et al., 2024). Supervised ADMIXTURE
(Alexander et al., 2009) was used to model target groups. qpWave and gpAdm
analyses were performed with AdmixTools (Patterson et al., 2012). HapNe-LD
(Fournier et al., 2023) was used to estimate effective population size through time
after removing closely related individuals. IBD segments and kinship coefficients
were estimated with IBIS (Seidman et al., 2020) using imputed ancient and
modern reference genomes. Individual connectedness was estimated with the PiC
score (the proportion of individuals in a reference group sharing IBD with each
target individual). Runs of homozygosity were detected with hapROH (Ring-
bauer et al., 2021) in imputed genomes and compared with estimates from non-
imputed pseudo-haploid data. Genome-wide heterozygosity was estimated with
PLINK.

To test for enrichment of allele-frequency differences in immune genes before
and after the start of the second plague pandemic, Fst (Fixation index) analyses
were performed with PLINK using neutral, innate immunity, adaptive immunity,
and HLA variants. Immune variants above the 99th percentile of neutral Fst values
were considered highly differentiated. Genome-wide Fst scans were also per-
formed to identify possible selection signals between earlier and later time groups,
and selected variants were annotated with VEP (McLaren et al., 2016). Variants
with strong phenotypic effects were analysed after filtering imputed genotypes
by dosage. Genotypes were extracted for 112 SNPs associated with diet, disease,
immunity, and pigmentation, including HIrisPlex-S (Chaitanya et al., 2018)
markers. Pigmentation probabilities were estimated with the HIrisPlex-S webtool
(https://hirisplex.erasmusmc.nl/). Allele frequencies were compared between
earlier and later Sint-Truiden cohorts and with modern Flemish genomes using
ANOVA with Bonferroni correction.

For metagenomic analyses, raw sequencing data were merged by sample,
quality-checked, trimmed, merged, and then screened with KrakenUniq (Breit-
wieser et al., 2018) for human-associated pathogens and pathobionts. The data-
base used for analysis included complete genomes and chromosome-level assem-
blies of bacteria, viruses, archaea, and protozoa, the human genome, the NCBI
Viral Neighbor database, and the contaminant databases UniVec and EmVec.
E-values were calculated as described in Guellil et al. (Guellil et al., 2022).
Reported taxa were validated by mapping reads to reference sequences, removing
duplicates, and assessing damage patterns with mapDamage2 (Jonsson et al.,
2013). Mapping statistics and visualisations were generated with Qualimap
(Okonechnikov et al., 2016), aDNA-BAMPIotter (Guellil, 2021), and Python
modules. Sample ST1516 was the best candidate for Yersinia pestis and was
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enriched using a custom Y. pestis/Y. pseudotuberculosis myBaits target enrich-
ment kit (Keller et al., 2023). Enrichment followed the myBaits protocol using
half a bait aliquot, followed by amplification and sequencing on an Illumina
NextSeq500. Additional samples were also enriched but with lower success.

4.4 Ref IV

For this study, we collected 9 samples from different areas of Grotta della
Spinosa, Grosseto, Tuscany, Italy. Portions of tooth crowns, tooth roots, petrous
bones, and one incus were sampled with a sterile drill wheel and briefly brushed
to remove surface dirt using full-strength household bleach, 6% w/v NaOCl, and
a disposable toothbrush soaked in bleach before use. Decontamination, extraction,
purification, and library preparation were performed following published aDNA
laboratory protocols (Keller & Scheib, 2023).

Libraries were double-stranded, double-indexed, and split into two amplifi-
cations. Library preparation success and DNA concentration were assessed using
QubitKrakenUniq, TapeStation, and qPCR (KAPA Library Quantification Kit —
Illumina® platforms). DNA was initially shotgun-sequenced on an Illumina
NextSeq500/550 High-Output paired-end 150-cycle kit at the University of Tartu
Institute of Genomics Core Facility. Deeper sequencing was performed in the
same facility using the Illumina NextSeq2000 platform. The dsDNA library of
sample GSPO13 was enriched using a custom Y. pestis/Y. pseudotuberculosis
myBaits target enrichment kit from Daicel Arbor Biosciences (Keller et al.,
2023). Hybridization was carried out for 35 h at 62 °C, and the enriched library
was sequenced on the Illumina NextSeq2000 platform.

Raw FASTAQ files were processed by removing adapters, indexes, and poly-G
tails using cutadapt (Martin, 2011).Sequences shorter than 30 bp were discarded.
Trimmed sequences were aligned to the human reference genome GRCh37, using
BWA mem (Li & Durbin, 2009) with re-seeding disabled and converted to BAM
format with SAMTools (Li et al., 2009). For paired-end sequencing, different
flow-cell lanes were merged, duplicates were removed using Picard Mark-
Duplicates (Broad Institute, 2019.) and SAMTools (Li et al., 2009), and indels
were realigned using GATK(McKenna et al., 2010). Reads with mapping
quality below 10 were filtered out. Different runs and extractions from the same
sample were then merged. Ancient DNA damage patterns were estimated with
mapDamage (Broad Institute, 2019.; Jonsson et al., 2013). Modern human
contamination was estimated for mitochondrial DNA using ContamMix, and for
male individuals on the X chromosome using ANGSD (Korneliussen et al.,
2014). Possible genetic relationships between individuals were estimated using
READV2 (Alagcamli et al., 2024).

Autosomal variants were called with ANGSD using the 1240k positions from
the AADR dataset. ANGSD output was converted to PLINK format, and auto-
somal SNP counts were estimated. Six individuals with more than 20,000 auto-
somal 1240k SNPs were selected for genome-wide analysis. The newly generated
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data were merged with the AADR dataset (v62.0, https://dataverse.harvard.edu/
dataset.xhtml?persistentld=doi: 10.7910/DVN/FFIDCW, version: January 2025),
subsetted to the HO array, and filtered for positions with MAF > 0.1. The dataset
was converted to EIGENSTRAT format using EIGENSOFT, and a PCA was
performed with smartpca by projecting the new and published ancient individuals
onto present-day Western Eurasian genetic variation.

For metagenomic analyses, raw sequences were pre-processed using
AdapterRemovalv2 (Schubert et al., 2016) to trim adapters and collapse paired-
end reads when necessary. Reads shorter than 30 bp and bases with quality below
20 were discarded. Low-complexity reads were removed using prinseq-lite with
a dust value of 7, and duplicated sequences were removed with BBmap (Bushnell,
2014). High-complexity deduplicated sequences were screened with KrakenUniq
(Breitwieser et al., 2018) against the standard MicrobialDB. Reports were filtered
using a minimum E-score of 7 and a minimum of 100 assigned reads, except for
viruses.

Ancient published Yersinia pestis genomes were mapped against the Y. pestis
CO0O92 reference genome using BWA backtrack (Li & Durbin, 2009) with ancient-
DNA -sensitive parameters. Duplicates were removed with Picard MarkDuplicates
(Broad Institute, 2019.) and reads with mapping quality >30 were retained.
Variants were called using GATK UnifiedGenotyper with the - -emit-all-sites
option (McKenna et al., 2010). A high-quality biallelic SNP dataset was created
with vcftools (Danecek et al., 2011) by filtering for minimum depth of 3Xx,
genotype quality of 30, removal of indels and heterozygous positions, maximum
missingness of 40%, allele depth ratio of 90%, and a minimum distance of 3 bp
between SNPs. tRNA, rRNA, and repetitive regions were also removed. The final
dataset contained 2,026 SNPs across 36 ancient Y. pestis genomes, Y. pestis
C092, and Y. pseudotuberculosis. A maximum-likelihood phylogeny was built
using raxml-ng with the GTR+G model and 1,000 bootstraps (Kozlov et al.,
2019). Tree support was assessed using FBP and TBE.

Known virulence genes were screened in Y. pestis on the chromosome and
plasmids pCD1, pMT1, and pPCP1 using a mapping quality filter of 1. Gene cover-
age was analysed with BEDTools (Quinlan & Hall, 2010), and selected genes were
manually inspected in IGV to assess the presence of functional SNPs or indels.

E. rhusiopathiae genomes were processed with AdapterRemoval(Schubert
et al., 2016) using the same parameters. Modern genomes were mapped against
the E. rhusiopathiae NCTC8163 reference genome using BWA mem (Li & Durbin,
2009), while ancient genomes were processed following the same steps used for
Y. pestis. VCF files were generated with GATK UnifiedGenotyper (McKenna
et al., 2010) for 196 modern and 8 high-coverage ancient genomes. Positions were
filtered for minimum coverage of 5%, genotype quality of 20, and removal of indels.
Heterozygous positions were reassigned when the majority allele was supported
by at least 90% of reads; otherwise, they were discarded. Repetitive regions, tRNA,
and rRNA genes were also masked. Filtered VCF files were converted into con-
sensus sequences using bcftools (Danecek et al., 2021), masking low-quality
positions with N.
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The genomes were concatenated, and an initial maximum-likelihood tree was
built with FastTree (Price et al., 2009). This tree and alignment were used to detect
recombination with ClonalFrameML (Didelot & Wilson, 2015). After removing
recombination tracks and filtering for missingness, SNP distance, and non-variant
positions, a high-quality dataset of 6,809 SNPs was obtained. This dataset was
used to include modern E. fonsillarum, Es2 genomes, and intermediate-coverage
E. rhusiopathiae genomes. A maximum-likelihood tree was built with raxml-ng
using the GTR+G model and 1,000 bootstraps (Kozlov et al., 2019), with node
support assessed by TBE and FBP. Low-coverage samples were called pseudo-
haploid with PileupCaller and projected onto the tree using epa-ng (Barbera et al.,
2019). Samples with first placement LWR above 70% were grafted using gappa,
and the final tree was midpoint-rooted.

The same approach followed for Y. pestis was used to screen known virulence
genes in E. rhusiopathiae. A PCA of E. rhusiopathiae virulence genes was created
from a SNP dataset of these regions in 170 modern and ancient high-quality
genomes. Lower coverage genomes were projected using pseudohaploid calls.
Since most ancient E. rhusiopathiae samples showed genetic affinity with Clade 2,
a genome-wide Fst analysis was performed between ancient genomes and modern
Clade 2 genomes, excluding tRNA and rRNA genes. The Weir and Cockerham
estimator in vcftools (Danecek et al., 2011) was used, and the top 1% genes with
high Fst were selected. To identify genes with different coverage between modern
and ancient strains, genome-wide normalised coverage was calculated for each
genome. A gene was considered present in ancient E. rhusiopathiae genomes
from human individuals when at least 75% of individuals in a group showed at
least 75% breadth of coverage. If more than 75% of individuals had less than 75%
breadth of coverage, the gene was considered absent.
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5. RESULTS AND DISCUSSION

This section summarises the main results and discussions of the four scientific
publications included in this dissertation. The aim of the section is to provide an
overview of the main findings of the works. More detailed information can be
found in the original articles and their respective supplementary material.

5.1 Concretions covering human remains preserve
microbial ancient DNA and proteins (REF I)

In this study, we have explored aDNA and protein content and preservation of
concretions covering human remains. In order to do that, we extracted aDNA and
proteins in tandem from human dental elements and their surrounding concretions
and compared them to non-concreted human dental elements from the same site.
We produced 24 libraries from 24 total samples from 5 individuals from the site
of Titolo (Figure 4). The analysis of samples from Grotta della Scaloria, a nearby
site, were unsuccessful, so they are reported only in the original manuscript.

(Grotta Scaloria

Titolo (Palese)

Figure 4: Map of Italy, with the sites highlighted, site map, and archaeological
material.

A) Map of Italy and detail of Puglia, displaying the sites named in text. B) Layout of
burials at Titolo (Palese, BA, Puglia, Italy) with the location of the three burials with
skeletal remains covered by sediment concretions highlighted in orange. C) Concretion-
covered dentitions of the three individuals under study: PALO002, burial T3 (top),
PALO0OS, burial T8 (middle), PALO06, burial T9 (bottom), with sampled region in yellow.
Reprinted from Figure 1 (Bonucci et al., 2025), licensed under Creative Commons CC
BY license. Copyright © 2025 The Author(s). Published by Elsevier Inc.
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5.1.1 Low ancient human DNA content in concretions and
corresponding tissues

Across the samples from Titolo, initial analysis showed a very low preservation
of human DNA (<0.03% of human DNA content on average) in the test set and
375-26,502 reads (0.01%—0.30% human DNA content) in the control set. More-
over, the low deamination rates detected in most of the samples may indicate
modern contamination.

Critically, the source material did not reach the minimum amount of unique
human reads to perform population genetic analyses. This is a remarkable finding
which should be considered in future biomolecular studies, and we caution that
the utility of human remains covered in concretions may be limited. Nevertheless,
it is possible that further studies of concretions surrounding human skeletal or
dental remains, from other archaeological periods or environments, could yield
different results. It is important to note that we used a screening sequencing depth
for the analysis, and thus, higher coverage values for human data could be
achieved either with deeper sequencing or capture.

5.1.2 Ancient oral microbial genomes can be retrieved
from concretions

The remaining reads were identified by KrakenUniq as belonging to microbial
(2%—6.8% test set; 0.92%—4.8% control set) or were unclassified (93%—-98% test
set; 95.16%-98.82% control set). We filtered our data to include only the species
assigned with an E-score above 7, which is the minimum threshold we used to
trust that the assignment of a species is true (see Methods section).

The SourceTracker2 (McGhee et al., 2020) analysis of the 9 dental calculus
samples from Titolo showed that 55% to 95% of the classified reads originated
from oral taxa, while very few stemmed from the skin, soil, or gut microbiome.
From the test samples, PAL002G and PALOOSF showed little presence of oral
microbes, while much of the microbial species present in PALOOSE, PAL0O06C,
and PALO06D (from 50% to 80%) belonged to a human oral source (Figure 5A).
We used a PCA to place our newly generated ancient samples in relation to modern
and ancient published samples (Figure 5B). We could compare all the dental
calculus from this study and samples PALOOSE, PAL0O06C, and PALO06 to other
ancient and modern published dental calculus samples. The PCA loadings indi-
cate that Anaerolinecaceac bacterium oral taxon 439 (henceforth indicated as
Abot439), Olsenella sp. oral taxon 807 (Osot807) and Desulfomicrobium orale are
the species that most contributed to the distribution of the samples in the left
quadrant of the PCA plot.

Despite the fact that the concretions seem to show generally lower abundances
of oral bacteria, PALOOSE and PAL0O06C yielded a substantial number of reads
for 33 and 46 oral species, respectively (Figure 5C). In particular, we found a high
abundance of two sulfate-reducing bacteria, Desulfobulbus oralis and Desulfo-
microbium orale, as well as other common oral species such as Abot439, Acti-
nomyces sp. oral taxon 414 (Asot414) and Osot807.
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Figure 5: Microbial ecology background of the samples.

A) Stacked bar plot of Sourcetracker analysis showing the proportion of KrakenUniq classified reads at the species level stemming
from modern dental calculus, modern subgingival and supragingival plaque, skin, soil, and gut microbiome (both rural and urban)
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We further explored in more detail the most prevalent species in PALOOSE and
PALO06C, by aligning the sequences from PALOOSE against the references of
Abot439 (Figure 6A). We retrieved 192,093 reads unique to Abot439 from
PALOOSE, with 2.87X of average coverage, and 161,658 reads unique to Abot439
from PALO06C, with 2.63X of average coverage. Both samples displayed C to T
terminal substitutions. A maximum likelihood tree made with 16,469 SNPs with
a depth >3X found across 5 Titolo samples and 34 published strains reveals close
affinity with other Neolithic and Bronze age strains of the bacterium (Figure 6B).
The Titolo strains in particular clustered by individual, regardless of the source
from which the DNA was extracted from (calculus or concretions). However,
node support was low across all Neolithic Italian strains of Abot439 (including
the published ones), indicating insufficient resolution to adequately distinguish
between these genetically similar strains, due to low coverage.
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Figure 6: Circos plot of the mapping of samples PALOOSE and PAL006C and phylo-
genetic tree of Abot439.

A) Circos coverage plot mapping samples to Abot439 reference genome. From the outer
to the inner ring: mappability, GC content, depth of coverage for sample PALOOSE, depth
of coverage for PALO0O6C. B) Maximum-likelihood tree created with RAxMI and 1,000
bootstraps. The tree includes 16,469 biallelic positions and 39 modern and ancient Abot439
strains. Clades are highlighted in colour. Nodes with a support over 90% are marked with
an asterisk (*). Reprinted from Figure 4 (Bonucci et al., 2025), licensed under Creative
Commons CC BY license. Copyright © 2025 The Author(s). Published by Elsevier Inc.
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5.1.3 Preservation of human and bacterial peptides

All extractions were processed in tandem for ancient peptide data (see Methods
for further details). RAW files were searched against SwissProt, eHOMD, and
the cRAP database with pFind. Using this tool, we identified 13,657 unique
peptides corresponding to 2,938 proteins (Figure 7A). Peptides from Homo sapiens
were present in all samples, with different percentages. Teeth had the lowest aver-
age number of human peptides (Average = 150). We identified 45 protein species
common to all individuals (Figure 7C), with 16 of these assigned to human oral
microbes, 24 to non-human vertebrates, 4 to other bacteria and one to Homo
sapiens. Of the four individuals from Titolo, only PAL0OOS5 appears to have a unique
protein community. In fact, 114 bacterial species were identified as unique to this
individual, with very few peptides being poorly identified. Individual PALOOS
hosts the highest number of human oral microbiome (HOM) specific species, with
88 bacterial species identified, followed by individuals PAL0O06 (n=31) and
PALOO1 (n=23).
A B

Concretion chunk Concretion powder Dental calculus Root

b .

75

Calculus Tooth Root

50

Relative abundance

PAL001 PAL002

25

o

wo w a d < 4 O m u
(= o (=3 o [=] o (=3 o (=1 (=3
= o o o o o o o o o
23 33 23 3323
o o o o E o o [ o o
Sample
. Ameoba . Fungi D Insect . Obligate intracellular

Organism

. Bacteria D Human D Non-Human vertebrates . Plants

Figure 7: Relative proportions of peptides by organism and Venn diagrams showing
number of species per sample type and individual.

A) Stacked bar plot showing the relative abundance for peptide origin based on pFind
output. B) Venn diagram of species identified by pFind, categorized by sample type.
C) Venn diagram of species identified by pFind, categorized by individual. Reprinted
from Figure 5 (Bonucci et al., 2025), licensed under Creative Commons CC BY license.
Copyright © 2025 The Author(s). Published by Elsevier Inc.
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Moreover, we identified HOM peptides specific to each sample type. As
expected, calculus contains the highest number of bacteria from the human oral
microbiome (n = 90), followed by teeth (n = 54), chunks of concretions (n = 50)
and concretions powder (n = 43) (Figure 7B).

Finally, to confirm the specificity of all the HOM candidate bacteria
identified, we merged peptides whenever possible and performed a BLAST
search against the NCBI nr database. We found specific peptides associated with
HOM bacteria. Nevertheless, the ion coverage of these specific peptides remains
relatively low. However, when considering the large number of peptides linked
to these bacteria, it suggests that recovering human-associated bacteria, along
with human-specific peptides, from bone-adhered concretions may be possible.

Interestingly, palacoproteomics analyses of some samples revealed the
presence of proteins from the same oral microbiome species for which DNA was
retrieved, highlighting the advantages of combining these approaches for a more
comprehensive understanding of substrates.

5.2 Obtaining ancient genomic and proteomic data
in a nondestructive manner from bone-adhered
sediments. (REF II)
In this study, we performed metagenomic and metaproteomic analysis on sedi-
ments found inside several human skeletal elements (temporal bone, rib, and

vertebrae), originating from 11 individuals from 7 Neolithic to Medieval sites in
the Cambridgeshire region, England (Figure 8).
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5.2.1 Endogenous Human aDNA and Proteins

Human aDNA was recovered from all sediment samples except those from
Duxford. Endogenous human DNA abundance in sediments did not correlate with
that of the original bone, although sediment-derived sequences showed signifi-
cantly higher terminal C to T deamination than bone-derived DNA (Welch’s
t-test, P = 0.01547). Genetic sex estimates from sediment-derived human DNA
were generally consistent with those obtained from the original skeletal elements,
although low endogenous content in some samples limits confidence. A special
case is sample CHRY038B (Petrous bone sediment), which yielded a human
genome at an average depth of roughly 0.01% (3% of endogenous DNA). The
genetic sex, mitochondrial haplotype (XX, U5b3), matched those of the original
bone sample. READV2 (Alagamli et al., 2024) classified the sediment and bone
libraries as ‘IDENTICAL’ and PCA placed the sediment-derived genome close
to the original skeletal sample, with overlapping 95% confidence intervals. We
then pulled imputed phenotypes to check the concordance between information
in the original bone sample and bone-adhered sediments. We applied a genotype
dosage (DS) of 0.1 and observed a concordance of ~73.4% with 29 genotypes of
the total 109 phenotypic-informative markers differing between the two sample
sources.

From a proteomics perspective, peptides were assigned to Homo sapiens by
pFind in each sample, but a more detailed manual verification with BLASTp,
revealed that only five samples preserved peptides with 100% sequence coverage
and specificity only to Homo sapiens. These peptides correspond to the proteins
alpha-2-HS-glycoprotein, Serpin family F member 1, and Hornerin.

5.2.2 Detection of microbial DNA and peptides

An initial metagenomic screening of the samples using Kraken2 (D. E. Wood
et al., 2019), with the NCBI nt database classified between 0.98% and 5.2% of
the DNA sequences. Subsequently, we performed a second screening using
KrakenUniq (Breitwieser et al., 2018) and generated a microbial assignment
dataset based on hits with an E-score above 7 (see Methods). The microbial source
tracking (MST) of the samples using SourceTracker2 (McGhee et al., 2020)
revealed no clear pattern consistent with anatomical sampling location (Figure 9a).

A nonmetric multidimensional scaling (nMDS) from the same dataset using
Bray—Curtis distances shows that most of the samples fall in between the diversity
of the reference sources, apart from TRMO003B and GAMO042B, which fall close
to the blanks. We excluded potential contaminant taxa as found in extraction blanks
using decontam with a threshold of 0.7 (Davis et al., 2018). Those included 121
microbial species.

A closer inspection of the KrakenUniq screened data using source-specific
species assigned by SourceTracker2 per sink feature assignments mode reveals
that most of the PbS samples (CHRY, DUX, and NMS) contain traces of human
gut and/or ruminant gut microbial species (Figure 9b).
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Figure 9: Bacterial composition of the samples in this study.
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a) Stacked bar chart of MST results estimated by SourceTracker2. b) Presence of source
characteristic bacteria per sample inferred by mapping. c) Average terminal damage by
each source. Source means were compared using an ANOVA test. Statistical significance
is marked using * (P <0.05), ** (P <0.01), and *** (P <0.001). d) Principal component
analysis of gut-associated bacteria in the analysed samples and published gut microbiome
data from humans and domesticated ruminants (cow and sheep). Reprinted from Figure 3
(de-Dios et al., 2025), licensed under Creative Commons CC BY license. Copyright
© 2025, © The Author(s) 2025. Published by Oxford University Press on behalf of
Society for Molecular Biology and Evolution.

Mapping of the sequences assigned to the source-characteristic species
and subsequent aDNA damage pattern characterization reveals the presence of
deamination levels consistent with those expected for authentic aDNA sequences
(Figure 9c).

Given the abundance of gut-associated microbial sequences in the samples,
we decided to further explore the microbial composition by performing a PCA,
which included 79 microbial species found across 33 of the included reference
metagenomes (Rampelli et al. 2015; Stewart et al. 2019; Tisza and Buck 2021;
Su et al. 2022) and eight of our sediment samples (Fig. 9d). All sediment samples
fall within the PCA space defined by the reference gut metagenomes, forming a
cline between samples with higher levels of inferred rumen microbes falling closer
to the ruminant gut and samples more closely the gut microbial taxa typical of
nonindustrialized populations. This suggests that some sediment samples contain
microbial abundance profiles that overlap compositionally with both human- and
domestic animal-associated gut microbiomes.

Regarding potential bacterial proteins, none of the bacterial peptides identified
in the samples could be exclusively linked to a pathogen, or to microbes associated
with human microbiota.

5.2.3 Black rat (Rattus rattus) DNA and proteins retrieved
from one sample

After whole genome mapping, we recovered sequences belonging to Homo
(1,744 to 545,112), Ovis (35,913 to 4,617), Bos (15,969), Canis (8,369 to 4,876),
Trichuris (20,396), Ascaris (22,978 to 463), Apodemus (6,571), and Rattus
(7,698,244) genera.

Most of the sequences display features such as length, terminal deamination,
and edit distance distribution compatible with ancient genomes. In the vertebral
sample (JDS123B), we have found sequences assigned to parasitic species (4scaris
lumbricoides, roundworm; Trichuris spp., whipworm). Unfortunately, we could
not discern the anatomical origin of vertebral remains due to the conservation state
of the bone.

Perhaps more interesting, we found a large amount of sequences assigned to
the black rat (Rattus rattus) in sample NMS0022B, with an average depth of cover-
age of 0.1877x for the nuclear and 8.09x for the mitochondrial genomes. By
analysing the heterozygosity level of the mitochondrial genome (0 after filtering
for potential aDNA damage by removing transitions), we conclude that the
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sequences most likely originate from a single male rat, given the ratio of X and Y
chromosome sequences (1/1, 1 to 2 autosomes). We created a genome-wide SNP
dataset of historical (H. Yu et al., 2022) and modern (Puckett et al., 2016)
R. rattus and then performed a PCA and mitochondrial ML tree, including our
Medieval genome (Figure 10a,b). The NMS022B rat genome displays affinities
to other Western and Northern European Medieval and Early Modern rats. We then
formally validated this result, conducting an f4 analysis (D statistics) with
AdmixTools (Patterson et al., 2012), concluding that NMS022B is genetically
closer to other medieval black rats (Figure 10c).
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Figure 10: Population genomic analyses of the ancient R. rattus genome recovered
from NMS022B.

a) PCA created by PCAngsd using 513,655 variable positions found in NMS022B and 51
modern and ancient R. rattus. Cluster names are annotated in the figure. PC1 and PC2
account for 13.57% and 7.86% of the described variance respectively. b) ML Tree created
using RAXML, a dataset of 3,467 SNPs found across 53 modern and ancient R. rattus and
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NMSO022B. Clusters are annotated in colour-coded format. ¢) f4-statistics (Dstat) under
the test relationship f4 (R. tanemuzi, NMS022B, Modern Canada, X) of NMS022B
sample and other historical and modern R. rattus populations. d) Z-scores under the test
relationship assessed through block jack-knife resampling. Reprinted from Figure 5 (de-
Dios et al., 2025), licensed under Creative Commons CC BY license. Copyright © 2025,
© The Author(s) 2025. Published by Oxford University Press on behalf of Society for
Molecular Biology and Evolution.

These findings are also supported by the palacoproteomics data. Indeed, NMS022B
contains the highest number of total unique peptides and proteins among all the
samples. It also has the highest number of peptides assigned to rodents. However,
because the SwissProt database contains protein sequences for R. norvegicus but
not R. rattus, we created a database incorporating all published protein sequences
from both species on NCBI.

Analysing the data using this database, we identified a total of 2,758 peptides;
with 2,719 assigned to R. rattus, and 39 to R. norvegicus (Figure 11a). This supports
R. rattus as the most probable source of Rattus genus peptides found in NMS022B.

To confirm that the peptides come from R. rattus, we focused on the
GPSGAAGPDGNKGEAGAVGAPGSAG (PSMs count = 26) peptide sequence
from collagen alpha-2 (1) chain, and the RPFGEVYELEIDTLETICH (PSMs
count = 2) peptide sequence from the alpha-2-HS-glycoprotein isoform XI protein.
This scrutiny pinpoints differences at two amino acid positions that allow the
differentiation of R. rattus from R. norvegicus (Figure 11b, c). Overall, we success-
fully identified 44 partial proteins (=5% of coverage) belonging to R. rattus.
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Figure 11: R. rattus specific peptide identification from sample NMS022B.

a) Stacked bar plot showed the relative abundance of peptide origins based on SwissProt identification from pFind output and our custom R. rattus
database. b) Spectrum from GPSGAAGPDGNKGEAGAVGAPGSAG (PSM count = 26) (collagen alpha-2 [I] chain) identified with pFind specific
to R. rattus. Amino acids shown in parentheses indicate hydroxylated proline residues. Sequence variation at position 621 of the protein (highlighted
by a circle for R. rattus and by a square for R. norvegicus) was used to distinguish between the two species. ¢) Spectrum of the peptide
RPFGEVYELEIDTLETICH (PSM count = 2) (alpha-2-HS-glycoprotein isoform X1) identified with pFind as specific to R. rattus. Amino acids
shown in parentheses represent carbamidomethylation of cysteine residue. Sequence variation at position 88 of the peptide (highlighted by a circle for
R. rattus and a square for R. norvegicus) was used to distinguish between the two species. Reprinted from Figure 6 (de-Dios et al., 2025), licensed
under Creative Commons CC BY license. Copyright © 2025, © The Author(s) 2025. Published by Oxford University Press on behalf of Society for
Molecular Biology and Evolution.



5.3 Infectious landscape in a long-used medieval
cemetery in Flanders (REF Ill)

In our study, we generated whole-genome shotgun data from 404 medieval human
skeletal remains from Sint-Truiden, a city in nowadays Belgium. After quality
control, we retained 372 genomes for downstream analyses, including 332 indi-
viduals with coverage above 0.1x that were used for imputation-based analyses.
Based on radiocarbon dating and archaeological context, we assigned the burials
to four broad chronological phases spanning approximately the 8th to the 18th
centuries.

5.3.1 Population genetics of Sint-Truiden through time

From a population genetic point of view, our results indicate that the population
of Sint-Truiden was more heterogeneous in the Early and High Middle Ages than
in the later medieval and post-medieval periods. Through time, this variation
became smaller, and the individuals became genetically closer to the present-day
population of Limburg, the easternmost province in Flanders. At the same time,
the main ancestry profile of the site remained largely stable, with a dominant
Gaulish-related component and a smaller Germanic-related component. For the
present thesis, however, these human genomic results are mainly important
because they provide the population background for the metagenomics analyses.
In fact, they come from a well-contextualized urban population followed across
a long time period.

5.3.2 Metagenomic findings and broader infectious landscape

The metagenomic component is one of the most important aspects of our study
because it allowed us to directly investigate the infectious landscape of medieval
Sint-Truiden. In fact, since we performed shotgun sequencing on teeth, we could
recover not only human DNA but also microbial DNA from the same individuals.
This made it possible to study pathogen presence within the same framework used
for ancestry, chronology, and burial context.

Our metagenomic screening of 372 individuals identified probable pathogen
signals in 35 cases. These included 10 likely cases of hepatitis B virus (HBV), 6 of
Borrelia recurrentis, 5 of Yersinia pestis, 3 of human betaherpesvirus 6A (HHV-6A),
1 of human betaherpesvirus 6B (HHV-6B), 3 of Leptospira interrogans, and 2 of
herpes simplex virus 1 (HSV-1), together with several other findings. One indi-
vidual showed evidence of coinfection of Yersinia pestis and HBV. This is in line
with previous studies reporting the presence of Y. pestis with a chronic infection.

These results show clearly that plague was only one part of a broader infec-
tious environment. In particular, radiocarbon dating of 34 individuals with patho-
gen findings showed a wide temporal range for most pathogens, except for
Y. pestis findings, all of which dated to the fourteenth centoury. (Figure 12).
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At the same time, these findings must be interpreted carefully. In many cases,
pathogen detection was based on low levels of DNA, and not all signals could be
fully validated. Therefore, the metagenomic profile we recovered should not be
understood as a complete picture of infection in the cemetery. False negatives are
likely, and some pathogens would remain undetectable because of preservation
limits or tissue tropism. Even with these limitations, the metagenomic approach
substantially improves our understanding of medieval health, because it can
detect infections that do not leave skeletal lesions and that may also remain un-
mentioned in historical sources.

5.3.3 Plague evidence despite historical absence

Among all metagenomic findings, the detection of Yersinia pestis is historically
the most important, because it intervenes directly in the historical discourse on
the second plague pandemic in the Low Countries. We identified Y. pestis in five
of the late 58 medieval burials, and all radiocarbon-dated plague-positive cases
fell in the fourteenth century. This result is particularly significant because the
surviving written record from Sint-Truiden does not mention plague in the town
during that century. Although the abbey chronicle includes later mentions about
the Black Death in Europe, it does not describe plague circulating in Sint-Truiden
itself. The surviving fourteenth-century administrative records are also silent on
this point, while more convincing documentary evidence of excess mortality
appears only in the early fifteenth century.

For this reason, our findings are important not only at the local level, but also
for plague discourse more generally. They show that the absence of written
evidence should not automatically be interpreted as evidence for the absence of
disease. This demonstrates how metagenomics can correct the limits of docu-
mented history and reveal epidemic events that remain invisible in local archives.

The burial context makes this point even stronger. The plague-positive
individuals were buried in single graves distributed across the cemetery and not
in mass burials or other exceptional funerary contexts. This means that plague
mortality in Sint-Truiden did not produce an archaeologically dramatic signal.
We also observed that almost 10% of the metagenomically screened individuals
from the late medieval group carried Y. pestis reads. However, the true number
of plague-related burials may have been higher.

The strain-level interpretation remained limited because target enrichment did
not produce enough coverage for full assignment in most plague-positive
individuals. However, in one individual, ST1516, we identified two substitutions
that are absent from Black Death strains but present in the main Second Pandemic
lineage. This makes it unlikely that the individual died during the initial 1346—
1352 Black Death outbreak and instead suggests a later fourteenth-century case.
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Figure 12: Temporal distribution of the metagenomic findings.

Individuals with pathogen findings and radiocarbon dates are presented for the subset of
pathogens detected at least twice. HBV—hepatitis B virus, HHV—human betaherpes-
viruses. The mean value of the 95% range of the radiocarbon date of each individual is
shown on the y axis, x axis values showing 315N values. Reprinted from Figure 8
(Beneker et al., 2025), licensed under Creative Commons CC BY license. Copyright ©
2025, © The Author(s) 2025.

5.3.4 Immunity-related analyses

Because we found direct evidence of plague in the cemetery, we also investigated
whether the second plague pandemic was associated with detectable changes in
immune-related human genetic variation. In our analyses, we compared 239
early-phase genomes with 46 later-phase genomes and examined differentiation
in innate and adaptive immunity loci. However, despite the mentioned evidence
of plague-related mortality in Sint-Truiden, we did not observe increased Fst of
variants in the innate and adaptive immunity genes when comparing the Sint-
Truiden burial cohorts that pre- and post-date the start of the second pandemic. Our
results, thus, do not offer support for Klunk et al. (Klunk et al., 2022) observation
of a significantly higher differentiation of innate immune genes in their London
and Danish cohorts dating before and after the Black Death.
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On the one hand, our dataset may not be ideally suited for testing such effects.
The radiocarbon dates of the Sint-Truiden plague victims are also too wide to
determine whether any one of them died during the Black Death outbreak, and
our metagenomic data did not allow us to determine which strain the Sint-Truiden
plague victims had.

Nonetheless, target enrichment gave us the opportunity to check the presence
of diagnostic SNPs at low coverage in our best sample, ST1516. The detection of
two post-Black Death variants makes it unlikely the individual died during the
Black Death epidemic. The plague victims are therefore likely associated with
post-Black Death epidemics. Later outbreaks of plague during the second pandemic
would have been expected to exert similar selective pressures on immune genes,
and yet we do not find evidence of concerted change in the immune genes.

Although we don’t observe genome-scale changes in response to the second
pandemic in the form of allele frequency changes in the majority of the immune
genes, we cannot rule out the case of natural selection affecting individual
immunity genes in relation to the vulnerability to plague or other infectious
diseases that would have affected the health of the Sint-Truiden population.

5.4 Evidence for the co-occurrence of Yersinia pestis and
the zoonotic pathogen Erysipelothrix rhusiopathiae
in prehistoric Europe (REF IV)

To investigate the possible presence of pathogens in our samples, as well as the
genetic ancestries and biological relatedness of the human individuals buried at
Grotta della Spinosa (GSP), we initially selected teeth (n = 3) and skeletal elements
(auditory ossicle = 1, petrous portion of temporal bone = 6) from what we assumed
were nine different individuals. The remains were entirely disarticulated and
commingled. We extracted DNA from these skeletal remains and built double-
indexed double-stranded DNA (dsDNA) libraries at the University of Tartu,
Institute of Genomics’ aDNA facility. We sequenced the skeletal samples, gene-
rating a total of 176,415,256 reads.

5.4.1 Genetic ancestries of Grotta della Spinosa

READV2 (Alagamli et al., 2024) confirmed samples GSP00S5 (a petrous portion)
and GSP013 (a tooth) to be identical, suggesting they originated from the same
individual (referred to as GSP013 in the text), leaving eight unique individuals
with a final average human coverage of 0.26x (range: 0.0016x—0.834% , median =
0.15%) and modern human mtDNA contamination between 0.1-7.3%.

To prepare the selected datasets for genome-wide analysis, we called the SNPs
on the ‘1240k’ panel (Rohland et al., 2022) retaining an average 156,000 SNPs
per sample. All individuals with > 20,000 overlapping SNPs, were merged with
publicly available datasets from West Eurasia using the AADR data (version
v62.0). To investigate the genetic ancestries of the human individuals from Grotta
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della Spinosa, we projected the newly generated and the publicly available ancient
individuals onto the genetic variation of present-day Eurasian populations. We
found that all newly generated individuals from the site fall into the so-called
European Neolithic cluster, presenting a homogenous ancestral composition to
be expected from a Copper Age Italian population.

5.4.2'Y. pestis presence in Southern Europe earlier than
previously thought

After metagenomic screening of the libraries using KrakenUniq, we observed
sequences potentially associated with Y.pestis and E. rhusiopathiae in the GSP013
libraries. Additionally, we found evidence of Hepatitis B virus (HBV) infection
in 4 of the 8 analysed individuals (GSP004, GSP011, GSP013, GSP014) (Table 1).
After target enrichment and deeper sequencing, from GSP013, we retrieved
a complete Y. pestis genome at an average depth of 3.26x coverage, a partial
E. rhusiopathiae genome at 0.515%, and a partial HBV sequence at 0.756%
(Table 1).

Table 1: Mapping statistics for putative pathogens detected in the samples.

Unique Average Breadth

Q1 Q30 of
Reads Reads Depth Coverage

GSP013 Y. pestis CO92 (Chromosome) 4,635,707 295,257 3.232x  81.14%

Individual Organism

GSP013 Y. pestis CO92 (pCD1) 120,328 7,460  5.539x  86.16%
GSP013 Y. pestis CO92 (pMT1) 45,999 3,708 1.932x  60.11%
GSP013 Y. pestis CO92 (pPCP1) 39,592 2,502 14.143x  79.12%
GSP013  E. rhusiopathiae 28,245 17,663  0.515x  38.73%
GSP013  Hepatitis B virus 173 36 0.756x  28.63%
GSP014  Hepatitis B virus 179 121 1.846x  55.69%
GSP004  Hepatitis B virus 1 1 0.0116x  1.16%
GSPO11  Hepatitis B virus 5 3 0.0374x  3.74%

Basic mapping statistics for the analysed samples against Y. pestis CO92, E. rhusio-
pathiae NCTC8163 (GCF_900637845) and HBV ayw reference genomes.

We then built a genome-wide, high-coverage SNP dataset. The final dataset
consisted of 37 high-quality (> 3-fold average depth) ancient Y. pestis genomes
found in human individuals, GSP013, all mapped against Y. pestis strain CO92
(Capestany et al., 2006; Sabet et al., 2008) and with Y. pseudotuberculosis
1P32881 (Chain et al., 2004) as root. We created a Maximum Likelihood (ML)
phylogenetic tree using raxml-ng(Kozlov et al., 2019) and 1,042 variant sites
(Figure 13A-B). We observed that GSP013 falls within the diversity of the
LNBA-clade of Y. pestis (Transfer Bootstrap Expectation (TBE) value=0.9998;
average tree TBE=0.9771), basal to all other genomes with the exception of the
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Northern Caucasus strain RK1001 (4828—4622 cal BP) and a strain from the Altai
region, RISE509 (4837—4627 cal BP). This placement represents the oldest
currently attested evidence of LNBA-Y. pestis infection in Europe. Its phylo-
genetic position, basal to most other European LNBA genomes and only slightly
more derived than strains from the Northern Caucasus and the Altai region, sug-
gests that Y. pestis diversity was already present across a wide geographic area
by this period. This is consistent with the hypothesis that LNBA- plague was not
restricted to the Eurasian steppe but may have been maintained in broader animal
Teservoirs.

Next, we evaluated the presence or absence of known Y. pestis virulence
factors in the reference genome (C092) for the sample reported here and com-
pared the results with other samples from previous studies (Andrades Valtuena et
al., 2017,2022; Neumann et al., 2022; Parkhill et al., 2001; Rascovan et al., 2019;
Rasmussen et al., 2015; Spyrou et al., 2018; Susat et al., 2021) (Figure 13C). We
observed the absence of the filamentous prophage, which is missing in all
published Neolithic and LNBA genomes, and today is mostly found in 1.ORI
genomes (Derbise & Carniel, 2014). As expected, GSP013 also lacks both the
ymt gene, which enables Y. pestis to survive within the midgut of the flea (Hinne-
busch et al., 2017), which is crucial for flea infection in a broad range of hosts
(Bland et al., 2021) and YPMT1.66¢, which is involved in resistance to mam-
malian innate immunity (Pradel et al., 2014). Previous works have shown that
ymt(—) Y. pestis can be transmitted by human ectoparasites, which implies that
bubonic forms of the disease might have already been present in prehistoric times.
However, the absence of YPMT1.66¢ would reduce the ability of Y. pestis to
survive within macrophages and replicate efficiently at the flea bite site, which
are essential steps for the establishment of bubonic plague. Consequently, the
emergence of fully developed bubonic forms during the LNBA period remains
unlikely. The loss of the filamentous prophage has been associated with reduced
bacterial virulence and fitness during mammalian infection, raising questions
about the pathogenic potential of prehistoric Y. pestis genomes (Carniel, 2003;
Macleod et al., 2024).

We then manually explored the pla genotype of GSP013, and found that it
exhibited the ancestral allele, which means that pla carries a single isoleucine
substitution at position 259 (1259), located on the surface loop 5, whereas modern
lineages have a conserved threonine at this residue (T259). Experimental work
suggests that forms of the bacterium with the ancestral variant are less efficient
in colonizing tissues but can cause the pneumonic form of plague (Andrades
Valtueia et al., 2017).

This distinction might suggest that early Y. pestis genomes, such as the one
carried by GSP013, could have caused deadly respiratory infections. When con-
sidered together with the lack of evidence for plague-related mass mortality at
Grotta della Spinosa, these findings suggest that non-bubonic manifestations of
plague may have predominated. Such forms are generally less likely to cause a
major epidemic than the bubonic one, but the epidemiological impact still
warrants further investigation.
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Figure 13: Phylogenetic relationships and gene content of GSP013.

(A) Maximum Likelihood tree of GSP013 strain and 37 published ancient and modern Y. pestis
genomes. The tree is rooted to Y. pseudotuberculosis strain IP32881. We have used GTR+G and
1,000 bootstraps. Nodes with a TBE bootstrap support > 0.9 are marked with (*) at the base of the
node. GSPO13A has been colour-highlated inside clade LNBA-. (B) Dating estimates for each
sample in years before present (BP). (C) Heatmap of inferred presence/absence of virulence-
associated genes assessed by normalised depth-of-coverage across the Yersinia pestis Chromosome
and plasmids pCD1, pMT1 and pPCP1 with the colour bar denoting the Clade. Reprinted from
Figure 2 of the original pre-print.
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5.4.3 Erysipelothrix as a possible marker of zoonotic contacts

The presence of E. rhusiopathiae in GSP0O13 suggests possible contact with
infected animals or animal-associated environments close to the individual’s death.
E. rhusiopathiae is a zoonotic bacterium primarily associated with animals, espe-
cially pigs, birds, fish, and wild mammals, and human infection is usually linked
to direct contact with infected animals or contaminated animal products (Q. Wang
& Riley, 2015; Wu et al., 2021) . Although the organism does not actively grow in
soil, it can survive in contaminated environments for several weeks (R. L. Wood,
1973), meaning that its detection in archaeological material may reflect either
infection during life or post-mortem contact with animal-associated material.For
this reason, the biological interpretation of Erysipelothrix reads requires caution
and must rely on authentication, genomic placement, and archaeological context.

We screened 2,495 individuals from published ancient and historical datasets
for the presence of Erysipelothrix spp, and we mapped all collected data against
a set of 12 different Erysipelothrix spp. genome assemblies. Following this initial
mapping, we considered as positive hits the ones that simultaneously displayed
a depth of coverage above 0.01x and a breadth of 1%, while also showing
decreasing edit distance values with an average edit distance below 1.5. Other
factors such as terminal deamination, PMD scores, and read length distribution
(for samples with UDG treatment) were taken into account. A final species con-
firmation was accomplished by projecting with epa-ng the retrieved genome to a
core genome ML phylogeny, built from 636 core genes shared between E. fon-
sillarum and E. rhusiopathiae.

We validated the presence of 60 previously unreported Erysipelothrix spp.
genomes in published data (45 E. rhusiopathiae and 15 E. tonsillarum) (Figure 14),
with depths of coverage ranging from 0.01x to 65.38x (Average of 3.998x,
Median of 0.15%). We found Erysipelothrix spp. sequences in data from different
library construction approaches, such as shotgun libraries and Y. pestis, S. enterica,
and 1240k captures. In downstream analysis, we then discarded those regions of
E. rhusiopathiae that display affinity to Y. pestis and S. enterica sequences.
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Figure 14: Geographic and temporal distribution of Erysipelothrix spp. genomes reported in this study.

Map with the geographical origin of the retrieved genomes, one dimensional transect with the estimated age of the genomes.
Reprinted from Figure 3 of the original pre-print.




For the 184 previously published ancient Y. pestis samples, we compared the
presence of Erysipelothrix spp. at different points in time. We found that
Erysipelothrix spp. were present in 4 of 93 samples (4.3%) from the Second
Pandemic (SP) and 1 of 35 samples (2.9%) from the First Pandemic (FP), whereas
prevalence was markedly higher in Prehistoric (Pr) samples (10/46; 21.7%).
Pairwise Fisher’s exact tests showed that prevalence in Pr was significantly
higher than in SP (p = 0.0024) and FP (p = 0.0196), while no difference was
observed between SP and FP (p = 1.00). These results could be affected by the
higher number of captured genomes of historical Y. pestis, in contrast to pre-
historic genomes that originate from shotgun libraries in most cases, hindering
our ability to detect Erysipelothrix spp. bacteria. Given the low sample sizes,
these results should be taken with a grain of salt.

Subsequently, we built a phylogenetic SNPs dataset, excluding repetitive
regions, conserved genes (t/rRNAs), low-quality SNPs, and recombinant tracks
that could potentially affect the tree topology. This high-quality dataset included
6,809 SNPs identified in the previous 170 modern and ancient E. rhusiopathiae
genomes. We built a ML phylogeny using raxml-ng and this high-quality dataset,
with 1,000 bootstraps and the GTR+G model. We used epa-ng to project low-
coverage genomes (between 1x and 0.05x) onto the tree, with an average first
placing Likelihood Weight Ratio (fpLWR) of 80.96%, only displaying those
genomes with a fpLWR above 70% (Figure 15). Most of the ancient samples
cluster at the base of the tree in Clade 2, but without a clear pattern regarding
geographical order nor host. GSP013 was robustly placed among other Neolithic
and Bronze Age genomes within Clade 2, supporting the authenticity of the signal
and suggesting that prehistoric E. rhusiopathiae diversity was related to, but not
identical with, modern clade diversity.

To identify variation in gene content between ancient and modern genomes of
E. rhusiopathiae, we investigated the coverage of a set of 45 previously described
virulence genes (Ogawa et al., 2011; Seru et al., 2024). We additionally decided
to explore regions showing different coverage patterns between ancient and modern
genomes.

In general, ancient genomes seem to have comparable gene content, to present
day strains from Clade 2 and Intermedia. An exception to this is the presence of
genes Wcal, DAPDC, RmIB, which are involved in the synthesis of the peptido-
glycan wall (Allard et al., 2002; Patel et al., 2012; Pavelka & Jacobs, 1996;
Peverelli et al., 2016; Sen et al., 2011), as well as InlJ, involved in cell adhesion
and biofilm formation (Capestany et al., 2006; Sabet et al., 2008). EEP, associated
with immune system evasion (Yamamoto et al., 2017), is absent in most modern
genomes. These evidences seem to point to differences of infectivity between
ancient and modern genomes. Conversely, ancient genomes do not present cover-
age of genes macB, DrrA, YkoD, and an unnamed ABC transporter permease
(NCTC8163 01354), all of them linked to antibiotic drug resistance (Greene
et al., 2018; Kaur, 1997; Reizer et al., 1992; Schyns et al., 2005), fact that could
be explained by the lack of selective pressure created by the use of antibiotics
(Soderlund et al., 2020). However, more studies involving ancient and modern
genomes of E. rhusiopathiae are necessary to have a better understanding of its
adaptation and diversification as a pathogen
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Figure 15: Phylogeny of modern and ancient Erysipelothrix rhusiopathiae.

ML tree of 6,809 recombination free SNPs found in 224 genomes of modern and ancient
E. rhusiopathiae. Low coverage samples projected with epa-ng and with a first placement
LWR>70% are displayed with a dotted line. Nodes with a TBE>0.8 are marked with a *. Collapsed
nodes with a TBE>0.8 are marked with a +. Reprinted from Figure 4 of the original pre-print.
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6. CONCLUSIONS

The four studies included in this thesis contribute to a deeper understanding of
how ancient metagenomics and palacoproteomics can be powerful tools to
investigate the archaeological record. Together, they show that archaeological
materials should not be seen as homogeneous biomolecular archives, but rather
as complex and heterogeneous substrates composed of different microenviron-
ments, each with its own preservation dynamics. DNA and proteins do not survive
in the same way across all materials, nor do they necessarily reflect the same
biological, environmental, or depositional processes. Instead, their recovery and
interpretation depend on the specific properties of the sampled substrate, and the
methodological approaches used to analyse it. The results also demonstrate that
both conventional and overlooked materials can provide information on human-
associated microbial communities, depositional environments, infectious disease,
and past human—animal interactions.

Ref I — In this study, we evaluated the preservation of ancient biomolecules in a
previously overlooked material: sediment concretions tightly adhered to archaeo-
logical human remains. During the Neolithic, fluctuations in climate, characterized
by alternating arid and wet periods, may have influenced biomolecule preservation
by affecting environmental conditions. Results of our analysis show that the con-
creted sediment attached to the remains seems to be comparable to the underlying
dental tissue. Despite poor preservation of human aDNA, high-quality ancient
microbial genomes can be retrieved from concreted tissue. Overall, although
dental calculus remains the best source for investigating ancient oral communities,
we showed that concreted elements and sediments can still be used to recover
human oral species when other human remains are not available. Furthermore,
human peptides were identified in archaeological sediment concretions. Inte-
restingly, metagenomics and palaecoproteomics analyses of some samples revealed
both ancient DNA and proteins from the same oral microbiome species, high-
lighting the advantages of combining these approaches for a more comprehensive
understanding of substrates.

Our study indicates that bacterial and human peptides are not uniformly
preserved across different sample types, supporting the idea that different micro-
environments may favour distinct preservation patterns. For instance, differences
in mineralization, microbial activity, or exposure to environmental conditions
may influence molecular stability and degradation. Future research involving
larger sample sizes, geochemical methods and, possibly, freshly excavated
remains, is necessary to validate or challenge our initial findings.

Ref II — Bone-adhered sediments are a unique resource for the study of ancient
genomic and proteomic data recovered nondestructively. In our study, we recon-
structed a partial human genome, the genetic profile of which matched the one
recovered from the original bone. Additionally, sequences matching the genomes
of endogenous gut microbiome bacteria were identified. Above all, we managed
to retrieve the partial genome and proteome of a Black Rat (Rattus rattus), sharing
close genetic affinities to medieval Rattus rattus. These results are remarkable
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since they demonstrate that material that is usually discarded or overlooked, can
be used to reveal different information about a deceased individual and the environ-
mental conditions at the time of their death. Although endogenous human bio-
molecules retrieved using this method are not as abundant as those recovered from
traditional skeletal sampling, bone-adhered sediment can be used in a comple-
mentary fashion, providing other types of supporting information for the
researcher. In addition, this material could provide an alternative source of bio-
molecules while avoiding destructive sampling of human remains. However,
more studies using freshly excavated remains are needed. Also, aDNA recovery
across different archaeological contexts differs greatly, and more investigations
have yet to be conducted in different environments and archaeological contexts.

Ref III — Our metagenomic screens revealed the presence of multiple infections
in the Sint-Truiden individuals, including cases of HBV, B. recurrentis, roseolo-
viruses, HSV-1, and Y. pestis. The time range of HBV and B. recurrentis cases is
very broad. The latter pathogen is the causative agent for louse-borne relapsing
fever. Being transmitted by the human body louse, this pathogen can be indicative
of poor hygiene in medieval Sint-Truiden.

The presence of Y. pestis in individual ST1516 and the discovery of more
putative cases in the fourteenth c. is extremely important because there are no
written records of plague cases at the time in Sint-Truiden. These findings thus
highlight the fact that the absence of historical records referring to diseases should
not automatically be taken as proof of the absence of the disease. This is indeed
a further confirmation of the importance of metagenomic screening followed by
targeted capture for the study of infectious diseases in the past. Further con-
clusions on the human population genetics analyses carried out in the study can
be found in the original Ref III article.

Ref IV — Our data confirms the presence of LNBA-Y.pestis in Western Europe
300 to 400 years before other LNBA-published genomes from Central Europe.
This early case of Y. pestis in Southern Europe, far from the predicted focus of
the disease in the Eurasian steppe, together with its gene content, aligns with
the previous hypothesis that Y. pestis diversity was already established on
the continent. The individual GSP013 also carried signs for E. rhusiopathiae.
By analysing published data, we also found 44 additional cases of ancient
E. rhusiopathiae, pushing back the earliest evidence for a possible human
infection to a Neolithic human individual from Spain. In the study, we speculate
that there is an overrepresentation of Y. pestis and Erysipelothrix co-occurrence
during prehistory, compared to historical times. We think this could be associated
with the Neolithic transition, a period in which humans experienced an increased
close contact with animals due to the introduction of husbandry, a more sedentary
lifestyle and agriculture. Because of the different library strategies used in
published studies, additional research is needed to prove or challenge our hypo-
thesis. However, these are exciting new results, because they provide a broader
look into the spatiotemporal boundaries of Y. pestis in prehistoric Europe. They
highlight the importance of zoonotic pathogens such as E. rhusiopathiae, whose
role in human diseases has been neglected.
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The studies presented in this thesis highlight the importance of ancient meta-
genomics and ancient omics as tools to investigate the archaeological record.
Despite more than 40 years since the first extraction of DNA from ancient
remains, much work remains to fully understand the attachment of DNA and other
biomolecules to surfaces and thus to determine the best protocols to use for
different substrates, both in terms of preservation and in terms of minimal
destruction, when possible. Ancient metagenomics, far from being just an
archival science, is the starting ground to study the relationship between humans
and microbes, how this relationship has changed and evolved over time. Ancient
metagenomics opens a window into the understanding of how pathogens and
commensals have shaped our biology, how we have influenced the changing of
the microbes we encountered, and how these mutual influences exist today.
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SUMMARY IN ESTONIAN

Arheoloogilise leiuainese tdolgendamine iidsete biomolekulide kaudu:
DNA ja valkude siilimine, haigused ning inimese ja
mikroobide vastasméjud minevikus

Muistsete biomolekulide uurimine on oluliselt muutnud seda, millist teavet
arheoloogilised sdilmed meile annavad. Neid ei kisitleta enam iiksnes anatoomi-
liste voi keskkondlike materjalidena, vaid looduslike arhiividena, milles on
sdilinud jéljed inimese ja teiste organismide genoomidest, mikroobikooslustest,
patogeenidest, valkudest, toitumisega seotud leidudest ja surmajéargsetest protses-
sidest iildisemalt (Warinner et al. 2017a; Warinner 2022; Der Sarkissian et al.
2021). lidse metagenoomika esiletdus on olnud eriti oluline, sest see on laiendanud
vana DNA uuringuid véljapoole peremeesorganismi genoome, vdimaldades
tolgendada ja uurida segakoosseisulisi bioloogilisi kooslusi (Warinner et al.
2017a; Der Sarkissian et al. 2021). Samal ajal moodustavad muistsed valgud
taiendava molekulaarse arhiivi, sest need voivad siilida tingimustes, kus DNA ei
sdili (Jessica Hendy, Welker, et al. 2018; Hendy 2021; Warinner et al. 2022).

Kéesolev viitekiri uurib vana DNA metagenoomika ja paleoproteoomika
vOimalusi ja piiranguid arheoloogiliste materjalide uurimisel. Eelkdige keskendub
see sellele, kuidas erinevad substraadid séilitavad biomolekulaarset informatsiooni
ning kuidas seda informatsiooni saab kasutada minevikus toimunud inimeste,
mikroobide, loomade ja keskkondade vaheliste vastastikmojude rekonstrueeri-
miseks. Hambad on mineviku uurimisel eriti vaartuslikud, sest {iksainus hammas
sisaldab mitut mikroelupaika, mis sdilitavad erinevat tiilipi informatsiooni.
Naiiteks hambakivi, mis on mineraliseerunud hambakatu vorm, on teadaolevalt
tiks rikkalikumaid vana DNA allikaid arheoloogilises materjalis (Mann et al.
2018) ning see on ainus materjal inimkehas, mis tavapéraselt kivistub juba
eluajal. Hambakivi koosneb peamiselt suumikroobidest, kuid voib sdilitada ka
muid materjale, nagu niiteks toiduga seotud mikrofossiile, ohu- ja veesaaste-
aineid, peremeesorganismi DNA-d, toidutarbimisest périnevaid valke, kuid toimib
tildisemalt ka mitmesuguse suudonde sattunud “prahi” kogumiskohana (Warinner
etal. 2015; Weyrich et al. 2015; Radini et al. 2017, 2019; Jessica Hendy, Warinner,
et al. 2018). Dentiin, seevastu, ning eriti hambaddne sisepind, on iiks parimaid
allikaid peremeesorganismi ja patogeenide DNA eraldamiseks. Hambad on
eluajal vaskulariseeritud ning hambapulp on vere ja toitainetega varustatud
juurekanali kaudu. Kroonilised vere kaudu levivad infektsioonid viivad pato-
geenid hambapulpi ning surma hetkel jidvad hambaddnes olevad patogeenid
sinna piisima ja lagunevad koos koega (Spyrou et al. 2019; Bos et al. 2019;
Warinner 2022).

Kéesoleva viitekirja eesmirk on uurida ka vihem tavapiraseid substraate,
sealhulgas inimjdinustele kinnitunud konkretsioone ja luudele kinnitunud setteid,
ndidates, et aastaid tdhelepanuta jadnud bioarheoloogilised materjalid voivad
sdilitada vana DNA-d ja valke.

Selles vaitekirjas sisalduvad neli uurimust ldhenevad iidsele metagenoomikale
erinevatest vaatenurkadest. Esimese uurimuse (REF I) eesmirk oli uurida bio-
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molekulide sdilimist arheoloogilisi sdilmeid katvates konkretsioonides. Selliseid
konkretsioone leidub sageli piirkondades ja ajaperioodidel, mis on mineviku
moistmise seisukohalt olulised, kuid nendes séilinud DNA ja valkude sisaldust ei
ole varem uuritud. Selles uurimuses piiiidsime eraldada vana DNA-d ja valke
paralleelselt inimese hambajdénustest ning neid limbritsevatest konkretsiooni-
dest, et uurida seda seni vihe uuritud allikat. Meie analiiiisi tulemused néitavad,
et sdilmetele kinnitunud konkretiseerunud sete ndib olevat vorreldav selle all
paikneva hambakoega. Hoolimata inimese vana DNA halvast sdilivusest on
konkretiseerunud koest voimalik eraldada kvaliteetseid vanu mikroobigenoome.
Kuigi hambakivi jadb iildiselt parimaks allikaks muistsete suumikroobikoosluste
uurimiseks, néitasime, et konkretsioone saab siiski kasutada inimese suudone
liikkide tuvastamiseks juhul, kui teisi inimséilmeid ei ole arheoloogilises mater-
jalis saadaval. Lisaks tuvastasime arheoloogilistes settekonkretsioonides inimese
peptiide. Huvitaval kombel nditasid monede proovide metagenoomika ja paleo-
proteoomika analiiiisid nii vana DNA kui ka valkude olemasolu samadest suu
mikrobioomi liikidest, rohutades meie ldhenemisviiside kombineerimise eeliseid
substraatide terviklikumaks moistmiseks. Meie uurimus néitab, et bakteriaalsed
ja inimese peptiidid ei sdili eri proovitiilipides iihtlaselt, toetades ideed, et
erinevad mikrokeskkonnad vdivad soodustada erinevaid biomolekulide sdilimise
mustreid. Néiteks voivad erinevused mineraliseerumises, mikroobses aktiivsuses
voi kokkupuutes keskkonnatingimustega mojutada molekulide stabiilsust ja lagu-
nemist. Tulevased uuringud suuremate valimite, geokeemiliste meetodite ja
voimaluse korral vahetult véljakaevatud sdilmetega on vajalikud meie esialgsete
tulemuste kinnitamiseks voi iimberhindamiseks.

Teise uurimuse eesmérk oli uurida erinevatele inimese skeletielementidele
kinnitunud setete biomolekulide sisaldust (REF II). Inimese skeletijdénustele
kinnitunud setted on materjal, mida sageli ignoreeritakse voi eemaldatakse vilja-
kaevamiste, viljakaevamisjargse puhastamise voi laboritdotluse kdigus edasisest
analiiiisist (Damgaard et al. 2015; Pinhasi et al. 2019). Ometi piisib see allikas
skeletikogudes kaua ja seda voib leida isegi pirast aastatepikkust siilitamist.
Mbonel juhul voivad sellised setted olla ainus allesjddnud materjal, mis annab
teavet leiukoha keskkonna kohta aastaid pérast viljakaevamisi. Uurisime inimese,
looma ja mikroobide péritolu materjali nii genoomika kui ka proteoomika vaate-
nurgast ning vordlesime setetest saadud tulemusi skeleticlementide tulemustega.
Huvitav on, et meil dnnestus tihest proovist rekonstrueerida osaline inimese
genoom, mille geneetiline profiil vastas luuproovist saadud genoomile. Lisaks
tuvastasime jirjestusi, mis vastasid endogeensetele soolestiku mikrobioomi
bakterigenoomide jarjestustele, aga ka koduroti (Rattus rattus) osaline genoom ja
proteoom, millel olid ldhedased geneetilised seosed keskaegse Rattus rattus’ega.
Need tulemused on méarkimisvéérsed, sest need nditavad, et materjali, mis tava-
liselt korvale heidetakse voi tdhelepanuta jaetakse, saab kasutada erinevat tiiiipi
informatsiooni saamiseks surnud indiviidi ja tema surmahetke keskkonna-
tingimuste kohta. Kuigi selle meetodiga saadud endogeenseid inimese biomolekule
ei ole nii rohkelt kui traditsioonilisest skeletiproovist saadud materjalis, saab
luule kinnitunud setet kasutada tdiendava infoallikana. Lisaks v0ib see materjal
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olla alternatiivne biomolekulide allikas, mis aitab véltida inimséilmete destruk-
tiivset proovistamist. Siiski erineb vana DNA saagikus erinevates materjalides
oluliselt ning edaspidi on vaja tidiendavaid uuringuid erinevates keskkondades ja
arheoloogilistes kontekstides.

Viitekirja teine osa rakendab vana DNA metagenoomikat nakkus- ja zoo-
nootilise paritoluga haiguste ajaloo uurimisel. Kolmanda uurimuse (REF III) ees-
mirk oli lisaks inimese geneetilise péritolu ja populatsiooni struktuuri rekonst-
rueerimisele uurida tdnapédeva Belgia alal paiknenud keskaegse ja varauusaegse
linna — Sint Truideni — nakkushaigusi, kasutades hambajdanustest saadud pari-
likkusaine metagenoomset analiilisi, eesmérgiga tuvastada inimesega seotud
patogeene ja patobionte, hinnata nende ajalist jaotust 8.—18. sajandini ning testida,
kas selliseid nakkusi nagu nt katk on vdimalik tuvastada ka juhul, kus kirjalikke
ajalooallikaid haiguspuhamgute kohta teada ei ole. Meie sdeluuringud néitasid
Sint-Truideni indiviididel mitme nakkuse olemasolu, sealhulgas B-hepatiidi
viiruse (HBV), Borrelia recurrentis’e, roseololi ja herpest pohjustavate viiruste,
(HHV6, HSV-1) ja katkutekitaja Yersinia pestis’e juhtumeid. HBV ja B. recur-
rentis’e juhtumite ajaline ulatus oli viga lai. Viimane neist pShjustab tdide kaudu
levivat taastuvat palavikku. Kuna see patogeen levib inimese kehatéi kaudu, voib
see viidata halbadele hiigieenitingimustele keskaegses Sint-Truidenis. Y. pestis’e
olemasolu iihel indiviidil (ST1516) ning tdiendavate voimalike 14. sajandi
katkujuhtumite avastamine on &irmiselt oluline, sest Sint-Truidenis puudusid
selle perioodi haiguspuhangute kohta kirjalikud allikad. Need leiud rohutavad
seega, et haigustele viitavate ajalooliste lilestdhenduste puudumist ei tohiks
vaikimisi kisitleda tdendina haiguse puudumise kohta. See kinnitab veel kord
metagenoomse analiiiisi olulisust mineviku nakkushaiguste uurimisel.

Neljanda uurimuse eesmaérk oli kasutada Grotta della Spinosa (Itaalia) vaseaja
indiviidide vana DNA raamatukogude metagenoomseid soeluuringuid, et uurida
eelajaloolise kogukonna nakkushaiguste koormust (REF 1V). Eelkdige piitidsime
tuvastada patogeenide DNA-d, vdimaluse korral ka rekonstrueerida mikroobi-
genoome, ning hinnata, kas mitu patogeeni voisid esineda samaaegselt iihes ja
samas indiviidis vOi arheoloogilises konteksti. Meie tulemused kinnitavad hilise
neoliitikumi/pronksiaja katku, nn LNBA-Y. pestis’e, olemasolu Ladne-Euroopas
ligikaudu 300 aastat enne teisi Kesk-Euroopast avaldatud LNBA-Y. pestis’e
genoome. See varajane Y. pestis’e juhtum Itaalias, kaugel haiguse prognoositud
lahtekoldest Euraasia stepis, on kooskdlas varasema hiipoteesiga, et Y. pestis’e
mitmekesisus oli Euroopas juba ammu vilja kujunenud.

Indiviidil GSPO13 esinesid ka Erysipelothrix rhusiopathiae’le viitavad
tunnused. Avaldatud andmeid analiiiisides leidsime lisaks 44 muistset E. rhusio-
pathiae juhtumit. Uurimuses oletame, et eelajaloos esineb Y. pestis’e ja Erysipelo-
thrix’i koosesinemist vorreldes ajalooliste perioodidega palju enam. Arvame, et
see voib olla seotud neoliitilise ileminekuga — ajajirguga, mil inimesed puutusid
loomadega tihedamalt kokku loomakasvatuse kasutuselevotu, paiksema eluviisi
ja pollumajanduse tottu. Avaldatud uurimustes kasutatud erinevate genoomsete
raamatukogude koostamise strateegiate tdttu on meie hiipoteesi kinnitamiseks voi
imberliitkkamiseks vaja tdiendavaid uuringuid. Sellegipoolest on need ponevad
uued tulemused, sest need pakuvad laiemat vaadet katku leviku ajalis-ruumilistele
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piiridele eelajaloolises Euroopas. Need rohutavad selliste zoonootiliste pato-
geenide nagu E. rhusiopathiae olulisust, mille rolli inimese haigustes on seni
alahinnatud. Uheskoos niitavad need uurimused, et vana DNA metagenoomika
ei ole iksnes vahend iiksikute infektsioonide tuvastamiseks, vaid ka viis rekonst-
rueerida laiemaid nakkushaiguste maastikke ning 6koloogilisi suhteid inimeste,
loomade, mikroobide ja keskkondade vahel (REF III-1V).

Kombineerides vana DNA metagenoomikat ja proteoomikat ning asetades
need arheoloogilisse konteksti, toob kdesolev td06 esile nii keerukate biomoleku-
laarsete arhiivide uurimise voimalused kui ka tdlgenduslikud viljakutsed. Nagu
siin esitatud uurimused néitavad, voivad need ldhenemisviisid anda informatsiooni
nii traditsioonilistest kui ka tdhelepanuta jaetud materjalidest, tuues samal ajal
ndhtavale bioloogilisi protsesse, mis voivad jddda luulises materjalis voi kirja-
likes allikates markamatuks (REF I-1V).
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