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Summary

In this dissertation, I analyzed different types of ancient organic and inorganic materials
preserved under different taphonomic conditions from different time points (~2900-235 BP).
During the analysis, I tried to improve the currently used in situ, in vitro, and in silico
methods of ancient DNA analysis. The results of this dissertation are summarized and

published in three research articles.

In the first article, we analyzed skeletal remains of a late Bronze Age individual found in the
Wimsener water caves in Germany. In addition to the skeletal remains, we analyzed the
calcite deposits, found surrounding the bones of the individuals, from which we were able to
retrieve ancient human DNA fragments, enough to reconstruct the full mitochondrial genome
and to assign molecular sex to the individual. We demonstrated the ancient human and
microbial DNA fragments diffused from the bones to the calcite stone deposits in the same
direction of gravity. This study exemplifies using alternative source for obtaining ancient
human and/or microbial DNA without causing destruction to the valuable archeological

finding.

In the second article, we analyzed different paleofeces specimens from Hallstatt mines,
Austria (dated to the Bronze Age — the Baroque times). We subjected them to microscopic,
proteomic, and metagenomic analyses. The collective analysis allowed unveiling the
following: i) the molecular sex and the mitochondrial haplogroups of the individuals; ii)
consumption of fibrous plant-based diet as well as animal components; iii) non-Westernized
gut microbiome composition until the Baroque times; iv) presence of gut parasites; and
finally, v) consumption of fermented food (cheese-like) and beverages (beer). During this
study, we reconstructed, for the first time, complete ancient fungal genomes of
Saccharomyces cerevisiae and Penicillium roqueforti, and by comparative genomic analyses,
we presented different lines of evidence on their being used in beer and cheese fermentation,
respectively. The study presented a comprehensive interdisciplinary workflow for the

analysis of such precious archeological materials.

In the third article, we analyzed different tissue specimens from the mummy of Anna
Catharina Bischoff (ACB), from Basel, Switzerland. Initially, we aimed to find any molecular
proof of presence of the syphilis-causing bacterium Treponema pallidum, which was not
successful. However, by employing de novo metagenomic assembly, we were able to

reconstruct a complete genome of a pathogen from the brain sample, belonging to the

VI



Mycobacteriaceae family. The genome analysis of the de novo detected pathogen supports
the assumption of its pathogenicity and was very congruent with the radiological symptoms
and its survival in the brain under high concentrations of mercury. The study presented a
proof-of-concept on using metagenomic assembly to detect extinct or previously undescribed

pathogens.

Overall, throughout this dissertation, I tried to use different analytical methods beyond what

is already known and commonly used in the field of ancient DNA.
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Introduction

In the year 1984, the very first attempt to clone ancient DNA fragments was published,
claiming cloning and sequencing small fragments of DNA extracted from a dry tissue the
extinct horse species Equus quagga quagga (Higuchi et al., 1984). Soon after, Svante Pédébo
cloned ancient human DNA from a predynastic Egyptian mummy and used hybridization to
prove that. Interestingly, he also claimed that the DNA fragments he cloned contained little or
no postmortem modifications (Pddbo, 1985), which he later doubted due to lack of necessary
control samples (Gitschier, 2008). Later, polymerase chain reaction (PCR) became widely
used to analyze ancient DNA from different archeological sources (Hagelberg et al., 2015),
and targeting genetic markers like mitochondrial- and nuclear DNA and to understand human
evolution and population history (Cann et al., 1987; Pddbo et al., 1989; van der Kuyl et al.,
1995). PCR was even exploited to detect ancient pathogens, like Plasmodium falciparum and
Mycobacterium tuberculosis in human mummies and remains (Hawass et al., 2010; Nerlich et
al., 1997; Zink et al., 2003). It was additionally used to analyze ancient DNA of extinct

animals, like mammoth (Poulakakis et al., 2006), and archaic humans (Noonan et al., 2006).
Next generation sequencing and metagenomics in ancient DNA

With the huge development in DNA sequencing technologies, particularly the next generation
sequencing (NGS), and the completion of the first draft of the human genome, more interest
was brought to sequence the ancient DNA in a high throughput manner (Green et al., 2010;
Knapp and Hofreiter, 2010). Efforts were then exerted to extract metagenomic ancient DNA
fragments and convert them into genomic libraries, prior subjecting them to one of the NGS
technologies. The resulting DNA sequencing data are enormous; instead of sequencing few
amplified fragments, it became possible to sequence millions and even billions of fragments
at one batch. Such advancement in ancient DNA sequencing technology, not only allowed
detection and sequencing of marker genes of host but also allowed retrieval of whole genome
sequences of hosts, e.g., modern human, Neanderthal, and Denisova (Green et al., 2010;
Reich et al., 2010), and their accompanying microbes, like oral- and gut microbiota (Rampelli
et al., 2015a; Warinner et al., 2015; Weyrich et al., 2017) and pathogens, like Mycobacterium
tuberculosis (Jager et al., 2022).

Ancient DNA damage

Additionally, during the pre-NGS era, it was known that ancient DNA undergo some

changes/damages postmortem, however those modifications were not possible to be studied
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meticulously until the NGS became used in large scales in paleogenetics (Dabney et al.,
2013). Ancient DNA damages can be represented in three different ways (Dabney et al.,
2013): i) DNA fragmentations; ii) DNA strand lesions which block enzyme action on DNA
molecules; iii) chemical modifications that eventually lead to misincorporation of
nucleotides. Later, and in the NGS era, these kinds of modifications were exploited as
authentication criteria for ancient DNA and to reduce, computationally, the likelihood of
handling modern DNA contamination as ancient (Orlando et al., 2021). For example,
different bioinformatics tools have been developed to detect the terminal deamination of
Cytosine-to-Thymine to assess the level of aDNA damages (Ginolhac et al., 2011; Neukamm
et al., 2021). Other similar tools have been developed to use the previous information to
estimate and filter the potential contaminant DNA sequenced reads, given a target reference

genome, e.g., human mitochondrial genome (Renaud et al., 2015; Skoglund et al., 2014).
Sources of ancient human and human-associated microbial DNA

One of the inherent challenges of the ancient DNA field, in addition to the high fragmentation
rate and deamination of Cytosine to Uracil, is the extraordinarily high amounts of non-target
DNA, i.e.,, background DNA and/or processing contamination. Contaminant DNA is
considered as DNA that is introduced during the handling of ancient samples, e.g., during
excavation, handling or even in the lab during processing, which sometimes can lead to false
results. This was a major topic in the early years of aDNA research and a lot of papers and
criteria were published addressing this issue. With NGS this was to a great extent solved, as

modern (human) contamination can now be clearly detected.

While background DNA is considered all kind of environmental DNA (mainly microbes) that
were introduced during the deposition of the ancient materials in the soil, which has an
influence on the amount of endogenous DNA, but not necessarily on the authenticity of the
human or pathogen DNA. This issue was brought into focus, particularly when the NGS
became more usable in the field, having the vast majority of sequenced reads assigned to
environmental microbes and as low as 1% assigned to endogenous DNA. Therefore, efforts
were exerted to improve DNA extraction and to remove the contamination prior to DNA
extractions. Additionally, by comparing the quality of aDNA extracted from different human
bones, it was found that systematically higher endogenous DNA was retrieved when
extracted from the petrous part of the temporal bone of human skulls (Figure 1), compared to

other skeletal bones (Hansen et al., 2017; Pinhasi et al., 2015). Teeth also are considered as



important sources of human DNA and additionally of some pathogens that are expected to be
found in blood stream, like Yersinia pestis (Drancourt et al., 1998; Margaryan et al., 2018;
Prentice et al., 2004).

Sources of ancient DNA from human samples

v v
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| (calcified plaque)
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Figure 1: Different sources of ancient DNA from human samples.

While petrous bones became the preferable source of aDNA for those who are interested in
endogenous human DNA, microbiologists preferred other types of samples, e.g., paleofeces
and dental calculus (Green and Speller, 2017). Despite of their being usually more prone to
external contaminations, they can still contain human DNA and maintain additional important
ancient biological information. For instance, paleofeces, i.e. ancient feces, and gut content of

ancient mummies were found to still contain some DNA of ancient gut microbiota (Tett et al.,



2019; Wibowo et al., 2021), and later were proved even to contain molecular information on
the dietary components that were ingested by the ancient populations. Paleofeces also can
provide information on the health status, in terms of microbial infections or parasites
(Anastasiou et al., 2018; Maixner et al., 2018). Similarly, dental calculus, which is defined as
calcified dental plaques that contain complex, mineralized organic biofilms, were found to
contain DNA of ancient oral microbiota as well as dietary micro-remains (MacKenzie et al.,

2021; Warinner et al., 2015; Weyrich et al., 2017)
Evolution of ancient microbiomes and reconstruction of ancient genomes

Analysis of the ancient dental calculus and paleofeces opened a new avenue to compare the
oral and gut microbes/microbiomes of the ancient populations to the oral and gut
microbes/microbiomes of the contemporary populations. Recent studies on the human gut
microbiomes found that the dietary habits and the lifestyle can reflect on the gut microbiome
structures, enriching for some specific taxa and depleting others (Rampelli et al., 2015b;
Segata, 2015). For example, analysis of >6500 human gut metagenomes revealed clear
clustering of the data into two clusters: Westernized and non-Westernized. The non-
Westernized cluster showed presence of 4 different clades/strains of the species Prevotella
copri complex, while depleted in the Westernized populations (Tett et al., 2019; Tett et al.,
2021). Interestingly, analysis of ancient feces metagenomes showed presence of the
Prevotella copri clades in a pattern similar to the modern non-Westernized populations.
Using tip dating including an ancient Prevotella genome revealed split times of the clades
that predate the human migratory waves out of Africa (Tett et al., 2019; Tett et al., 2021).
Such findings might help in the future to understand how such a shift happened and how it
was influenced by dietary habits and changes overtime. Despite being slow, but the current
expansion of the genomes and marker genes databases of the plant, fungi, and parasites, will

boost the progress in this direction.

Evolution of pathogens has been one of the important areas of research of ancient DNA,
particularly with the possibility to reconstruct ancient genomes of pathogens. Studies reported
reconstruction of ancient human pathogens like Treponema denticola (Maixner et al., 2014)
and Mpycobacterium tuberculosis (Jager et al., 2022), which allowed understanding of

infection transmissions and evolution of pathogens.

One of the important milestones of the aDNA field, was in 2013 with the introduction of the

capture-based method for enriching the human endogenous aDNA, using biotinylated RNA



baits designed based on the reference genome (Carpenter et al., 2013). This approach was
extended later to enrich for target microbes, particularly pathogens, from human mummies
and skeletons that showed indicative symptoms of certain diseases (Bos et al., 2015; Duchéne
et al., 2020). Employing the enrichment capture method in pathogen detection allowed for
recovery of huge genomic data, enough for reconstruction of complete genomes, and hence
allowed for genome-level comparison with their modern descendants. It was used also to
provide insights onto disease evolution, migration waves, and disease endemics (Duchéne et
al., 2020; Spyrou et al., 2019). This allowed for recovery of genomes of ancient prokaryotes,
like Mycobacterium leprae (Schuenemann et al., 2013), Mycobacterium tuberculosis (Sabin
et al., 2020), Treponema pallidum (Giffin et al., 2020; Majander et al., 2020), Helicobacter
pylori (Maixner et al., 2016), and Yersinia pestis (Keller et al., 2019; Susat et al., 2021).
Recently, it was even possible to enrich and reconstruct complete genomes Hepatitis B

viruses (Kocher et al., 2021; Miihlemann et al., 2018).

In contrast to prokaryotic and viral genomes, there were not many studies attempted to
reconstruct ancient eukaryotic genomes. So far and as of October 2022, there are only 4
reported ancient eukaryotes by reconstructing parts of mitochondrial- or nuclear genomes,
namely the plant pathogen oomycetes Phytophthora infestans (Martin et al., 2013; Yoshida et
al., 2013), the human pathogen Malassezia restricta (De-Dios et al., 2020), and the malaria-
causing agents Plasmodium falciparum (De-Dios et al., 2019; Marciniak et al., 2016) and
Plasmodium vivax (Gelabert et al., 2016; Van Dorp et al., 2020). The Chagas disease-causing
pathogen Trypanosoma cruzi has been has been also reported using DNA probes

(Aufderheide et al., 2004).

The reconstruction of ancient genomes, in general, and microbial genomes in particular, is
merely a computational hurdle since we do not have plenty of processing options in the
laboratory before retrieving the sequencing data. It is commonly done by aligning the reads
against the reference genome of interest and then call the variants and assembly the final
genome sequence guided by the reference genome (Figure 2). This method is known as
reference-based or reference-guided genome reconstruction and was exploited successfully to

reconstruct the aforementioned ancient microbial genomes.
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Figure 2: Different approaches to reconstruct microbial genomes from shotgun metagenomic data.

However, this approach implies availability of a modern reference genome in the first place,
which require in general availability of an axenic culture (single isolates or pure cultures) of
the target microbe. Which means that our potential of obtaining axenic culture of modern
microbes is limiting our ability to reconstruct ancient microbial genomes using standard
methods. Therefore, we need to understand how such a dilemma was approached in modern

microbiology.

In general, modern microbiology field has been facing for decades the challenge of the “great
plate count anomaly”, which refers to the contradiction between microbial counts as
estimated by cultivation from one hand (culture-dependent methods) and microscopy and
metagenomics in the other hand (culture-independent methods) (Hugenholtz, 2002; Sarhan et
al., 2019). With the progressive development of sequencing technologies, the amount of
genomic data produced by the culture-independent methods exceeded with orders of

magnitude the amount of data produced by the culture-dependent methods, which created a



huge gap between metagenomes-based diversity and cultivation-based diversity (Achtman
and Wagner, 2008). There exist many environmental and clinical microbes that are of
biological importance where no cultured type-strain is available, e.g., the phytopathogen
Candidatus Phytoplasma spp., the human pathogens Treponema pallidum and
Mycobacterium leprae, and the insect symbionts Wolbachia spp. (Pallen and Microbiology,
2021). For selected cases, the complete genome sequence of those microbes was possible to
be retrieved through tweaking the conventional methods, e.g., by enriching those microbes in
eukaryotic hosts to increase their cellular titer or by single-cell isolation (Lasken, 2012;
Lewis et al., 2021). While for the more complex environmental communities, it was until
recently not possible to retrieve high quality genomes. This changed with the introduction of
the new computational methods of de novo metagenomic assembly and metagenomic
binning, which has been used for years and proved to recover high quality genomes of yet-
undescribed taxa. The ground-breaking study used this approach was published in 2015
analyzing water microbes (Brown et al., 2015), followed by many other studies on different
environments, including the human gut for example (Almeida et al., 2019; Pasolli et al.,

2019).
How metagenomic de novo assembly works?

The de novo assembly method includes initial assembly of metagenomic reads into longer
reads, known as contigs (Saheb Kashaf et al., 2021; Vollmers et al., 2017). The contigs then
are to be grouped together into clusters, based on sequence characteristics, like
tetranucleotide frequencies, GC content, and/or coverage. The resulting clusters are called
bins and the process itself is called metagenomic binning. In theory, each of the resulting bins
should represent one genome. Each of the resulting bins is then checked to contain some
universal marker genes which are used as a proxy for the whole genome representation. One
of the widely used tools for that purpose is CheckM (Parks et al., 2015). CheckM estimates
the “completeness” of prokaryotic genome by initially checking for presence of general
universal marker genes, which are then used to roughly estimate the taxonomic lineage of the
putative genome. Then, it checks for presence of lineage-specific single-copy marker genes
(SCG), whose representation percentage is used as a proxy for the whole genome
completeness. Then, if the program detects more than one copy of any of the supposed-to-be
SCG, it computes the similarity between the multiple copies and gives them as
“contamination” estimates and based on how dissimilar they are to each other, it estimates the

“strain heterogeneity” of the potential contamination.
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In 2017, the genomic standards consortium (GSC) developed standards for reporting
prokaryotic genomes (Bowers et al., 2017), published as the “Minimum information about a
single amplified genome (MISAG) and a metagenome-assembled genome (MIMAG) of

bacteria and archaea” (Table 1).

Table 1: Genome reporting standards for metagenome-assembled genomes (MAGs), as reported (Bowers

et al,, 2017)

Status Completeness Contamination
Finished 100% (Single sequence) 0%
High quality >90% <5%
Medium quality >50% <10%
Low quality <50% <10%

10



Aims of the study

In order to improve the research on ancient DNA field, we need to consider the field as a
triangle connecting three different aspects. Those aspects are: i) to improve sampling
techniques; ii) to improve the sample processing protocols in the lab; and finally, iii) to
improve the data analysis tools and methods (Figure 3). In this study, I aimed at improving
the current methodology in DNA research by touching each angle of the ancient DNA. Using
new DNA extraction protocol, I attempted to extent the current repertoire of ancient DNA
sources to unusual organic and inorganic materials (Paper I and II in the results section).
Additionally, I aimed at using new bioinformatic methods to reconstruct and analyze ancient
microbial genomes that have not yet been reported from ancient times (Paper II and III in the

results section).

Sampling techniques
(in situ)

Lab protocols Data analysis
(in vitro) (in silico)

N

Figure 3: The three aspects of ancient DNA field which can be targeted for further improvements.
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SUMMARY

Recent studies have demonstrated the potential to recover ancient human mito-
chondrial DNA and nuclear DNA from cave sediments. However, the source of
such sedimentary ancient DNA is still under discussion. Here we report the
case of a Bronze Age human skeleton, found in a limestone cave, which was
covered with layers of calcite stone deposits. By analyzing samples represent-
ing bones and stone deposits from this cave, we were able to: i) reconstruct
the full human mitochondrial genome from the bones and the stones (same
haplotype); ii) determine the sex of the individual; iii) reconstruct six ancient
bacterial and archaeal genomes; and finally iv) demonstrate better ancient
DNA preservation in the stones than in the bones. Thereby, we demonstrate
the direct diffusion of human DNA from bones into the surrounding environ-
ment and show the potential to reconstruct ancient microbial genomes from
such cave deposits, which represent an additional paleoarcheological archive
resource.

INTRODUCTION

Ancient DNA (aDNA) has become a powerful tool to study the ancestral history, not only of hominins, but
also other animals, plants, and even microbes (Capo et al., 2027; Epp et al., 2015). In addition to the skeletal
and mummified remains also sedimentary materials were recently identified as a promising source of
aDNA, that still containing Pleistocene Neanderthal and Denisovan mitochondrial DNA and nuclear
DNA (Gelabert et al., 2021; Slon et al., 2017; Vernot et al., 2021). There were different postulations on
the source of such sedimentary ancient DNA (sedaDNA), e.g., macrofossils, small bone fragments, excreta,
and decayed soft tissues (Haile et al., 2007; Slon et al., 2017; Willerslev et al., 2003). However, we still miss a
case where we see a direct link between the human sedaDNA and its source.

Here we report the finding of human skeletal remains (1306-1017 calBCE) dating back to the Urnfield cul-
ture of the late Bronze Age within the underwater river cave named either Wimsener Hohle (Straub, 2006;
Straub and Lehmkuhl, 2009) or Friedrichshéhle near Hayingen (Swabian Alb, Baden-Wurttemberg,
Germany, Figure 1). The discovery of an unburned skeleton itself is remarkable because the
predominant tradition of Urnfield Cultures is cremation of the deceased. The finding of contemporary
pottery and other human bone fragments in the entrance lake of the cave suggest the possibility of
a cultic site (Straub and Lehmkuhl, 2009). Similar finds from other caves in the Swabian Alb point to a
religious phenomenon of the Late Bronze Age, namely burials or ritual acts in caves (Rebay-Salisbury,
2010).

The commingled skeletal remains were found covered with heavy layers of calcite deposits, as a result
of continuous water dripping from the cave ceiling, forming bulges toward the direction of the gravity
(Figures 2A and 2B). Because most of the skeleton was heavily covered by calcite deposits, only a sample
of the more accessible tibia was taken (Figure 1D). To further investigate this archeological
finding molecularly, we used a slice of the tibia sample with the surrounding calcite layer (Fig-
ure 2B). Different parts of the bone and stone were subsampled and subjected to
metagenomic sequencing (Table S1, Figure 2, and STAR Methods). On these remains we could demon-
strate the diffusion of ancient human and microbial DNA from the skeleton to the surrounding
environment.
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Figure 1. Skeleton finding site

(A) Location of the Wimsener caves in Baden-Wirttemberg, Germany.

(B) Longitudinal section of the first 200 meters of the Wimsener caves; the scale bar refers to the cave length.

(C) Cross section of the “Schatzkammer”; the red star refers to the location of the tibia.

(D) Photograph showing the difficult accessibility of the finding site; the red arrow indicates the protruding part of the sampled tibia.

RESULTS

Bone and stone contain ancient human DNA of the same individual

Analysis of the human DNA (Table S2), by comparing the DNA against the human reference genome hg19
(Rosenbloom et al., 2015), revealed the presence of human DNA reads, not only in the bone samples, but
also in all stone samples. The human DNA of the stones accounted for ~1% of the human DNA found in the
bone samples (Figure 2C and Table S2). In general, the human DNA fragment lengths of the stone samples
were higher than the bone samples (Figure 2D), with comparable DNA damage levels, i.e., percentage of
terminal cytosine deamination to thymine (Figure S1). In addition, the ancient human DNA in the stone and
the bone displayed the same molecular sex (male, XY), which would not be possible with classical anthro-
pological investigations. To further confirm that the human DNA in stone belongs to the skeleton, we en-
riched it for mitochondrial DNA using a hybridization capture assay (STAR Methods). This enabled us to
reconstruct the mitochondrial genome from the stone samples, with > 7x coverage (Tables S2 and S3),
revealing the identical mitochondrial haplotype of the bone samples (i.e., J1C1). Further and to gain a
glimpse into the origin of the individual, we performed principal component analysis (PCA) against
selected modern Eurasian individuals and other Bronze Age individuals (Mittnik et al., 2019). The PCA anal-
ysis showed our individual falls within the European diversity similar to other Bronze Age individuals from
the same region (Figure S2). Overall, we could confidently demonstrate that the human DNA diffused from
the bone into the stone and preserved in the calcite for millennia.

Ancient microbial genomes reconstructed from the bone and stone

Based on the human DNA results, we assumed that such calcite deposits could represent a time capsule
and still contain ancient molecular information other than human DNA. Therefore, we extended our anal-
ysis to the microbial communities of both samples, by performing general microbial profiling and de novo
assembly of the short metagenomic reads into longer contigs to reconstruct metagenome-assembled
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Figure 2. Metagenomic analysis of human and microbial DNA of cave human bone and its surrounding stone deposits

(A) On-site sampling of human tibia covered with a layer of calcite deposits.

(B) Close-up cross-section of sampled tibia slice, indicating the sampling locations for DNA analysis; the black arrow refers to the direction of gravity.

(C) Number of metagenomic reads of each sample mapped to the human autosomal DNA (Ref genome hg19).

(D) Mean read lengths of the mapped reads against the human genome (hg19).

(E) Heatmap showing the abundance of different metagenome-assembled genomes (MAGs) in different samples (genome copies per million reads). The
color intensity indicates row z-scores.

(F) Mean read lengths of the mapped reads the MAGs. For the (E and F) the names of MAGs refer to the source of the MAGs (stone or bone) e.g., “Stone_1"
means that this genome was assembled from the stone sample.

genomes (MAGs) (See STAR Methods and Table S4). In general, the microbial profiles of the bone and
stone were similar with a high richness of Archaea and Actinobacteria which is typical for cave environments
(Figure S3). The bone and stone samples were then pooled independently for de novo assembly, which re-
sulted in three high-quality and four medium-quality prokaryotic MAGs, from both samples (three ge-
nomes from the bone and four from the stone, please refer to Table S4 and Figure 2E). All reconstructed
MAGs displayed DNA damage, except for one MAG from the bone samples (Figure S4). Similar to what was
observed with human DNA, the presence of the MAGs in both the bone and stone indicate microbial DNA
diffusion. It was also observed that the read lengths were longer in general in the stone compared to bone
(Figures 2F and S4). These genomes represent microbes that may have been involved in initial postmortem
decomposition and initiation of secondary stalactite formation. For instance, members of Clostridium and
Streptosporangium are reported among the most abundant postmortem bone degraders (Eriksen et al,,
2020; Philips et al., 2017). Moreover, Streptosporangium has also been implicated in bone tunneling in
waterlogged environments (Eriksen et al., 2020; Kim et al., 2020; Turner-Walker, 2009). Although other mi-
crobes, like Stentrophomonas and Rhodococcus, have been shown to crystalize calcium carbonate in cave
environments (Enyedi et al., 2020), which may suggest a potential role in stalactite formation (Pacton et al.,
2013).

DISCUSSION

In this case study, we took bone and calcite stone deposits from a Bronze Age human skeleton and sub-
jected them to DNA analysis. We recovered well-preserved ancient human DNA and microbial DNA
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from the stone and bone, enough to determine the sex of the individual, and to reconstruct human mito-
chondrial- and microbial genomes.

We identified the same human DNA in both bone and stone samples and thereby demonstrated the direct
diffusion of human DNA from bones into the surrounding environment. This presents an additional expla-
nation model for the reported presence of ancient human DNA in cave sediments (Slon et al., 2017; Vernot
et al., 2021). Earlier, in 2003, Willerslev and colleagues reported the presence of Euryapteryx curtus DNAin
sand samples collected from the interior of a moa bone in New Zealand (Willerslev et al., 2003). Later in
2007, Haile et al. also demonstrated the potential post-depositional vertical migration of ancient DNA
across sedimentary strata (Haile et al., 2007). However, it is yet-to-be determined how the stalactite de-
posits can better preserve aDNA fragments from the past. In general, DNA can adsorb to different miner-
alogical elements because of its negative charge (Freeman and Sand, 2020). In addition, cave environments
maintain a constant temperature and humidity as well as aphotic zones which allow less exposure to con-
ventional DNA damages (Stahlschmidt et al., 2019; Zepeda Mendoza et al., 2016). It may also be possible
that the leached DNA gets less exposed to the postmortem microbial decomposition, because of the fact
that the bones are continuously degraded because of their content of organic substrates (e.g., proteins).

In this report we aim to bring attention to such valuable mineralogical deposits that are found attached to
archaeological findings in cave environments. We showed that they are not only representing mineralog-
ical deposits, but rather an extension to the archeological findings that retain and preserve its historical in-
formation in the form of aDNA. Currently these deposits are mainly used as dating proxies for archeological
findings that are beyond the limits of the radiocarbon dating (*C), e.g., using Uranium-Thorium dating (U-
Th). Considering our finding, these deposits could help to avoid future destructive sampling of similar ar-
cheological remains, offering an additional paleogenetic archive that can be used to reconstruct ancient
human genomes and ancient microbial communities. It remains to be explored how far such deposits
are capable of preserving, in addition, other ancient biomolecules, e.g., proteins or lipids.

Finally, our message to our community of archeologists and anthropologists is to consider innovative sam-
pling resources (e.g., sediments, mineralogical deposits, or water) during excavations, especially for mo-
lecular analyses that often involve destructive procedures.

Limitations of the study

The main limitation of the study is that it is based on a single individual from a single site, and it is also rare
to find ancient skeletal samples covered with such calcite stone deposits. In addition, the total amount of
human DNA reads obtained from the calcite stone deposits is two order of magnitude less than the bone.
This might suggest accompanying the DNA library preparation from similar samples a subsequent appli-
cation of a human nuclear/mitochondrial DNA capture approach.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Bone sample from the tibia 1 This study 3050.1

Bone sample from the tibia 2 This study 3050.6
Calcite deposit sample 1 This study 3050.3
Calcite deposit sample 2 This study 3050.4
Calcite deposit sample 3 This study 3050.5
Calcite deposit sample 4 This study 3050.7
Chemicals, peptides, and recombinant proteins

EDTA disodium salt dihydrate Carl Roth Cat #8043.2
Proteinase K Promega Cat #MC5005
Critical commercial assays

myBaits Mito — Human Daicel Arbor Biosciences Cat #303008.v4

Deposited data

Metagenomic shotgun datasets

1240K SNPs + Human origin datasets

This study

ENA: PRJEB47715

https://reich.hms.harvard.edu/datasets

Software and algorithms

Fastp

SeqKit
SequenceTools
EIGENSOFT
mapDamage?2

MetaPhlAn3.0

BWA
QualiMap
Schmutzi
DeDup tool

DamageProfiler

Molecular sex determination
SAMtools

HaploGrep2.0

bowtie2

SPAdes

MEGAHIT

MetaBAT2

MaxBin2
CONCOCT
metaWRAP
CheckM
GTDB-tk
R-Studio

(Chen et al., 2018)
(Shen et al., 2016)
N/A

N/A

(Jonsson et al., 2013)
(Beghini et al., 2021)

(Li and Durbin, 2010)
(Okonechnikov et al., 2016)
(Renaud et al., 2015)

N/A

(Neukamm et al., 2021)

Skoglund et al., 2013)
Li et al., 2009)

Weissensteiner et al., 2016)

Nurk et al., 2017)
Li et al., 2015)
Kang et al., 2019)

(Wu and Singer, 2021)
(Alneberg et al., 2014)
(Uritskiy et al., 2018)
(Parks et al., 2015)

(

Chaumeil et al., 2019; Zhou et al., 2020)

N/A

(
(
(
(Langmead and Salzberg, 2012)
(
(
(

https://github.com/OpenGene/fastp
https://bioinf.shenwei.me/seqkit/
https://github.com/stschiff/sequenceTools
https://github.com/DReichLab/EIG
https://ginolhac.github.io/mapDamage/

https://github.com/biobakery/MetaPhlAn/
wiki/MetaPhlAn-3.0

http://bio-bwa.sourceforge.net/
http://qualimap.conesalab.org/
https://github.com/grenaud/schmutzi
https://github.com/apeltzer/DeDup

https://damageprofiler.readthedocs.io/en/
latest/index.html

https://github.com/pontussk/ry_compute
http://samtools.github.io/
https://haplogrep.i-med.ac.at/
http://bowtie-bio.sourceforge.net/bowtie2/
https://cab.spbu.ru/software/spades/
https://github.com/vouten/megahit
https://bitbucket.org/berkeleylab/metabat/

src/master/
https://sourceforge.net/projects/maxbin2/
https://concoct.readthedocs.io/en/latest/
https://github.com/bxlab/metaWRAP
https://ecogenomics.github.io/CheckM/
https://github.com/Ecogenomics/GTDBTk

https://www.rstudio.com/
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RESOURCE AVAILABILITY
Lead contact

e Further information on materials, datasets, and protocols should be directed to and will be fulfilled
by the Lead Contact, Frank Maixner (frank.maixner@eurac.edu).

Material availability

e This study did not generate new unique reagents.

Data and code availability

® The metagenomic shotgun sequencing data have been deposited at ENA: PRJEB47715 and are publicly
available as of the date of publication.

® All codes used in this study and other previously published genomic data is available at the sources refer-
enced in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, we metagenomically analyzed samples of human skeletal remains (1306-1017 calBCE) dating
back to the Urnfield culture of the late Bronze Age within the underwater river cave named either Wimsener
Hohle or Friedrichshéhle near Hayingen (Swabian Alb, Baden-Wirttemberg, Germany). The bone samples
were found covered with layers of calcite deposits, which was also metagenomically analyzed.

METHOD DETAILS

DNA extraction and library preparation

Amounts of 20-100 mg of bone/stone were sampled at the locations indicated in Figure 2B (Please refer to
Table S1 for further details). EDTA/Proteinase K mixtures were added to the samples and incubated for 24 h
at 40°C, followed by purification and recovery modified protocol from Tang et al. (Tang et al., 2008). DNA
extracts were quantified using QUANTUS (Promega, USA), then 20 pl of each sample were converted into
double-indexed pair-end DNA libraries following a special protocol for highly degraded ancient DNA
(Meyer and Kircher, 2010). All previous steps were carried out in the ancient DNA laboratory of the institute
of mummy studies at EURAC research in Bolzano, Italy. Further, selected indexed samples were pooled and
enriched for human mitochondrial genome (myBaits®, https://arborbiosci.com), following the manufac-
turer’s instructions (Selected samples are indicated in Table S2).

DNA sequencing and post-sequencing processing

The indexed libraries were pooled and subjected to next generation DNA sequencing using HiSegX (2 x
150 pair end). After demultiplexing, we used the tool fastp (Chen et al., 2018) to trim the adapters and low
quality sequences, and to merge pair-end reads with at least 10 nucleotides overlap. The overall workflow is
described in the Figure S5.

Human DNA analysis

First, for each sample we used the tool SegKit (Shen et al., 2016) to deduplicate the merged sequences, and
to remove sequences shorter than 25 nucleotides. Next, we mapped these reads against the human refer-
ence genome (build hg19) (Rosenbloom et al., 2015) and the human reference mtDNA genome (rCRS) (An-
drews et al., 1999) using Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2010). SAMtools was used to filter
for minimum mapping quality of 30. We used QualiMap to generate basic mapping statistics (Okonechni-
kov et al., 2016). To check the authenticity of the mapped reads being of ancient origin and not modern
contamination we used the tool mapDamage 2.0 (Jonsson et al., 2013) to quantify the percentages of C
to T and G to A substitution. In the case of mitochondrial DNA, we additionally used option “~rescale”
to rescale the quality scores of the damaged mis-incorporated sites, and the tool Schmutzi to estimate
the level of contamination based on deamination patterns (Renaud et al., 2015). For haplogroup assign-
ment, we first converted the rescaled bam files into variant calling format (VCF) and then employed Hap-
loGrep 2.0 (Weissensteiner et al., 2016).
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To compare our sample to other individuals, we used SAMtools mpileup and pileupCaller (https://github.
com/stschiff/sequenceTools) to call the 1240K targeted SNPs (David Reich lab, https://reich.hms.harvard.
edu/datasets), with pseudodiploid method. Then, we used the EIGENSOFT tools “mergeit” to merge the
data and “smartpca” to perform the principal component analysis (PCA). Finally, our ancient sample as well
as selected Bronze Age individuals from Mittnik et al. (Mittnik et al., 2019) were projected to the modern
Eurasian and Middle Eastern individuals.

To determine the sex of the individual, we used the mapped human DNA reads to compute the karyotype
frequency of X and Y chromosomes, using a Maximum likelihood method (Skoglund et al., 2013).

Microbial DNA analysis

For general microbiome profiling, we applied MetaPhlAn 3.0 on the merged reads, with options of “~min_
mapgq_val 30" and "“—read_min_len 25" (Beghini et al., 2021).

Additionally, we used the quality-filtered unmerged reads to perform de novo sequence assembly,
following a co-assembly approach by combining samples into two groups, bone (n = 2) and stone (n =
4), and using the MetaWRAP pipeline (Uritskiy et al., 2018). In detail, we used the metagenomic assembler
MEGAHIT (Li et al., 2015) and SPAdes with “-meta” option (Nurk et al., 2017), to assemble the pair-end
reads into longer contigs. All contigs shorter than 1000 nt were excluded from downstream analyses.
We used three different metagenomic binning tools, MetaBAT2 (Kang et al., 2019), MaxBin2 (Wu and
Singer, 2021), and CONCOCT (Alneberg et al., 2014), to cluster the contigs into bins based on abundance
and kmer frequency. Then, we checked the completeness and contamination of the resulting bins using
CheckM (Parks et al., 2015), and kept only the high- (completeness > 90% and contamination < 5%) and
medium (completeness 50-90% and contamination < 10%) quality bins for further analysis. Further, we
used the “reassemble_bins" module to remap the raw reads against each of the bins, then reassembled
the mapped reads using SPAdes assembler. This step was proved to increase the completeness and
reduce the contamination of the bins. In order to assess the abundance of each bin in each of the samples,
we implemented the MetaWRAP module “quant_bins", which quantifies the abundance of each bin and
expresses it as a unit of “genome copies per million reads”.

To taxonomically classify each bin, we used GTDB-Tk v1.5.0 and the module “classify_wf’ (Chaumeil et al.,
2019; Zhou et al., 2020), which identifies 120 marker genes in bacteria and 122 marker genes in archaea,
performs a multiple sequence alignment of the markers, and finally assigns taxonomy based on the phylo-
genetic placement with known reference genomes. Average nucleotide identity (ANI)/relative evolutionary
divergence between reference genomes and metagenomic bins (henceforth referred to as metagenomes-
assembled genomes, MAGs) was also performed using GTDB-Tk.

Finally, to differentiate the MAGs of ancient origin from those modern ones, we used Bowtie2 (Langmead
and Salzberg, 2012) to map the quality filtered raw reads against these MAGs, then we sorted and indexed
the resulted bam files using SAMtools (Li et al., 2009), and implemented DamageProfiler (Neukamm et al.,
2021) to check for ancient DNA damage patterns, i.e. C-to-T and G-to-A substitutions, resulting from cyto-
sine deamination.

QUANTIFICATION AND STATISTICAL ANALYSIS

The abundance of MAGs in each of the samples were shown as row z-scores calculated and visualized, in
R-Studio (https://www.rstudio.com/) using the pheatmap package.
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Figure S1: DNA damage of human DNA extracted from bone and stone samples, as inferred by
mapDamage (Jonsson et al., 2013) , Related to Figure 2C and 2D. (A) DNA damage plots of bone-
(left) and stone (right) human DNA. (B) Fragment lengths distribution of bone- (left) and stone (right)
human DNA.
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Figure S4: DNA damage of microbial DNA reads mapped to the reconstructed metagenome-

assembed genomes (MAGS) from bone- and stone samples, as inferred by DamageProfiler



(Neukamm et al., 2021) , Related to Figure 2E and 2F. The left panel shows the DNA damage and
read length distribution of all forward reads, while the right panel shows the DNA damage of reads
of > 150 nt length, which we assume failed to merge with their corresponding reverse read due to
insufficient overlapped nucleotides. Notice in both the long and short reads comparible damage
patterns with both displaying a typical ancient DNA read-length distribution. Taxonomic labels to the
right refer to the classification assigned by GTDB-Tk (Chaumeil et al., 2019).
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preparation, and the shotgun metagenomic data analysis, Related to STAR Methods.



Table S1: Total number of shotgun reads generated from the bone and stone samples, Related to Figure 2B and STAR Methods

DNA extraction raw_reads quality filtered reads quality filtered reads after removing PCR duplicates
D position stample DNA_conc.(ng/ul) merged unmerged | merging_rate merged forward | reverse | Duplication rate
weight (mg) - -
3050.1 bone 85 4.53 16930821 16517550 297168 97.56% 13596797 247201 287848 17.68%
3050.3 stone 42 0.235 12758786 11933560 706049 93.53% 9326305 567985 674023 21.85%
3050.4 stone 24 0.361 12117084 11560379 470498 95.41% 9401534 386832 450627 18.67%
3050.5 stone 93 1.021 8877178 7957401 736903 89.64% 6571267 595709 712381 17.42%
3050.6 bone 20 1.65 23772913 23379227 213249 98.34% 18886233 186108 199428 19.22%
3050.7 stone 100 0.714 24338373 23570444 637652 96.84% 19001671 545281 585695 19.38%
Table S2: Human autosomal and mitochondrial DNA mapping statistics, Related to Figure 2C and Figure 2D
. Human autosomal DNA Mitochondrial DNA
ID position | # of reads — -
# of mapped reads | # of reads / million | mean | std_dev | coverage (x) Enrichment

3050.1 | bone | 13596797 37223 2738 67 32 53.14 Yes
3050.3 | stone 9326305 4588 492 96 52 2.44 Yes
3050.4 | stone 9401534 2274 242 64 46 2.68 Yes
3050.5 | stone 6571267 3397 517 63 32 2.1 Yes
3050.6 | bone | 18886233 1042717 55210 60 20 5.77 No
3050.7 | stone | 19001671 3008 158 71 38 0.1023 No
Bone bone | 32483030 1079944 33246 60 20 58.9 -
Stone stone | 44300777 13264 299 77 46 7.32 -




Table S3: Mitochondrial DNA alternative alleles of the Wimsener cave individual, compared
to the reference mitochondrial genome (rCRS), Related to Figure 2C

CHROM | POS REF Bone Stone
ALT Depth ALT Depth
chrMT 73 A G DP=43 G DP=1
chrMT 185 G A DP=57 A DP=2
chrMT 263 A G DP=76 G DP=2
chrMT 295 C T DP=64 ND ND
chrMT 309* C CCT INDEL ND ND
chrMT 310* T TTT INDEL C DP=2
chrMT 462 C T DP=64 T DP=11
chrMT 482 T C DP=66 C DP=10
chrMT 489 T C DP=67 C DP=10
chrMT 750 A G DP=52 G DP=2
chrMT 1438 A G DP=40 ND ND
chrMT 2706 A G DP=36 ND ND
chrMT 3010 G A DP=54 A DP=7
chrMT 3394 T C DP=50 C DP=1
chrMT 4216 T C DP=54 C DP=1
chrMT 4769 A G DP=52 G DP=2
chrMT 7028 C T DP=58 T DP=3
chrMT 8860 A G DP=68 G DP=2
chrMT 10398 A G DP=61 G DP=4
chrMT 11251 A G DP=58 G DP=3
chrMT 11719 G A DP=52 A DP=6
chrMT 12612 A G DP=60 ND ND
chrMT 13708 G A DP=54 A DP=2
chrMT 14766 C T DP=69 T DP=4
chrMT 14798 T C DP=59 C DP=6
chrMT 15326 A G DP=75 G DP=3
chrMT 15452 C A DP=67 A DP=5
chrMT 16069 C T DP=65 T DP=8
chrMT 16126 T C DP=67 C DP=3
chrMT 16264 C T DP=65 T DP=8

*There is a homopolymeric C stretch at this position of the mitochondrial genome which is difficult to analyse and align with short aDNA reads.



Table S4: Taxonomic classification and quality estimations of the assembled microbial genome as inferred by GTDB-tk and CheckM,
respectively, Related to Figure 2E.

MAG_ID Methods Description/Result
GTDB taxonomy d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Streptosporangiales;f__Streptosporangiaceae;g__Streptosporangium;s__
fastANI_taxonomy d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Streptosporangiales;f _Streptosporangiaceae;g__Streptosporangium;s__Streptosporangium violaceochromogenes
Bone 1 pplacer_taxonomy d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Streptosporangiales;f__Streptosporangiaceae;g__Streptosporangium;s__
= taxonomy method taxonomic classification defined by topology and ANI
CheckM_Completness (%) 92.59
CheckM_Contamination (%) 1.74
GTDB taxonomy d__Archaea;p__Thermoproteota;c__Nitrososphaeria;o__Nitrososphaerales;f__Nitrosopumilaceae;g_ UBA8516;s_
fastANI_taxonomy d__Archaea;p__Thermoproteota;c__Nitrososphaeria;o__Nitrososphaerales;f__Nitrosopumilaceae;g_ UBA8516;s_ UBA8516 sp8516u
Bone 2 pplacer_taxonomy d__Archaea;p__Thermoproteota;c__Nitrososphaeria;o__Nitrososphaerales;f__Nitrosopumilaceae;g_ ;s_
- taxonomy method taxonomic classification defined by topology and ANI
CheckM_Completness (%) 55.05
CheckM_Contamination (%) 0.97
GTDB taxonomy d__Bacteria;p__Acidobacteriota;c__Acidobacteriae;o_ UBA7541;f UBA7541;8_ ;s_
fastANI_taxonomy N/A
Bone 3 pplacer_taxonomy d__Bacteria;p__Acidobacteriota;c__Acidobacteriae;o_ UBA7541;f UBA7541;g ;s
= taxonomy method taxonomic classification fully defined by topology
CheckM_Completness (%) 59.95
CheckM_Contamination (%) 6.57
GTDB taxonomy d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Xanthomonadales;f__Xanthomonadaceae;g__Stenotrophomonas;s__Stenotrophomonas lactitubi
fastANI_taxonomy d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Xanthomonadales;f__Xanthomonadaceae;g__Stenotrophomonas;s__Stenotrophomonas lactitubi
Stone 1 pplacer_taxonomy d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Xanthomonadales;f_Xanthomonadaceae;g__Stenotrophomonas;s_
- taxonomy method taxonomic classification defined by topology and ANI
CheckM_Completness (%) 96.75
CheckM_Contamination (%) 1.46
GTDB taxonomy d__Bacteria;p__Firmicutes_A;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium;s__
fastANI_taxonomy d__Bacteria;p__Firmicutes_A;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium;s__Clostridium botulinum_B
Stone 2 pplacer_taxonomy d__Bacteria;p__Firmicutes_A;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium;s__
- taxonomy method taxonomic classification defined by topology and ANI
CheckM_Completness (%) 51.9
CheckM_Contamination (%) 5.25
GTDB taxonomy d__Archaea;p__Thermoproteota;c__Nitrososphaeria;o__Nitrososphaerales;f__Nitrosopumilaceae;g__Nitrosarchaeum;s__
fastANI_taxonomy d__Archaea;p__Thermoproteota;c__Nitrososphaeria;o__Nitrososphaerales;f__Nitrosopumilaceae;g__Nitrosarchaeum;s__Nitrosarchaeum sp004297665
Stone 3 pplacer_taxonomy d__Archaea;p__Thermoproteota;c__Nitrososphaeria;o__Nitrososphaerales;f__Nitrosopumilaceae;g__ Nitrosarchaeum;s__
= taxonomy method taxonomic classification defined by topology and ANI
CheckM_Completness (%) 68.46
CheckM_Contamination (%) 2.02
GTDB taxonomy d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Sphingobacteriales;f__Sphingobacteriaceae;g_ Pseudosphingobacterium;s_
fastANI_taxonomy d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Sphingobacteriales;f__Sphingobacteriaceae;g__Pseudosphingobacterium;s__Pseudosphingobacterium domesticum
Stone 4 pplacer_taxonomy d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Sphingobacteriales;f__Sphingobacteriaceae;g__ Pseudosphingobacterium;s__

taxonomy method

taxonomic classification defined by topology and ANI

CheckM_Completness (%)

100

CheckM_Contamination (%)

0.48
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SUMMARY

We subjected human paleofeces dating from the Bronze Age to the Baroque period (18" century AD) to in-
depth microscopic, metagenomic, and proteomic analyses. The paleofeces were preserved in the under-
ground salt mines of the UNESCO World Heritage site of Hallstatt in Austria. This allowed us to reconstruct
the diet of the former population and gain insights into their ancient gut microbiome composition. Our dietary
survey identified bran and glumes of different cereals as some of the most prevalent plant fragments. This
highly fibrous, carbohydrate-rich diet was supplemented with proteins from broad beans and occasionally
with fruits, nuts, or animal food products. Due to these traditional dietary habits, all ancient miners up to
the Baroque period have gut microbiome structures akin to modern non-Westernized individuals whose diets
are also mainly composed of unprocessed foods and fresh fruits and vegetables. This may indicate a shift in
the gut community composition of modern Westernized populations due to quite recent dietary and lifestyle
changes. When we extended our microbial survey to fungi present in the paleofeces, in one of the Iron Age
samples, we observed a high abundance of Penicillium roqueforti and Saccharomyces cerevisiae DNA.
Genome-wide analysis indicates that both fungi were involved in food fermentation and provides the first mo-
lecular evidence for blue cheese and beer consumption in Iron Age Europe.

INTRODUCTION

Paleofeces are naturally preserved ancient feces found in dry
caves, desert areas, waterlogged environments, and frozen hab-
itats. Specific environmental processes such as desiccation or
freezing prevent their deterioration in mummies, ancient latrines,
bogs, and soils." Previous studies have shown that paleofecal
material still contains plant macro- and microfossils, parasite

L)

eggs, and even ancient biomolecules (DNA, proteins, metabo-
lites).” Ancient paleofeces have therefore recently been used
as a source of information to study prehistoric nutrition pat-
terns®>® and health®’ and to analyze single representatives®”’
or the overall composition of the intestinal microbiome of our an-
cestors.' 12

One of the few archaeological sites where well-preserved
paleofeces can be found is the protohistoric salt mines of the

Crestor Current Biology 37, 5149-5162, December 6, 2021 © 2021 The Authors. Published by Elsevier Inc. 5149
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The Hallstatt salt mine and radiocarbon-dated paleofeces samples used in this study

(A) The salt mines are located in Upper Austria.

(B) Finding sites of the four paleofeces samples in the Bronze Age, Iron Age, and Baroque mining area. The symbol color corresponds to the radiocarbon date of

the paleofeces.

(C) Macroscopic appearance of the four paleofeces samples. The scale bar corresponds to 1 cm of length. The sample description includes the sample ID, the
mine workings name, and the radiocarbon date. The provided radiocarbon date range corresponds to the Cal 2-sigma values with the highest probability.

(D) Temporal assignment of the radiocarbon-dated paleofeces to the major European time periods from the Bronze Age onward.

See also Figure S1 for details of the salt crystals surrounding sample 2612. Data S1A and S1B provide additional information about the samples and the

radiocarbon dating.

Austrian UNESCO World Heritage area Hallstatt-Dachstein/Sal-
zkammergut. Protohistoric salt mines offer ideal preservation
conditions for organic materials. The high salt concentrations
and the constant annual temperature of around 8°C inside the
isolated mine workings preserve organic artifacts very well.
The Hallstatt salt mines located in the Eastern Alps (Figure 1)
offer one of the world’s oldest and most continuous record of un-
derground salt mining.®"'® Large-scale underground mining in
the Hallstatt salt mountains dates back at least to the 14™ cen-
tury BC (late Bronze Age). Several protohistoric (Bronze, Iron
Age) and historic (14" century AD to present) mining phases
are well documented. The site also gave name to the early period
of the Iron Age in Europe, the so-called Hallstatt Period (800 to
400 BC). Dense layers of production waste reaching several

5150 Current Biology 37, 5149-5162, December 6, 2021

meters of thickness were excavated from the protohistoric
Bronze Age and Iron Age mine workings of Hallstatt, uncovering
thousands of wooden tools and construction elements, imple-
ments made from fur, rawhide, hundreds of woolen textile frag-
ments, grass, bast ropes, and human excrements.'® These ob-
jects provide insights into the daily life of a Bronze Age and
Iron Age mining community ranging from mining technology, or-
ganization of production, and resource management to human
health, dietary habits, social organization of production pro-
cesses, and social status within a mining system. These aspects
have been studied extensively in Hallstatt based on a combina-
tion of data sources encompassing the protohistoric mine work-
ing, Bronze Age meat-curing facilities, and large Iron Age
cemetery, #1617



Current Biology

Here we focus on the question of the structure and evolution of
dietary habits as well as the human gut microbiome in one of Eu-
rope’s most important early production communities. We used
microscopic, metagenomic, and proteomic analysis to charac-
terize nutrition patterns of the protohistoric (Bronze Age, early
Iron Age) and historic (Baroque period, 18" century AD) miners
and metagenomic analysis to determine the structure and
evolution of the gut microbiome. Our findings will enhance the
understanding of early European dietary habits (especially the
production and consumption of processed foodstuffs) and pro-
vide further evidence of the recent change in gut microbiome
structure as result of industrialization and Westernization
processes.

RESULTS

Paleofeces from Bronze Age to Baroque Period contain
ancient endogenous DNA

In this study, we initially subjected four paleofeces samples,
collected from Bronze Age and Iron Age Hallstatt mine workings,
to radiocarbon dating, then to in-depth microscopic and molec-
ular analysis (Figures 1A-1C; STAR Methods; Data S1A). The
four paleofeces samples can be macroscopically differentiated
into three samples containing a high amount of fibrous plant ma-
terial (2610, 2604, 2611) and one more homogeneous sample
(2612) that does not contain any visible larger plant fragments
(Figures 1 andS1A). Radiocarbon analyses date the roughly
structured samples to the Late Bronze Age (2610) and Iron Age
(2604, 2611), which is in perfect accordance with the proposed
period of usage of the mine workings where the paleofeces
have been found.'® In contrast, the fine-textured paleofeces
2612 sampled in an Iron Age minedates to the Baroque period
(18" century AD) (Figure 1C; Data S1B). For this part of the salt
mine, however, it is historically documented that the mine work-
ings had started to be reused from the beginning of 18™ century
onward.'® Independently of the paleofeces’ age, their storage
time since excavation (some samples were recovered in the
year 1983), or the mode of excavation (wet sieving versus direct
sampling) (Figure S1), we could retrieve biomolecules (DNA and
protein) from all samples for the subsequent molecular analysis
(Data S1 and S2; STAR Methods). Proteomics analysis provided
the first evidence for the presence of endogenous biomolecules
in the paleofeces material. The most abundant peptides were as-
signed to human intestinal tract proteins that are involved in food
digestive processes (Data S2B, S2D, S2F, and S2H). The DNA of
the paleofeces material was further subjected to a deep shotgun
sequencing approach resulting in 57,130,584 to 221,314,691
quality-filtered reads (Data S1C). A first taxonomic overview us-
ing DIAMOND against the NCBI NR database revealed that the
majority of reads in the samples are assigned to Bacteria
(93.9% to 78.9% of all assigned reads), with Firmicutes and Bac-
teroidetes being the most abundant phyla of this kingdom (Fig-
ures S2A-S2D). Less than 7.5% of the reads were eukaryotic,
with up to 6.7% fungal reads in sample 2604. The Metazoa
and Viridiplantae reads, important for the molecular reconstruc-
tion of the diet, comprised 0.5% to 0.01% of all assigned reads.
Further analysis of the human DNA in the paleofeces revealed an
endogenous DNA content between 0.26% and 0.06%, sufficient
for molecular sex and mitochondrial haplogroup assignment
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(Data S1D). The highly fragmented human reads display a very
low deamination pattern at the 5’ ends (Figures S2E-S2H). In
the most recent sample (2612), the reads appear even less frag-
mented and display almost no DNA damage. Considering the
age of these samples, the DNA damage is exceptionally low.
This high preservation is most likely due to the rapid desiccation
of the samples in the salt mine, which may result in reduced hy-
drolytic damage of the biomolecules. Our analyses show that the
four paleofeces come from male individuals that carry distinct
mitogenomes with low contamination estimates (1% to 2%),
indicating that each sample represents unique unmixed ancient
feces.

Ancient paleofeces display a gut microbiome structure
similar to modern non-Westernized individuals

We compared the microbiome structure of the paleofeces to a
large number of contemporary metagenomes (n = 823) (Data
S1E). Principal coordinate analysis (PCoA) performed on a spe-
cies-level taxonomic composition shows that the paleofeces
from the Bronze Age to the Baroque period cluster with stool
samples from contemporary non-Westernized individuals (Fig-
ure 2A) with diets mainly consisting of unprocessed foods and
fresh fruits and vegetables.'® This clustering is similarly observed
for encoded metabolic pathways (Figure 2B). All the paleofecal
samples were distinct from the oral and, more importantly,
from the soil samples, suggesting little evidence of soil contam-
ination, which is sometimes observed in ancient metagenomics
studies.”® The source prediction analysis further supports the
sample preservation (Data S1F).

To further assess the paleofeces samples, we analyzed the
prevalence of the top 15 most abundant species in the paleofe-
ces compared to 8,968 gut microbiomes of healthy Westernized
and non-Westernized adults (Data S1G). As aresult, 13 out of the
15 most abundant species were identified to be associated with
human gut environment, of which 11 species were found to be
more prevalent in modern non-Westernized compared to West-
ernized populations. Five of these species, Bifidobacterium
angulatum, Lactobacillus ruminis, Catenibacterium mitsuokai,
Prevotella copri, and Clostridium ventriculi, were over twice as
prevalent in non-Westernized populations (Figure 2C; Data
S1H). One of the two species not associated with the human
gut is the halophilic archaeon Halococcus morrhuae, which sur-
vives on a high concentration of salt.”” It was observed in low
abundance in the paleofeces sample 2612, the only sample
that was not subjected to wet sieving. Therefore, we assume
that the archaeon was introduced from the environment via the
salt crystals (Figure S1B). In the paleofeces samples 2604 and
2611, we also identified Clostridium perfringens, a known intes-
tinal foodborne pathogen,?* that also occurs free living in the soil
and other environments.?* Since an infection with C. perfringens
causes acute diarrhea and the paleofeces does not indicate any
characteristics pointing to that disease, we assume that the
presence of this bacterium is due to an environmental
contaminant rather than a remnant of food spoilage in the
miners’ gut. When all paleofecal microbiome members were
considered in population prevalence analysis, 100 out of
158 species were found in >5% stool samples from modern
healthy adult individuals and 65% of these species are overrep-
resented in non-Westernized populations in comparison with
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Figure 2. Overview of microbial composition and metabolic pathways of paleofeces samples in comparison to a large collection of contem-

porary metagenomes

(A) Principal coordinate analysis (PCoA) based on microbial abundance profiled using MetaPhlAn 3.0°" between four paleofeces samples and 823 contemporary

samples characterized by sampling environment, body site, and non-Westernized lifestyle.
(B) Principal coordinate analysis (PCoA) based on metabolic pathway abundance profiled using HUMANN 3.0°' between four paleofeces samples and the same

contemporary samples used in (A).

(C) Prevalence of the top 15 most enriched species of four paleofeces samples in non-Westernized and Westernized datasets comprising 8,968 stool samples

from healthy adult individuals. Asterisk indicates species that is likely from external contamination.
(D) Relative abundance of P. copri four clades estimated using MetaPhlAn 3.0°" in each paleofecal sample.
See also Figure S1 for additional microbial profiles in the DNA “wash-out” experiment. Data S1 contains additional information about the comparative datasets

and the results obtained by the prevalence and abundance analysis.

the Westernized equivalent (Data S1l). A similar result was ob-
tained when we decreased the prevalence threshold to 1%
(Data S1J).

The Prevotella copri complex, which is highly prevalent in non-
Westernized populations and prevalent in previously investi-
gated ancient samples,® was identified in all paleofecal samples,
representing, on average, 7.3% (~1.6%-14.7%) of the relative
abundance (Figure 2C; Data S1K). Consistent with previous find-
ings,® we found multiple clades of the complex to be present in
each of the paleofeces samples (Figure 2D) with the exception
of Clade D, which was barely detectable in sample 2604
and 2612. All other clades were detected with relative abun-
dances > 0.01% in all samples (Figure 2D; Data S1L). Of note,
in contrast to other samples, the sample 2604 displayed higher
abundance of bacterial species such as Lactobacillus brevis,
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Bifidobacterium merycicum, Bifidobacterium angulatum, and
Lactobacillus plantarum (Data S1K) that are known to be of pro-
biotic activities or involved in processing of dairy products.>®

Microscopic and molecular reconstruction of the
Hallstatt miners’ diet

Next, we aimed to reconstruct the dietary components in the pa-
leofeces using both a microscopic and a molecular survey. The
above-mentioned structural differences between the paleofeces
became even more evident in the microscopic analyses. The
Baroque period sample 2612 was much finer textured than all
other samples from protohistory (Figure 1C). This was also re-
flected in the macro-remain composition of the paleofeces,
showing that samples 2610, 2604, and 2611 contained a lot of
seeds contrary to 2612, which consisted of frequent tissues of
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Figure 3. Microscopic and molecular dietary analysis of the Hallstatt paleofeces

(A) Plant macro-remains microscopically detected in the four paleofeces samples. The scale bar indicates 1 mm of length. The heatmap shows the log-scale
macro-remain counts normalized to 3.7 g sample. The sample with asterisk was assessed in a semiquantitative manner. For further details, please refer to
Data S1.

(B) Most abundant taxa (plants, nematodes, animals, fungi) detected in the four paleofeces metagenomes and proteomes. The circle size and circle color
correspond to log10 “normalized” number of reads per million at genus and species levels, respectively. The asterisks in the proteome heatmap mean the
peptides were assigned only to genus level.

(C) Phylogenetic assignment of two partial Triticum chloroplast genomes in the 2604 and 2610 metagenomes. The comparative dataset included
complete chloroplast genomes of selected members of the Triticeae tribe (NCBI accession numbers are provided in the figure). The tree was
calculated using the maximum-likelihood algorithm (PhyML) based on 136,160 informative positions. Black circles symbolize parsimony and
neighbor joining bootstrap support (>90%) based on 100 and 1,000 iterations, respectively. The scale bar indicates 10% estimated sequence
divergence.

(legend continued on next page)
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fruit husks and seed coats (Figure 3A; Data S1M). Generally, all
samples displayed a predominance of cereal remains.

Microscopic analysis revealed that the Bronze Age sample
(2610) consisted more or less exclusively of cereal remains,
which originated from barley (Hordeum vulgare), spelt (Triticum
spelta), some emmer (Triticum dicoccum), proso millet (Panicum
miliaceum), and a few weeds, e.g., corn cockle (Agrostemma gi-
thago) and poison parsley (Aethusa cynapium). The lron Age
samples (2604, 2611) were characterized by a predominance
of cereal remains from barley (Hordeum vulgare), spelt (Triticum
spelta), millets (P. miliaceum, Setaria italica), and a little emmer
(T. dicoccum). Furthermore, in sample 2611, testa remains of
broad beans (Vicia faba) and seeds of opium poppies (Papaver
somniferum) were observed. Crab apples (Malus sylvestris) and
bilberries/cranberries (Vaccinium myrtillus/vitis-idea) in sample
2604 document the consumption of gathered wild fruits. Striking
in the Iron Age sample 2604 was the contamination with weeds,
in particular corn cockle (Agrostemma githago). In the sample
2612 from the Baroque time, the microscopic pattern was
notably different from the other samples. The plant material
was finely ground, and entire fruits were missing apart from a di-
gested mericarp of anise (Pimpinella anisum). The plant tissue
belonged to bran (fragments of cereal testa, pericarp, hairs, hi-
lum, endosperm) of wheat (Triticum sp.). The precise species
was unidentifiable, but according to the rare occurrence of
tube cells in the pericarp fragments, a member of the tetra- or
hexaploid wheat group is suggested. Bran of barley
(H. vulgare) was also observed in minor quantities. Furthermore,
the consumption of legumes is documented by testa remains of
garden bean (Phaseolus vulgare) in this sample.

In addition to the microscopic analysis, we subjected paleofe-
ces biomolecules (DNA and proteins) to molecular dietary ana-
lyses. Both metagenomic and proteomic analyses included a
homology search against different databases, followed by
strict filtering steps of the obtained hits and a subsequent in-
depth analysis of selected identified taxa (STAR Methods; Fig-
ure S3; Data S1N, S10, S2B, S2D, S2F, and S2H). For the plant
diet, we could confirm the presence of the most abundant
domesticated plant macro-remains, including broomcorn millet
(P. milliaceum), barley (H. vulgare), and wheat (Triticum spp.)
(Figure 3B). In addition, we found DNA-based evidence of the
presence of walnut (Juglans regia) in the sample 2604 and pro-
tein-based support for the occurrence of opium poppy seeds
(P. somniferum) in the sample 2611. In addition to the foxtail mil-
let (S. italica), which appeared with high grain number, all the low
abundant wild plants unveiled by the microscopic investigation
were not identified in our molecular survey, which has undergone
strict filtering to minimize the false positives (STAR Methods).
Further phylogenetic analysis assigned the Triticum spp. chloro-
plast genomes of the samples 2604 and 2610 closest to the
chloroplasts of tetraploid (emmer, durum) and hexaploid (spelt
wheat, bread wheat) wheat varieties, respectively (Figures 3C,
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S3A, and S3B; Data S1P). Additional comparison with the bread
wheat genome revealed an equal subgenome (A, B, and D) rep-
resentation in the 2604 and 2610 metagenomic reads, which
suggests, in combination with the microscopic identification of
numerous characteristic grains, glumes, and spikelets, the pres-
ence of hexaploid spelt wheat (T. spelta) in these paleofeces
(Figure 3D). Beside the plant diet, we obtained molecular evi-
dence for the consumption of cattle (Bos taurus) and swine
meats (Sus scrofa) throughout all investigated time periods
(Figures 3B and S3D). Interestingly, the most abundant cattle
proteins in sample 2611 (hemoglobin and coagulation proteins)
indicate the plant diet was supplemented by blood-rich animal
tissues (e.g., muscle, liver) (Data S2F). The molecular analyses
revealed in addition, that individuals from both the Iron Age
(2611) and the Baroque (2612) suffered from intestinal infections
of whipworms (Trichuris trichuria) and roundworm (Ascaris spp.)
(Figure 3B and S3D-S3G). Finally, all samples showed a contin-
uous low background with fungal DNA mainly coming from
different Ascomycota.

Molecular evidence for blue cheese and beer
consumption during the Iron Age

In contrast to all other samples, the Iron Age sample 2604 dis-
played an exceptionally high abundance of Penicillium roqueforti
and Saccharomyces cerevisiae proteins (Data S2D) and DNA
(Data S1N), making up to 7%—-22% of total eukaryotic reads.
This was characteristic of this sample as compared with the
other samples that did not show such prevalence—even the
sample 2611, which was taken from a similar context and dated
back to the same time point. To authenticate the data and gain
further insights into their potential ecological significance, we
mapped the high-quality reads of sample 2604 against the refer-
ence genomes of these two fungi (Figure S4A; Data S10). With
11-13x coverage, we were able to reconstruct >92% of both ge-
nomes, displaying even coverage and SNP distribution. To
confirm whether these two fungi are of ancient origin and not
modern contaminants, we initially checked the ancient DNA
damage pattern of the mapped reads. Both fungi displayed
typical ancient DNA damage patterns, with levels comparable
to the human endogenous DNA (Figures S4B and S4C). Hence,
and considering their extraordinarily high abundance and exclu-
sive incidence in this sample, we assumed their endogenous
originality to the coprolite microbial community. Additionally,
both fungi are commonly used nowadays in food processing:
P. roqueforti is used for cheese fermentation, and S. cerevisiae
is used for fermenting bread and alcoholic beverages including
beer, mead, and wine. Therefore, we assume that they could
have been involved in food processing at that time. To test this
assumption, we used the reconstructed genomes for further
comparative phylogeny and population genetic analyses to infer
whether they had been truly involved in food processing or were
just transient environmental microbes.

(D) Wheat subgenome (A, B, and D) representation in the 2604 and 2610 metagenomes (Data S1), aligned to the modern hexaploid bread wheat reference
genome (accession number GCA_900519105). Both the wheat chloroplast and nuclear reads were highly fragmented and display aDNA-specific damage

patterns (Figures S3H-S3K).

See also Figure S3 for details about the comparative analysis, phylogenetic assignment, and damage pattern of selected plant, animal, and parasite DNA. Data S1
provides further details of the macro-remains, comparative datasets, dietary DNA, and mapping statistics. Data S2 provides additional information about the

comparative datasets and proteomics results.
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First, we compared our putative P. roqueforti strain to 33 other
sequenced modern P. roqueforti strains coming from different
functional niches.’® The comparative dataset included 18
cheese-fermenting and 15 non-cheese-fermenting strains (Data
S$1Q), in addition to Penicillium psychrosexualis and Penicillium
carneum as an outgroup. After mapping the raw reads of all
strains to the reference P. roqueforti genome FM164 and data
filtering, we resolved 120,337 SNPs, which were used for inferring
maximum likelihood (ML) phylogenetic relationships among the
tested strains (STAR Methods). Consistent with the original pub-
lication of Dumas and colleagues,® the resulting phylogeny re-
vealed four distinct clades: a Roquefort cheese clade, a non-
Roquefort cheese clade containing blue cheeses others than
Roquefort, a silage/food spoilage clade, and a wood/food
spoilage clade (Figure 4A). Initially, the phylogenetic analysis
separated the non-Roquefort cheese clade from the other, then
the Roquefort cheese clade was diverged from the other food
spoilage clades. The ancient P. roqueforti strain showed highest
similarity to the non-Roquefort cheese strains, being clustered
together with their corresponding clade as an earlier divergent.
The reason behind such early divergence might be attributed to
the recent acquisition of some genomic regions—most impor-
tantly, CheesyTer and Wallaby—by the non-Roquefort cheese
strains. This gene acquisition most likely happened via repeated
multiplication of selected spores of the best cheeses on bread
used as a growth medium in the late 19™ century and early 20"
century before the advent of microbiological in vitro culturing
techniques.?” Thereby, modern non-Roquefort strains were
exposed to extensive selection coupled to horizontal gene trans-
fer events from other cheese-producing Penicillium spp. or even
other genera.’®?"~2° Importantly, our Iron Age strain did not
contain any of those recently acquired fragments, which comes
in congruence with the hypothesis that such domestication
events occurred during the last two centuries.

We further used the tool ADMIXTURE to infer the degree of
admixture among the strains. By assuming the presence of 3 an-
cestries (K = 3), we could clearly distinguish the non-Roquefort,
Roquefort, and food spoilage strains (Figure 4B). Our putative
strain displayed ~70% cheese-producing ancestry (60% of the
non-Roquefort and 10% of Roquefort cheese) and ~30% food-
spoiler ancestry. Both the phylogenetic placement and ADMIX-
TURE profile indicate that the ancient P. roqueforti has already
been under positive selection toward the non-Roquefort cheese
cluster, a selection process that most likely occurred during the
process of cheese production. Some archeological findings exca-
vated from the mines might have been used for that purpose (Fig-
ure 4C), as they showed some traces of fatty food products.

Next, we compared the ancient S. cerevisiae genome to 157
recent strains coming from different ecological niches, i.e.,
food, alcoholic beverages (e.g., beer, wine, sake, and spirits),
biofuels, and laboratories, as well as wild strains (Data S1R).
ML phylogenetic analysis, based on 375,629 SNP positions,
distinguished 2 main clades. The first main clade splits into two
subclades, with one containing most of the beer strains (beer 1
clade) that show a successive sub-clustering based on the origin
of the strains (Figure 4D). The other subclade (henceforth referred
to as “mixed” clade) included a mixture of bread, wine, beer, and
spirit strains. The second main clade is composed of two sub-
clades: a wine clade and another beer clade (beer 2). All other
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wild, laboratory, and sake strains fall to the base of the whole phy-
logeny. The ancient S. cerevisiae strain clustered basal to the
second main clade, which includes the wine and beer 2 strains.
Further population structure analysis displayed high admixture
in our putative strain, resembling primarily the wine ancestral
population (47%), followed by 29.2% beer ancestries (Fig-
ure S4D) and only 19% wild strain ancestry. Therefore, and
considering the ML phylogenetic assignment, we assume that
the possibility of our strain to be of wild origin is unlikely. The re-
sults rather indicate higher similarity to wine and beer strains.
Principal component analysis (PCA) provided further indication
for the domestication of our strain in alcoholic beverage fermen-
tation. Along the PC1 that explains 25.42% of the variation, our
strain clustered closer to the strains of beer 2 than to the strains
of the wine clade (Figure 4E). This was further supported with pro-
teomic analysis (Data S2D) that unveiled that most of the peptides
assigned to the genus Saccharomyces derived from proteins
involved in alcohol fermentation pathways (e.g., glycolysis). To
further narrow down the possible routes of domestication, we
decided to differentiate the strains based on functional marker
genes (Data S18). According to recent literature,®'*>* the genes
RTM1, BIO1/BIO6, and the chromosomal regions A/B/C can be
used to differentiate yeast strains based on their functional
niches. The gene RTM1 is a strong domestication marker respon-
sible for conferring resistance against the toxicity of molasses
and other rich-sugar substrates and is assumed to be positively
selected in beer yeast strains.**** The genes BIO7 and BIOS,
which are involved in de novo biosynthesis of biotin, are highly
selected in sake fermenting yeasts, due to lack of biotin in the
fermentation substrates, such as rice.>® The regions A, B, and
C are horizontally transferred genomic regions from other yeast
genera, e.g., Kluyveromyces, Pichia, and Zygosaccharomyces.*®
These regions contain 39 genes distributed over 3 different chro-
mosomes and are assumed to play a role in wine fermentation.

Therefore, we searched the presence of these marker genes in
our comparative dataset, including our ancient strain. In accor-
dance with the literature, almost all beer strains —either of clade
1 or clade 2—were positive for RTM1, while the wine clade was
mainly positive for the genomic regions A/B/C. The mixed clade
contained both RTM1 and the regions A/B/C. The sake clade
exclusively contained the BIO1/BIO6 genes and partially the
RTM1 gene. The wild strains, isolated from cacao in Africa, clus-
tered in the basal clade and did not contain any of these marker
genes (Figure 4D; Data S1T), contrary to our strain that contained
the RTM1 and lacked the BIO1/BIO6 genes and the regions A/B/C.

Based on the previous findings—i.e., (1) the ancient DNA dam-
age profile, (2) the high prevalence of S. cerevisiae reads, (3) the
presence of fermentable cereal substrates such as wheat and
barley, (4) the phylogenetic assignment of the ancient yeast
strain, (5) the yeast admixture profile, and (6) the distribution of
marker genes—we assume that this yeast is of ancient origin
and has been involved in beer fermentation, although the
mode of fermentation is unknown (i.e., bottom, top, or sponta-
neous fermentation).

DISCUSSION

Our interdisciplinary analyses of the samples have given detailed
insight into the microbiome evolution and dietary habits and food
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Figure 4. Genome-wide SNP analysis of ancient fungal “strains” versus modern industrial and wild/environmental strains

(A) Maximum likelihood (ML) phylogenetic analysis of the Penicillium roqueforti genome assembled from the sample 2604 in addition to other previously published
P. roqueforti genomes.® A total number of 120,359 SNP positions were used for the analysis. P. roqueforti FM164 was used as a reference, while P. carneum and
P. psychrosexualis were used as outgroups. The scale bar depicts 0.1 substitutions per residue. Colored strips indicate the P. roqueforti population as previously
inferred.?® For further information on the comparison dataset, please refer to Data S1Q.

(B) Population structure analysis of P. roqueforti 2604 with the same previous dataset, considering 3 ancestries (K = 3 with lowest cross-validation error), based on
120,337 SNPs. The order of labels corresponds to the clustering in panel (A).

(C) Wooden containers that have been found among other archeological findings in the mines and assumed to be used as cheese strainers

(D) ML phylogenetic analysis of Saccharomyces cerevisiae genome assembled from the sample 2604 compared with other published S. cerevisiae genomes.*”
The dataset for the analysis included 375,629 SNPs. The Saccharomyces paradoxus CBS432 was used as an outgroup. The scale bar depicts 0.1 substitutions
per residue. The colored strips indicate the clade/origin as reported previously.*” The colored dots at the tree edges refer to the presence/absence of functional
marker genes.®' Blue dots in (A) and (C) indicate bootstrap support >80% based on 1,000 bootstrap replicates.

(E) Principal component analysis based on 136,712 SNP, of the S. cerevisiae strains.

For additional information on the coverage and SNP density, DNA damage, and ADMIXTURE, please refer to Figure S4. Data S1 provides further details about the
comparative datasets, mapping results, and functional marker analysis.
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processing techniques of the Hallstatt miners over the past three
millennia. Molecular and microscopic investigations revealed
that the miner’s diet was mainly composed of cereals, such as
domesticated wheats (emmer and spelt), barley, common mil-
lets, and foxtail millets. This carbohydrate-rich diet was supple-
mented with proteins from broad beans and occasionally with
fruits, nuts, or animal products. The food remains in the protohis-
toric sample with abundant entire fruits and seeds were less pro-
cessed than those of the Baroque sample, which consisted of
finely ground wheat. This suggests that the protohistoric miners
consumed the cereals and legumes in a sort of gruel or
porridge,®” whereas miners in the 18th century AD ate their ce-
reals in a more processed form, e.g., as a bread or biscuit.

In general, such carbohydrate-rich fibrous dietary components
as observed inthe Bronze Age and Iron Age samples are typical for
traditional communities and are considered to be the main drivers
of the non-Westernized microbiome structure.®®*° Consistent
with this observation, our analysis showed that the Hallstatt pale-
ofecal samples contain microbial features similar to gut micro-
biomes of modern non-Westernized populations (Figures 2A and
2B). Species identified in the samples, such as Lactobacillus rumi-
nis, Catenibacterium mitsuokai, and Prevotella copri, were also
found to be highly prevalent in present-day individuals with a
more traditional lifestyle (Figure 2C). Furthermore, our paleofecal
samples were rich in the P. copri complex (Figure 2D), including
the four clades that are nearly ubiquitous and co-present in non-
Westernized populations.® Of particular interest, P. copri
members have been shown to be associated with the digestion
of complex carbohydrates,®“°~*? which are the major component
of an unprocessed fibrous plant diet. Finding paleofeces highly
resembling that of non-Westernized individuals, in terms of micro-
biome structure, supports previous observations.'® " It also adds
weight to the hypothesis that the modern industrialized human gut
microbiome has diverged from an ancestral state, probably due to
modern lifestyle, diet, or medical advances. Interestingly, this non-
Westernized microbiome structure has been observed in all four
paleofeces dating from the Bronze Age to the Baroque period,
which would indicate quite a recent change in the gut community.
However, to spot the critical time points when this shift in the hu-
man gut microbiome began requires more ancient samples span-
ning a wider time range; of particular interest would be samples
from the past two or three centuries, when major dietary and med-
ical changes occurred. Overall, our results support the theory that
the shift from traditional to an industrial Westernized lifestyle might
be the driving force for changing the human gut microbiome from
its ancestral state.”***°

In one of the Iron Age samples (2604), the molecular analyses
indicated consumption of fermented food and beverages. The
fungal analysis revealed a high prevalence of Penicillium roque-
forti and Saccharomyces cerevisiae, which are nowadays
involved in fermenting blue cheeses and alcoholic beverages,
respectively, with clear signs of domestication. Following rapidly
in the wake of ruminant animal domestication (mainly cattle,
sheep, and goat), cheese production represents one of the oldest
and widespread food preservation techniques developed by hu-
mans.’® The oldest evidence for milk use dates back to the
Neolithic in the Fertile Crescent yet provides only indirect evi-
dence for fermentation.*” The oldest reported chemical evidence
for processing of milk into fermented products (i.e., kefir dairy) is

¢ CellP’ress

dated back to the Early Bronze Age in Western China.”® Other in-
dications, including actual preserved pieces of cheese, whey
strainers, and recipes for cheese production, were found in North-
ern Europe, the Middle and Near East, and the Mediterranean ba-
sin.*>">2 Here, we report evidence for the domestication of the
fungus Penicillium roqueforti in the course of food processing in
the 15! millennium BC that would likely produce a cheese resem-
bling a blue cheese (non-Roquefort cheese clade, in Figure 4A).
To our knowledge, this represents the earliest known evidence
for directed cheese ripening and affinage in Europe, adding a
crucial aspect to an emerging picture of highly sophisticated culi-
nary traditions in European protohistory.®” Importantly, the pro-
duction of blue cheese today involves a surface application of
dry salt; therefore, it is characterized by a high salt content of
up to 7.5% (w/w).>® The cheese curd could have been collected,
desiccated, and inoculated with the fungi in wooden cheese con-
tainers like the ones excavated in the Hallstatt mines (Figure 4C).
The presence of P. roqueforti indicates a major step in ruminant
milk processing from fresh to ripened cheese, which could have
offered, in addition to new flavors, several advantages to the Hall-
statt miners including longer storage (i.e., months) and less
lactose content in the fermented dairy product.® The reduced
lactose content may have helped the ancient minors to better
digest milk products, living in a time when lactose persistence fre-
quencies only started to rise in Europe.®® The presence of salt as
well as the constant temperature (8°C) and humidity inside the
Hallstatt mine workings represent ideal conditions for blue cheese
production, following the current cheese production standards.*®
It is noteworthy that the early discovery of the Roquefort cheese
was linked to Roquefort-sur-Soulzon caves in France, which
maintain a temperature of 10°C and ~90% humidity over the
year. With such conditions protecting the cheese from desicca-
tion, these caves have been used exclusively for centuries for
ripening and aging of the “Roquefort” cheese.””*®

Indications for the production of fermented alcoholic bever-
ages in protohistory are abundant, albeit frequently ambig-
uous,”® and can be found in the Near East, Middle East, Far
East, and Europe.®®°” Evidence for the production of grape
wine in Europe and viniculture in the Near East dates back to
the 6" and 7" millennium BC.%® Such evidence was mainly
based on chemical residue analysis or archaeobotanical analysis
or indicated in ancient inscriptions. Recently scientists claimed
that they were able to revive an ancient yeast strain from Egyp-
tian potteries and used it to ferment beer.®® Here we were able
to reconstruct >90% of the S. cerevisiae genome from an Iron
Age-dated paleofecal sample. We used different molecular
analysis at the genome level to infer the possible routes of
domestication for this yeast. Our results suggested it was used
in beer fermentation. Together with the results of the dietary
analysis that showed presence of different fermentable cereals,
e.g., wheat, barley, and millets, we can envisage how the
fermentation was carried out.

It might be assumed that the fermentation was carried out in a
spontaneous manner—i.e., by adding water to wort and allowing
the fermentation process to take place by the wild air-borne
yeasts or the constitutional microbiota of the used cereals.”®
We do not see, however, indications for other yeasts species,
such as Brettanomyces bruxellensis, that co-occur in spontane-
ously fermented beers.”" In addition, we see clear indications of
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domestication and continuous supply of new admixture compo-
nents to this yeast, which might suggest that fermentation ves-
sels were repeatedly used for this purpose or the inoculation of
the fermentation batches has been done by back-slopping
(i.e., inoculation of new fermentation batches with portions of
previous batches).”” Albeit varied evidence for beer production
in protohistoric Europe exists,”®°°’ these beers could not be
preserved for longer time periods and would have had to be
consumed rapidly after production,®® which also presupposes
that the beer would have had to be produced either in Hallstatt
itself or in the very near surroundings.

Considering the constant temperature of 8°C inside the Hall-
statt mines, it might be expected that this yeast was used for pro-
duction of lager-like beer, when fermentation is carried out at low
temperatures (also known as bottom-fermentation) and results in
a beer that can be stored for longer time periods.”* Historically,
however, the bottom-fermentation was most likely developed af-
ter the year 1553, when the Duke of Bavaria Albrecht V forbade
brewing during summer months.”* Additionally, Gongalves and
colleagues demonstrated that Saccharomyces pastorianus
strains, which are hybrids of S. cerevisiae and another Saccharo-
myces species and are used for production of lager beers,
belong to the main beer clade (Figure 4D).*" Therefore, we postu-
late that the beer produced at that time is similar to what would
nowadays be known as pale beer, produced mainly by top-fer-
menting S. cerevisiae strains.

Paleofeces material displays an archaeological information
source that provides insights into the diet and gut microbiome
composition of ancestors. Here, we had access to four paleofe-
ces samples from the Hallstatt salt mines dating from the Bronze
Age to the Baroque period. The constant low annual temperature
and high salt concentrations inside the mine preserved both
plant macro-remains and biomolecules (DNA and protein) in
the paleofeces. We demonstrate the indispensable complemen-
tarity of using microscopic and molecular approaches in
resolving the paleofecal dietary residual components and to
reconstruct the ancient gut microbiome. Furthermore, we
extended our paleofeces microbiome analysis to focusing on
key microbes that are involved in food processing, which opens
new avenues in understanding fermentation history. In the future,
additional samples from different time points will provide a more
fine-scaled diachronic picture, which may help us to understand
the role of dietary changes in shaping our gut microbiome and
how much this was further influenced by modern lifestyles or
medical advances recently introduced through industrialization
and Westernization.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Paleofeces sample from the Bronze Age This study 2610

Paleofeces sample from the Iron Age This study 2604

Paleofeces sample from the Iron Age This study 2611

Paleofeces sample from the Baroque time This study 2612

Chemicals, peptides, and recombinant proteins

Sodium phosphate Sigma-Aldrich Cat #342483

Trypsin gold Promega Cat # V528A

Critical commercial assays

S-Trap ProtiFi Cat #K02-mini-10

Deposited data

Paleofeces metagenomic shotgun datasets This study ENA: PRJEB44507

NCBI-nr database = https://www.ncbi.nlm.nih.gov/protein/

NCBI-nt database = https://www.ncbi.nlm.nih.gov/nucleotide/

PlantiTS database 7% https://github.com/apallavicini/PLANITS

Chloroplast genome database N/A https://www.ncbi.nlm.nih.gov/genome/organelle

Fungal ITS database ” https://unite.ut.ee/

BOLD system databases 8 https://v3.boldsystems.org/

Software and algorithms

MetaPhlAn 21 https://github.com/biobakery/
MetaPhlAn/wiki/MetaPhlAn-3.0

DIAMOND = https://github.com/bbuchfink/diamond

MEGANG 80 https://www.wsi.uni-tuebingen.de/lehrstuehle/
algorithms-in-bioinformatics/software/megan6

Krona tool 81 https://github.com/marbl/Krona/wiki

BWA 82 http://bio-bwa.sourceforge.net/

DeDup tool N/A https://github.com/apeltzer/DeDup

DamageProfiler 83 https://damageprofiler.readthedocs.
io/en/latest/index.html

Schmutzi 84 https://github.com/grenaud/schmutzi

Molecular sex determination 8 https://github.com/pontussk/ry_compute

SAMtools 86 http://samtools.github.io/

HaploGrep I https://haplogrep.i-med.ac.at/

HUMANN 21 https://github.com/biobakery/humann

python package scikit-bio N/A http://scikit-bio.org/

bowtie2 88 http://bowtie-bio.sourceforge.net/bowtie2/

FastQ Screen N/A https://github.com/StevenWingett/FastQ-Screen

ANGSD tool 89 https://github.com/ANGSD/angsd

MAFFT 0 https://mafft.cbrc.jp/alignment/software/

ARB software package o http://www.arb-home.de/

PhyML 92 https://github.com/stephaneguindon/phyml

BLASTn % N/A

Picard tools N/A https://broadinstitute.github.io/picard/

GATK4 N/A https://gatk.broadinstitute.org/hc

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

vef-kit o https://vcf-kit.readthedocs.io/en/latest/

RAXML 9 https://github.com/stamatak/standard-RAxML

Interactive Tree of Life (iToL) % https://itol.embl.de/

ADMIXTURE 97 http://dalexander.github.io/admixture/
download.html

R-Studio N/A https://www.rstudio.com/

ProteoWizard 98 https://proteowizard.sourceforge.io/

99

Trans-Proteomic Pipeline http://tools.proteomecenter.org/software.php

100

PeptideProphet http://peptideprophet.sourceforge.net/
ProteinProphet L http://proteinprophet.sourceforge.net/
StPeter 102 http://tools.proteomecenter.org/

wiki/index.php?title=Software:StPeter
Comet 108 http://comet-ms.sourceforge.net/
Unipept 4.0 104 https://unipept.ugent.be/

RESOURCE AVAILABILITY

Lead contact
Further information on materials, datasets, and protocols should be directed to and will be fulfilled by the lead contact, Frank Maixner
(frank.maixner@eurac.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Sequencing data are available at the European Nucleotide Archive (ENA) under ENA: PRJEB44507. Mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository, PRIDE: PXD027613. All code used
in this study and other previously published genomic data is available at the sources referenced in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, we subjected four paleofeces samples to in-depth microscopic and molecular analysis. The paleofeces material stems
from Bronze Age and Iron Age mine workings in the Hallstatt salt mines in Upper Austria (Figures 1A-1C). See Data S1A for additional
details to the samples used in this study.

METHOD DETAILS

Paleofeces samples, radiocarbon dating

Three paleofeces (2610, 2604, 2611) were recovered in 1983, 1989 (2604) and 2003 (2610) through wet-sieving of larger blocks of
protohistoric production debris excavated in the mine workings. One additional paleofeces (2612) was sampled in 2019 in situ at
the site Edlersbergwerk-oben with sterile sampling tools. This sample was not subjected to wet-sieving. All four samples (using ap-
prox. 500 mg each) were subjected to radiocarbon dating at the Curt-Engelhorn-Centre for Archaeometry in Mannheim, Germany
(Figure 1C; Data S1B). The 'C content was measured with an AMS system of the MICADAS type. The isotopic ratios 'C/'2C
and '3C/'2C of the samples, the calibration standards (oxalic acid II), the blanks and the control standards were measured simulta-
neously in the AMS system. The determined 14C ages are based on '3C = —25%,'%° and were calibrated to calendar ages with the
dataset INTCAL20'°° and the software SwissCal (L.Wacker, ETH-Zurich). The remaining material has been used for microscopic and
molecular analyses.

Microscopic analysis of the paleofeces

Before chemical treatment of the paleofeces the surface of each sample was stripped off to avoid contamination. Then rehydration in
a 0.5% solution of trisodium phosphate for 72 h.'%” After olfactory and visual testing, the liquid was screened through 500, 250, 125,
and 63 um steel meshes, and the outwash was kept for further microfossil studies. Plant macro-remains were picked out of the frac-
tionated residues in the steel meshes and then identified and quantified under a stereo microscope with magnifications up x63. The
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identification of the plant remains was conducted with identification keys'%®~"""

Botany, Innsbruck University, was consulted for comparative purposes.

and the reference collection of the Department of

Molecular analysis of the paleofeces

DNA extraction, library preparation and sequencing

The molecular analysis of the paleofeces samples was conducted at the ancient DNA laboratory of the EURAC Institute for Mummy
Studies in Bolzano, ltaly. Sample documentation, sample preparation and DNA extraction were performed in a dedicated pre-PCR
area following the strict procedures required for studies of ancient DNA: use of protective clothing, UV-light exposure of the equip-
ment and bleach sterilization of surfaces, use of PCR workstations and filtered pipette tips. The DNA was extracted from the pale-
ofeces samples (200 mg) using a chloroform-based DNA extraction method according to the protocol of Tang and colleagues with
minor modifications.’'? To test whether the wet-sieving step during the classical archaeological excavation results in an “wash-out”
effect of DNA from the paleofeces, we re-hydrated additional 200 mg material of two samples (2611, 2612) in 1ml of 0.5N NasPOQOy (tri-
sodium phosphate)-buffer for 18 h at RT." After re-hydration, the samples were centrifuged (5000 g, 5 min) and both the supernatant
(2611RW, 2612RW) and the pelleted paleofeces (2611R, 2612R) were subjected to DNA extraction as described above. From all DNA
extracts double-indexed libraries were generated for the sequencing runs with a modified protocol for lllumina multiplex
sequencing.''®""* Libraries were first shallow sequenced on an lllumina MiSeq platform and then deep sequenced on lllumina Hi-
Seq2500 and HiSegX10 platforms using 101-base pair (HiSeg2500) and 151-base pair (MiSeq, HiSegX) paired-end sequencing
kits. For details to the metagenomic shotgun datasets please refer to Data S1C. Data are available from the European Nucleotide
Archive under accession number PRJEB44507.

Pre-processing of the sequence data, general taxonomic overview, human DNA analysis

The paired lllumina reads were first quality-checked and processed (adaptor removal and read merging) as previously described in
Maixner et al.” Initially we tested for the above-described possible DNA wash-out effect by assigning taxonomically the microbial
reads using MetaPhlAn 3.0°" in the shallow sequenced MiSeq datasets of the untreated samples (2611, 2612), the washed and pel-
leted paleofeces (2611R, 2612R), and the supernatant (2611RW, 2612RW). For all subsequent analyses, we used the combined
sequencing data available for each sample (Data S1C). First, we assessed a general taxonomic profile of the sequencing reads using
DIAMOND (v2.0.7) blastx search’® against the NCBI nr database (Release 237, April 2020). The DIAMOND tables were converted to
rmab (blast2rma tool) format (-minPercentldentity 97), imported into MEGANG software,® and subsequently visualized using the
Krona tool.®" Next, we assessed the endogenous human DNA content in the paleofeces samples by aligning the sequence reads
against the human genome (build hg19)''® and the human mtDNA reference genome (rCRS)''® using BWA®? with a seed length of
1,000. The minimum mapping and base quality were both 30. To deduplicate the mapped reads, we used the DeDup tool
(https://github.com/apeltzer/DeDup). For details to the mapping results please refer to Data S1D. The resulting bam files were
used to check for characteristic aDNA nucleotide misincorporation frequency patterns and for the fragment length distribution using
the DamageProfiler tool.®*> Mitochondrial human contamination rates were assessed using Schmutzi.?* The sex of the mapped hu-
man reads was assigned using a Maximum likelihood method, based on the karyotype frequency of X and Y chromosomal reads.®*
Variants in the mitochondrial genome were called using SAMtools mpileup and bcftoools®® with stringent filtering options (quality >
30). The haplogroup was identified by submitting the variant calling file to the HaploGrep website.®’

Comparing paleofeces microbiome structure to contemporary metagenomic datasets

To compare the paleofeces microbiome structure with contemporary individuals’, we downloaded 9,368 publicly available
shotgun metagenomes representing modern-day human populations (n = 9,207), and, as a control, environmental soil sample
(n = 161). Each metagenome was characterized by source (human or soil), and in the case of human samples, by body-site, and
whether from a Westernized or non-Westernized population. The term “non-Westernized” describes a population that follows a tradi-
tional non-urbanized lifestyle encompassing factors such as diet, hygiene, and with no or limited access to medical healthcare and
pharmaceuticals (e.g., antibiotics) as previously described.”'%** Afterward, we performed profiling of the microbial composition of
each metagenomic sample including the four paleofeces samples from this study using MetaPhlAn 3.0%' using default settings. To
survey paleofeces microbiome members in different populations, microbial abundance profiles of four paleofeces were first merged
using merge_metaphlan_tables.py, a utility script in MetaPhlAn 3.0. The merged abundance table was then visualized in the form of a
hierarchically-clustered heatmap using hclust2 (https://github.com/Segatalab/hclust2) with parameters—ftop 15-f_dist_f braycurtis—
s_dist_f braycurtis, with a result of displaying only 15 most abundant microbial species in the four paleofeces samples. We further
analyzed the prevalence of these top 15 ancient-sample enriched species in the context of global populations using a subset (n =
8,968) of shotgun metagenomes that are stool samples from healthy adult individuals characterized by non-Westernization (Data
S1H). A species was counted as presence in a sample if the relative abundance was above 0.01%. We repeated the prevalence anal-
ysis for all species detected in the four paleofeces samples to take low-abundance members into account as well (Data S1land S1J).
Next, we randomly selected 662 metagenomes (132 oral cavity and 530 stool samples) from all publicly available human metage-
nomes, along with 161 soil metagenomes, for profiling of the metabolic pathways using HUMANN 3.0°" with default settings. The
Python script humann_renorm_table.py as part of the pipeline was used to normalize the metabolic pathways to relative abundance,
followed by converting individual profiles into a merged abundance table using the utility script humann_join_tables.py. For the same
selected metagenomic samples, the individual profiles of microbial composition generated by MetaPhlAn 3.0 as described above
were similarly merged into a single abundance table using a python script merge_metaphlan_tables.py. Subsequently, the merged
abundance tables were used for calculating Bray-Curtis’s distance with logarithmic transformation based on which a Principal
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Coordinates Analysis was performed using python package scikit-bio (version 0.5.6; http://scikit-bio.org/). Lastly, to predict the
source of microbial communities in the paleofeces samples SourceTracker2''” was used as described in a recent study,?
comparing the paleofeces samples’ abundance profiles with those of different sources (a subset of samples randomly selected
from the aforementioned Principal Coordinates Analysis: 16 non-Westernized oral samples, 20 non-Westernized stool samples,
26 soil samples, 10 Westernized oral samples and 30 Westernized stool samples). For details to the comparative datasets please
refer to Data S1E and S1G.

Molecular characterization of ancient diet

The merged reads were searched for homology, using BLAST search, against different specific DNA barcoding databases (Data
S1N). Specifically, the databases of plant Internal transcribed spacers,”® RuBisCo-large subunit and Maturase K genes (rbcl/
matK, https://v3.boldsystems.org/), and chloroplast genomes (https://www.ncbi.nlm.nih.gov/genome/organelle) were used to iden-
tify the plant dietary components. The BOLD database of the cytochrome ¢ oxidase subunit | gene (COlI, https://v3.boldsystems.org/)
was used to specifically target the animal diet and intestinal parasites. The UNITE database of the fungal ITS gene database (https://
unite.ut.ee/) was used to identify potential food processing fungi. Finally, to target all the eukaryotic dietary and diet-related compo-
nents, the reads were aligned against the currently available full mitochondrial and chloroplast genomes of the NCBI database’® us-
ing BWA®? with default parameters. Subsequently, to obtain a taxonomic overview of the aligned reads we performed a sequence
similarity search using BLASTn®® with default parameters against the complete NCBI-nt database.””

Both the resulting BLAST and the previously created DIAMOND tables were converted to rma6 (blast2rma tool) format and im-
ported into MEGANSG software. The read counts at genus- and species-level were exported as csv files and imported into R-Studio
software for further analysis.

To distinguish the true hits from the false hits, we applied two filters as follows: i) For the BLAST and DIAMOND tables, we only
considered hits of >90% identity and >90% coverage of each query read; then ii) We considered the sample positive for a certain
component only if it shows incidence in majority of databases of that component, e.g., the sample 2604 was considered positive for
Bos taurus, because it contained true hits for mitochondrial-, COI-, and nr-databases; and finally iii) for the plant dietary components,
we used the plantiTS database as a primary filter, since it is highly curated and recently updated. So, we initially filtered out all the
plantiTS negative taxa then considered the same majority rule.

Finally, we used transformed sums of counts of the genera and species that passes the aforementioned filters into normalized log
base 2 (log1o reads million™) and plotted them as dot-plots proportional to their abundances. The dendrogram to the left of the dot-
plot represent the phylogeny based on NCBI taxonomy (https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi).

Selected identified taxa were further subjected to in-depth analysis by mapping the quality-filtered sequence reads against or-
ganellar (mitochondrial and chloroplast) and nuclear genomes using bowtie2 (v1.2.1.1) and the parameter “end-to-end”®® (for de-
tails to the references used please refer to the Data S10). In two cases where the previously described molecular dietary analysis
resulted in an assignment down to the genus level (Triticum spp., Ascaris spp.) we assessed an appropriate reference sequence
by mapping the sequence reads against selected chloroplast and mitochondrial genomes using BWA®? (with default parameters)
implemented in the program FastQ Screen (https://github.com/StevenWingett/FastQ-Screen), and selected as reference the spe-
cies that belongs to one of these two genera and has the most specific hits. After the bowtie2 alignment against the reference
sequences the mapped reads were deduplicated and checked for damage patterns as described above for the human DNA.
For details to the mapping results please refer to Data S10 and S1P. Organellar sequences that showed higher than 70%
sequence coverage were further subjected to phylogenetic analysis as previously detailed.® In brief, a consensus FASTA
sequence was generated using the ANGSD tool®® and together with other comparative datasets subjected to a multiple alignment
using the MAFFT multiple sequence alignment program.”® Phylogenetic analysis were performed by applying distance-matrix,
maximum-parsimony, and maximum-likelihood methods implemented in the ARB software package:®' neighbor-joining (using
the Jukes-Cantor algorithm for nucleic acid correction with 1000 bootstrap iterations), DNA parsimony (PHYLIP version 3.66
with 100 bootstrap iterations), and DNA maximum-likelihood [PhyML®? with the HKY substitution model]. The number of informa-
tive nucleotide positions used for the phylogenetic analysis and the bootstrap support is indicated in the respective figure
captions.

Genome-level analysis of ancient fungi - Variant calling

The sample 2604 showed high prevalence of Penicillium roqueforti and Saccharomyces cerevisiae DNA allowing further genome-
level comparative analysis with modern datasets (Data S1Q and S1R). As comparative datasets, we included the recently published
genomic data of 34 P. roqueforti°® as well as 157 S. cerevisiae.*°

We mapped the quality-filtered reads against the reference genomes of Penicillium roqueforti FM164 and Saccharomyces cere-
visiae S288c, independently, using bowtie2 (v1.2.1.1) and the parameter “end-to-end.”®® Using samtools,®° the mapping qualities of
<30 were filtered out and the bam files were sorted and indexed. The read duplicates were marked and removed using the DeDup tool
(https://github.com/apeltzer/DeDup/) and new read-groups were assigned using the “AddOrReplaceReadGroups” of Picard tools
(https://broadinstitute.github.io/picard/). Then, we used the Genome Analysis Toolkit 4 (GATK4) (https://gatk.broadinstitute.org/
hc) to call genome variants, following the best practices workflow as follows: i) Variants within each of the single bam files were called
using the tool “HaplotypeCaller”; i) The resulting VCF files were combined into a single file using the tool “CombineGVCFs”; iii) The
combined VCF file was then genotyped using the tool “GenotypeGVCFs”; iv) InDels were filtered out and only single nucleotide poly-
morphisms (SNPs) were kept using the tool “SelectVariants”; and finally v) the VCF file was filtered to include SNPs with minor allele
frequency (MAF) of >0.05-0.1 and <10% missing data. A total of 120359 and 375629 SNPs were resolved for P. roqueforti and
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S. cerevisiae, respectively. The total number of positions with alternative alleles to the reference genome accounted for 0.97% in case
of P. roqueforti and 10.05% in case of S. cerevisiae. More than 99% of the positions with alternative alleles have a major allele fre-
quency of > 90%, which minimize the likelihood of having chimeric alignments. In addition, we applied majority rule selection for the
positions with multiple alleles, thereby analyzing only the major allele type.

Phylogenetic- and population structure analysis

To analyze the phylogenetic relationship of the strains, we used the vcf-kit to convert the SNP datasets (vcf files) to fastA alignment
format.® Then we used the Fasta2phylip.pl script to create PHYLIP alignment files (https://mullinslab.microbiol.washington.edu/),
which were then subjected to maximum likelihood (ML) phylogenetic analysis using RAXML (v8.2.12), following generalized time
reversible substitution model (GTR) and GAMMA model of rate heterogeneity.®® Best-scoring ML trees were searched after 1000
bootstrap replicates and visualized and annotated using the interactive tree of life, iToL tool (https://itol.embl.de).

To infer the degree of admixture and the number of populations in the analyzed datasets (120,337 SNPs for P. roqueforti and
136,712 S. cerevisiae), we carried out unsupervised population structure analysis using ADMIXTURE (v1.3.0), testing K in the range
of 3t0 22.%" The best K values were determined based on the lowest cross-validation error (cv) and maximum likelihood.
Functional marker genes
To infer the potential functions of the modern and ancient Saccharomyces cerevisiae yeast strains based on their genome sequence,
we searched for the presence of functional marker genes (RTM1, BIO1/BIO6, and Regions A/B/C) that were recently described by
Cheeseman et al.”® The RTM1 gene is responsible for conferring resistance to the toxicity of molasses, and therefore it is assumed to
be positively selected in beer yeast strains.** While the genes BIO7 and BIO6, which are involved in de novo synthesis of biotin, are
highly selected in sake fermenting yeasts.*>* The regions A, B, and C are horizontally transferred genomic regions from other yeast
genera, e.g., Kluyveromyces, Pichia, and Zygosaccharomyces.*® These regions contain 39 genes distributed over 3 different
chromosomes (Data S1S) and are assumed to play a role in wine fermentation. To search for these marker genes, we used bowtie2
to map the quality filtered reads, of our sample as well as the recently published S. cerevisiae comparative genomic data,*’ against
the individual genes. Then, we considered a gene as present if it is covered >90% with 3x depth (Data S1T). For phylogenetic tree
annotation (Figure 4D), the regions A/B/C were considered present if any of the genes was positive, while BIO1/BIO6 were consid-
ered positive if both genes were positive.

Proteomic analysis

Sample preparation

Paleofeces samples (ID 2610, 2604, 2611, 2612) and a blank control sample to highlight any contamination were resuspended in
800 pL 5% (w/v) sodium dodecyl sulfate (SDS), 50 mM triethylammonium bicarbonate (TEAB, pH 8.5) and disrupted at 4°C using
three 2.8 mm ceramic beads (QIAGEN, USA) and a Precellys 24 homogenizer (Bertin Corp, USA) at 6500 rpm for 30 s. Samples
were transferred to Eppendorf tubes and centrifuged at 4,000 rpm for 7 min, the supernatant removed and centrifuged twice at
13,000 g for 10 min. The supernatant was subjected to the S-Trap mini spin column digestion protocol (ProtiFi, USA).""® Briefly, sam-
ples were acidified with 12% phosphoric acid in water (pH <1). Binding/wash buffer (100 mM TEAB (final) in 90% methanol) was
added to each sample at 6.4 x the volume of each sample. Samples were vortexed and applied to the S-Trap column in <500 pL
aliquots until the entire sample was loaded (J. Wilson, personal communication). After each sample load the S-Trap column was
centrifuged at 4,000 g for 30 s. Samples were washed to remove any residual SDS by adding 3x 400 pL binding/wash buffer and
centrifugation at 4,000 g for 30 s after each wash, and 1 min after the last wash. Proteins were digested on the S-Trap at 37°C for
13 h by adding 125 puL digestion buffer containing trypsin gold (Promega, USA) in 125 mM NH4HCO3;. The S-Trap was rehydrated
with 100 pL 125 mM NH4HCO3; and peptides eluted with 80 puL 125 mM NH4HCO3, 80 pL 0.2% (v/v) formic acid in water, and
80 uL 50% (v/v) acetonitrile in water. Peptide eluates were pooled and dried under centrifugal evaporation (Savant, Thermo-Fisher
Scientific, USA).

Liquid chromatography - mass spectrometry analysis (LC-MS/MS)

Samples were analyzed by high-resolution nano LC-MS/MS on an Orbitrap-Eclipse Tribrid mass spectrometer (Thermo-Fisher Sci-
entific, USA) equipped with an Easy-nLC 1000 (Thermo-Fisher Scientific, USA). Peptides were resolubilized in 50 pL 0.1% (v/v) formic
acid in water. 5 pL of each sample were loaded onto a 2 cm Acclaim PepMap 100 trap column (75 um ID, C18 3 um (dp), Thermo-
Fisher Scientific, USA) and separated using a 50 cm C18 2 um (dp) Easy Spray column (ES903, Thermo-Fisher Scientific, USA) using
a 120-min gradient. Mobile phase A consisted of 0.1% (v/v) formic acid in water, and mobile phase B consisted of 0.1% (v/v) formic
acid in acetonitrile. The gradient used 5% to 22% mobile phase B over 105 min, followed by separation from 22% to 32% mobile
phase B over the remaining 15 min. The column was washed and equilibrated at 95% and 5% mobile phase B, respectively, over
40 min following each run. The flow rate was set at 300 nL/min and the column was heated at 45°C. Mass spectra were acquired
on the Orbitrap-Eclipse mass spectrometer using data dependent acquisition (DDA) with dynamic exclusion. The precursor scan
range was from 375-1500 m/z at 120,000 resolution and 100% normalized target AGC (4e5) with a 50 ms maximum injection
time. The duty cycle was set to acquire as many MS/MS spectra as possible over a three second period following each precursor
scan. A 1.2 m/z selection window was used to acquire MS/MS spectra at 30,000 resolution, a normalized AGC target of 100%
(5e4), 54 ms maximum injection time, and fragmented using HCD with a normalized collision energy of 30. Dynamic exclusion
was set to 60 s, with peptide match set to preferred and isotope exclusion turned on. Charge exclusion was set to 1 and greater
than 7.
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Protein data analysis

The raw mass spectra files were converted to mzML''® format using msConvert from ProteoWizard®® and analyzed using the Trans-
Proteomic Pipeline (TPP v6.0.0-rc16 Noctilucent).”” The analysis pipeline consisted of database searching with Comet (version
2018.01 rev. 4)'°® against a 17-species UniProt FASTA database (Data S2A) and shuffled decoy sequences.'?® The 17 species
were selected based on the microscopic and metagenomics analyses described above. An equal number of decoy sequences
were appended to the FASTA database for downstream statistical analysis and validation of any observed peptide sequences, as
described below. For details to the comparative datasets used in this study and to the protein analysis results please refer to
Data S2. Comet parameters included variable modifications of +15.994915 Da (Met, Cys, His, Tyr, Trp, and Phe), and +0.984016
(Asn and Gin), as these types of protein degradations are commonly found in aged samples. A precursor tolerance of 20 ppm
was set, a fragment bin tolerance of 0.2 and fragment bin offset of 0. Semi-enzymatic cleavage with up to 3 missed cleavages
was allowed, and an isotope error tolerance of 3. Peptide-spectrum matches (PSMs) were validated using PeptideProphet'®® and
iProphet.'?" Protein inference was performed using ProteinProphet.'°" Relative quantitation of protein groups was performed using
StPeter.’%” Observed protein groups for each sample were derived from the set of protein groups validated with ProteinProphet at an
estimated 1% false discovery rate (FDR). Those protein groups were then curated by removing any group that intersected with the set
of protein groups identified in the blank control analysis. A list of observed peptides was created from the peptide sequences that
were used to infer the final set of protein groups. The peptide list was then filtered to contain only those peptides with a probability
below a 1% FDR threshold as determined from the iProphet analysis. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE'?? partner repository with the dataset identifier PXD027613.

The identified peptides, evaluated by statistical analysis to 1% false discovery rate, were further taxonomically screened for ho-
mologous peptides and subsequently filtered for peptide sequences that can be unambiguously assigned to certain plants, animals,
and fungi. Therefore, the peptide sequences of each sample were imported into Unipept 4.0 Desktop version,'* and subjected to
LCA assignment, and filtered out the following: i) peptides assigned to bacteria; ii) peptides assigned to multiple species; iii) single
peptide incidences that uniquely infer a species presence (Data S2). Finally, functional annotation of the samples was carried out on
different taxonomic levels to infer the molecular function of the obtained peptides.

QUANTIFICATION AND STATISTICAL ANALYSIS
Phylogenetic analyses were carried out based on the maximume-likelihood method using the tool Randomized Axelerated Maximum

Likelihood (RAXML) with 1000 bootstrap replicates.®® For the dietary analysis, majority rule-based selection was implemented using
in-house R-script in R-Studio (https://www.rstudio.com/).
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Figure S1: Wet-sieving step during the classical archaeological excavation results in an “wash-
out” effect of DNA from the paleofeces. Related to Figure 1 and 2. Before subjecting the material
to further in-depth molecular analysis, we tested whether the currently used wet-sieving step during
the archaeological excavation and recovery of the paleofeces from the salt mine may have a negative
“wash-out” effect on the DNA that is initially present in the material. We tested this effect on the
paleofeces sample 2611, that has been recovered in the year 1983 via wet-sieving, and sample 2612
(A) that has not been subjected to wet-sieving is still covered by salt crystals (B). (C) Workflow to
test the DNA “wash out effect. Both the “fresh” sample 2612 and the wet-sieved sample 2611 were
subjected to a re-hydration treatment and DNA has been extracted from the untreated sample, the

sedimented sample (R) and the supernatant (RW). (D) Taxonomic analysis of the microbial DNA of



the untreated, rehydrated (R) paleofeces samples and the supernatant (RW). MetaPhlAn 3.0 heatmap
of the top 25 species found in the different MiSeq datasets. Our “wash-out” test analyzing the
microbial DNA of shallow sequenced data of two re-hydrated paleofeces (2611, 2612) revealed that
“free” endogenous DNA becomes lost into the aqueous phase when the material gets into contact
with water (Figure S2). Importantly, however, even after 18h of re-hydration, the paleofeces material
still retains sufficient DNA that resembles the bacterial taxonomic profile of the original untreated
sample. Therefore, we also consider the wet-sieved samples (2604, 2610, 2611) which were
considerably shorter in contact with water as an important information source for our molecular
analysis. For the future, however, we strongly recommend to directly sample this precious material
in the mine workings without subjecting it to additional wash-sieving treatment. For details to the

samples please refer to STAR Methods and Data S1A.
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Figure S2: General taxonomic overview of the metagenomic reads and sequence characteristics
of the mitochondrial human reads in the Hallstatt paleofeces samples. Related to Figure 2 and
3. (A to D) Taxonomic overview of the sequence reads in the merged shotgun datasets of the
paleofeces samples 2610 (A), 2604 (B), 2611 (C), and 2612 (D). The metagenomic reads were
taxonomically assigned using the Diamond tool®! against the NCBI nr database. (E to H) DNA
damage patterns (up) and read length distribution (down) of the mitochondrial human reads in the
paleofeces samples 2610 (E), 2604 (F), 2611 (G), and 2612 (H). The frequency of C to T base
misincorporations at the 5’end of the reads and the length distribution of the aligned reads has been
assessed using the DamageProfiler tool. For methodological details please refer to STAR Methods.
For the details to the Illumina shotgun datasets and the human mapping results please refer to Data

S1C and S1D.
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Figure S3: Comparative sequence-based analysis of selected plant, animal, and parasite DNA
in the Hallstatt paleofeces samples. Related to Figure 3. (A and B) FastQ-Screen analyses of the
ancient plant dietary components in the samples 2610 and 2604. FastQ Screen analysis of the quality-
filtered sequence reads of the paleofeces samples 2610 (A) and 2604 (B) against the chloroplast

82 was used with default

genomes of selected members of the family Poaceae. FastQ Screen
parameters using BWAS® as the alignment tool. (C) Phylogenetic analysis of the ancient animal
dietary component in the samples 2611. Phylogenetic assignment of the partial cattle (Bos taurus)
mitochondrial genome recovered from the paleofeces sample 2611. The displayed tree was calculated
using the maximum-likelihood algorithm (PhyML) based on 16,412 informative positions. Black
circles symbolize parsimony and neighbor joining bootstrap support (>90%) based on 100 and 1000
iterations, respectively. The scale bar depicts 0.1 substitutions per residue. (D and E) FastQ Screen
analyses of the ancient parasites of the samples 2604 and 2612. FastQ Screen analysis of the quality-
filtered sequence reads of the paleofeces samples 2604 (D) and 2612 (E) against the mitochondrial
genomes of selected members of the genus Trichuris spp. and Ascaris spp with the same settings as
described above. Please refer to the figure legend in subfigure A and B. (F and G) Phylogenetic
analysis of the ancient parasites of the samples 2604 and 2612. Phylogenetic assignment of the partial
mitochondrial genomes of Trichuris spp. (F) and Ascaris spp. (G) recovered from the paleofeces
samples 2604 and 2612. The displayed trees were calculated using the maximum-likelihood algorithm
(PhyML) based on 13,189 (Trichuris spp.) and 14,265 (A4scaris spp.) informative positions. Black
circles symbolize parsimony and neighbor joining bootstrap support (>90%) based on 100 and 1000
iterations, respectively. The scale bars depict 0.1 substitutions per residue. (H to P) DNA damage
patterns (up) and read length distribution (down) of the wheat (77iticum spp.) autosomal and
chloroplast (H,J) reads and chloroplast reads only (I,K) in the paleofeces sample 2610 (H,I) and 2604
(J,K), of the cattle (Bos taurus) autosomal and mitochondrial (L) reads and mitochondrial reads only
(M) in the paleofeces sample 2611, and of the roundworm (4scaris spp.) autosomal and mitochondrial
reads in the paleofeces sample 2604 (N) and 2612 (O) and of the whipworm (Trichuris trichuria)
autosomal and mitochondrial reads in the paleofeces sample 2604 (P). The frequency of C to T base
misincorporations at the 5’end of the reads and the length distribution of the aligned reads has been
assessed using the DamageProfiler tool. For the details to the reference sequence used and mapping

results please refer to the Data S10.
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Figure S4: Genomic analyses of the food processing strains resolved from the sample 2604.
Related to Figure 4. (A) Coverage plots (log scale, orange color) and SNP-density heatmap (number
of SNPs per window size of 10000 nt) of the fungi Penicillium roqueforti and Saccharomyces
cerevisiae. The chromosome/scaffold sizes are indicated on the top of each map. For the Penicillium
roqueforti, only scaffolds of > 0.5 Mb were shown, which represent ~ 94% of the Penicillium

roqueforti genome. The red lines on the left of the Penicillium roqueforti scaffolds refer to the



putative horizontally-transferred regions from other Penicillium spp., that occurred during the last
centuries®®. The total number of positions with alternative alleles accounted for 0.97% in case of P.
roqueforti and 10.05% in case of S. cerevisiae. (B and C) DNA damage patterns and read length
distribution of the autosomal reads of Penicillium roqueforti and Saccharomyces cerevisiae,
respectively. The frequency of C to T base misincorporations at the 5’end of the reads and the length
distribution of the aligned reads has been assessed using the DamageProfiler tool. For the details to
the reference sequences used please refer to the Data S10. (D) Population admixture profile of the
Saccharomyces cerevisiae as inferred by ADMIXTURE tool. The analysis was carried out assuming
K=2 to 22, and only K=16 of lowest cross validation error (cv) values is shown. A total of 136712

SNPs were included in the final analyzed dataset.



Supplemental References

S1.

S2.

S3.

S4.

Ss.

S6.

S7.

S8.

S9.

S10.

S11.

S12.

S13.

S14.

S15.

Buchfink, B., Xie, C., and Huson, D.H. (2015). Fast and sensitive protein alignment using
DIAMOND. Nat Methods 72, 59-60.

Andrew, S. (2011). FastQ Screen. Available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastq screen/.

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with Burrows-Wheeler
transform. Bioinformatics 26, 589-595.

Ropars, J., de la Vega, R.C.R., Lopez-Villavicencio, M., Gouzy, J., Sallet, E., Dumas, E.,
Lacoste, S., Debuchy, R., Dupont, J., and Branca, A. (2015). Adaptive horizontal gene
transfers between multiple cheese-associated fungi. Current Biology 25, 2562-2569.

Brito, I.L., Yilmaz, S., Huang, K., Xu, L., Jupiter, S.D., Jenkins, A.P., Naisilisili, W.,
Tamminen, M., Smillie, C.S., Wortman, J.R., et al. (2016). Mobile genes in the human
microbiome are structured from global to individual scales. Nature 535, 435-439.
Castro-Nallar, E., Bendall, M.L., Pérez-Losada, M., Sabuncyan, S., Severance, E.G.,
Dickerson, F.B., Schroeder, J.R., Yolken, R.H., and Crandall, K.A. (2015). Composition,
taxonomy and functional diversity of the oropharynx microbiome in individuals with
schizophrenia and controls. PeerJ 3, e1140.

Kaur, K., Khatri, I., Akhtar, A., Subramanian, S., and Ramya, T.N.C. (2020). Metagenomics
analysis reveals features unique to Indian distal gut microbiota. PLOS ONE /5, €0231197.
Rosa, B.A., Supali, T., Gankpala, L., Djuardi, Y., Sartono, E., Zhou, Y., Fischer, K., Martin,
J., Tyagi, R., Bolay, F.K., et al. (2018). Differential human gut microbiome assemblages
during soil-transmitted helminth infections in Indonesia and Liberia. Microbiome 6.

Rubel, M.A., Abbas, A., Taylor, L.J., Connell, A., Tanes, C., Bittinger, K., Ndze, V.N.,
Fonsah, J.Y., Ngwang, E., Essiane, A., et al. (2020). Lifestyle and the presence of helminths
is associated with gut microbiome composition in Cameroonians. Genome biology 21, 122.
Schirmer, M., Smeekens, S.P., Vlamakis, H., Jaeger, M., Oosting, M., Franzosa, E.A., Horst,
R.T., Jansen, T., Jacobs, L., Bonder, M.J., et al. (2016). Linking the Human Gut Microbiome
to Inflammatory Cytokine Production Capacity. Cell /167, 1897.

Yu, J., Feng, Q., Wong, S.H., Zhang, D., Liang, Q.Y ., Qin, Y., Tang, L., Zhao, H., Stenvang,
J.,Li, Y., etal. (2017). Metagenomic analysis of faecal microbiome as a tool towards targeted
non-invasive biomarkers for colorectal cancer. Gut 66, 70-78.

Bulgarelli, D., Garrido-Oter, R., Miinch, P.C., Weiman, A., Droge, J., Pan, Y., McHardy,
A.C., and Schulze-Lefert, P. (2015). Structure and function of the bacterial root microbiota in
wild and domesticated barley. Cell Host Microbe /7, 392-403.

Orellana, L.H., Chee-Sanford, J.C., Sanford, R.A., Loffler, F.E., and Konstantinidis, K.T.
(2018). Year-Round Shotgun Metagenomes Reveal Stable Microbial Communities in
Agricultural Soils and Novel Ammonia Oxidizers Responding to Fertilization. Appl. Environ.
Microbiol. 84.

Wilhelm, R.C., Cardenas, E., Maas, K.R., Leung, H., McNeil, L., Berch, S., Chapman, W.,
Hope, G., Kranabetter, J.M., Dubé¢, S., et al. (2017). Biogeography and organic matter removal
shape long-term effects of timber harvesting on forest soil microbial communities. ISME J.
11,2552-2568.

Asnicar, F., Manara, S., Zolfo, M., Truong, D.T., Scholz, M., Armanini, F., Ferretti, P.,
Gorfer, V., Pedrotti, A., Tett, A., et al. (2017). Studying Vertical Microbiome Transmission
from Mothers to Infants by Strain-Level Metagenomic Profiling. mSystems 2.



S16.

S17.

S18.

S19.

S20.

S21.

S22.

S23.

S24.

S25.

S26.

S27.

S28.

Asnicar, F., Berry, S.E., Valdes, A.M., Nguyen, L.H., Piccinno, G., Drew, D.A., Leeming, E.,
Gibson, R., Le Roy, C., Khatib, H.A., et al. (2021). Microbiome connections with host
metabolism and habitual diet from 1,098 deeply phenotyped individuals. Nat. Med. 27, 321-
332.

Béckhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary, P., Li, Y., Xia,
Y., Xie, H., Zhong, H., et al. (2015). Dynamics and Stabilization of the Human Gut
Microbiome during the First Year of Life. Cell Host Microbe /7, 852.

Bengtsson-Palme, J., Angelin, M., Huss, M., Kjellgvist, S., Kristiansson, E., Palmgren, H.,
Larsson, D.G.J., and Johansson, A. (2015). The Human Gut Microbiome as a Transporter of
Antibiotic Resistance Genes between Continents. Antimicrob. Agents Chemother. 59, 6551-
6560.

Chu, D.M., Ma, J., Prince, A.L., Antony, K.M., Seferovic, M.D., and Aagaard, K.M. (2017).
Maturation of the infant microbiome community structure and function across multiple body
sites and in relation to mode of delivery. Nat. Med. 23, 314-326.

Costea, P.I.,, Coelho, L.P., Sunagawa, S., Munch, R., Huerta-Cepas, J., Forslund, K.,
Hildebrand, F., Kushugulova, A., Zeller, G., and Bork, P. (2017). Subspecies in the global
human gut microbiome. Mol. Syst. Biol. 73, 960.

De Filippis, F., Pasolli, E., Tett, A., Tarallo, S., Naccarati, A., De Angelis, M., Neviani, E.,
Cocolin, L., Gobbetti, M., Segata, N., et al. (2019). Distinct Genetic and Functional Traits of
Human Intestinal Prevotella copri Strains Are Associated with Different Habitual Diets. Cell
Host Microbe 25, 444-453.e443.

Dhakan, D.B., Maji, A., Sharma, A K., Saxena, R., Pulikkan, J., Grace, T., Gomez, A., Scaria,
J., Amato, K.R., and Sharma, V.K. (2019). The unique composition of Indian gut microbiome,
gene catalogue, and associated fecal metabolome deciphered using multi-omics approaches.
GigaScience 8.

Feng, Q., Liang, S., Jia, H., Stadlmayr, A., Tang, L., Lan, Z., Zhang, D., Xia, H., Xu, X., Jie,
Z., et al. (2015). Gut microbiome development along the colorectal adenoma-carcinoma
sequence. Nat. Commun. 6, 6528.

Ferretti, P., Pasolli, E., Tett, A., Asnicar, F., Gorfer, V., Fedi, S., Armanini, F., Truong, D.T.,
Manara, S., Zolfo, M., et al. (2018). Mother-to-Infant Microbial Transmission from Different
Body Sites Shapes the Developing Infant Gut Microbiome. Cell Host Microbe 24, 133-
145.e135.

Gupta, A., Dhakan, D.B., Maji, A., Saxena, R., P K, V.P., Mahajan, S., Pulikkan, J., Kurian,
J., Gomez, A.M., Scaria, J., et al. (2019). Association of Flavonifractor plautii, a Flavonoid-
Degrading Bacterium, with the Gut Microbiome of Colorectal Cancer Patients in India.
mSystems 4.

Consortium, T.H.M.P., and The Human Microbiome Project, C. (2012). Structure, function
and diversity of the healthy human microbiome. Nature 486, 207-214.

Schirmer, M., Franzosa, E.A., Lloyd-Price, J., Mclver, L.J., Schwager, R., Poon, T.W.,
Ananthakrishnan, A.N., Andrews, E., Barron, G., Lake, K., et al. (2018). Dynamics of
metatranscription in the inflammatory bowel disease gut microbiome. Nat Microbiol 3, 337-
346.

Hall, A.B., Yassour, M., Sauk, J., Garner, A., Jiang, X., Arthur, T., Lagoudas, G.K., Vatanen,
T., Fornelos, N., Wilson, R., et al. (2017). A novel Ruminococcus gnavus clade enriched in
inflammatory bowel disease patients. Genome Med. 9, 103.



S29.

S30.

S31.

S32.

S33.

S34.

S35.

S36.

S37.

S38.

S39.

S40.

S41.

S42.

Hannigan, G.D., Duhaime, M.B., Ruffin, M.T.t., Koumpouras, C.C., and Schloss, P.D.
(2018). Diagnostic Potential and Interactive Dynamics of the Colorectal Cancer Virome.
MBio 9.

Hansen, L.B.S., Roager, H.M., Sendertoft, N.B., Gebel, R.J., Kristensen, M., Vall¢s-Colomer,
M., Vieira-Silva, S., Ibriigger, S., Lind, M.V., Markedahl, R.B., et al. (2018). A low-gluten
diet induces changes in the intestinal microbiome of healthy Danish adults. Nat. Commun. 9,
4630.

Heintz-Buschart, A., May, P., Laczny, C.C., Lebrun, L.A., Bellora, C., Krishna, A.,
Wampach, L., Schneider, J.G., Hogan, A., de Beaufort, C., et al. (2016). Integrated multi-
omics of the human gut microbiome in a case study of familial type 1 diabetes. Nat Microbiol
2, 16180.

ljaz, U.Z., Quince, C., Hanske, L., Loman, N., Calus, S.T., Bertz, M., Edwards, C.A., Gaya,
D.R., Hansen, R., McGrogan, P., et al. (2017). The distinct features of microbial 'dysbiosis'
of Crohn's disease do not occur to the same extent in their unaffected, genetically-linked
kindred. PLoS One /2, e0172605.

Jie, Z., Xia, H., Zhong, S.-L., Feng, Q., Li, S., Liang, S., Zhong, H., Liu, Z., Gao, Y., Zhao,
H., etal. (2017). The gut microbiome in atherosclerotic cardiovascular disease. Nat. Commun.
8, 845.

Keohane, D.M., Ghosh, T.S., Jeffery, I.B., Molloy, M.G., O'Toole, P.W., and Shanahan, F.
(2020). Microbiome and health implications for ethnic minorities after enforced lifestyle
changes. Nat. Med. 26, 1089-1095.

David, L.A., Weil, A., Ryan, E.T., Calderwood, S.B., Harris, J.B., Chowdhury, F., Begum,
Y., Qadri, F., LaRocque, R.C., and Turnbaugh, P.J. (2015). Gut microbial succession follows
acute secretory diarrhea in humans. MBio 6, ¢00381-00315.

Le Chatelier, E., Nielsen, T., Qin, J., Prifti, E., Hildebrand, F., Falony, G., Almeida, M.,
Arumugam, M., Batto, J.-M., Kennedy, S., et al. (2013). Richness of human gut microbiome
correlates with metabolic markers. Nature 500, 541-546.

Li, J., Jia, H., Cai, X., Zhong, H., Feng, Q., Sunagawa, S., Arumugam, M., Kultima, J.R.,
Prifti, E., Nielsen, T., et al. (2014). An integrated catalog of reference genes in the human gut
microbiome. Nat. Biotechnol. 32, 834-841.

Li, J., Zhao, F., Wang, Y., Chen, J., Tao, J., Tian, G., Wu, S., Liu, W., Cui, Q., Geng, B., et
al. (2017). Gut microbiota dysbiosis contributes to the development of hypertension.
Microbiome 5, 14.

Li, S.S., Zhu, A., Benes, V., Costea, P.I., Hercog, R., Hildebrand, F., Huerta-Cepas, J.,
Nieuwdorp, M., Salojarvi, J., Voigt, A.Y., et al. (2016). Durable coexistence of donor and
recipient strains after fecal microbiota transplantation. Science 352, 586-589.

Zhernakova, A., Kurilshikov, A., Bonder, M.J., Tigchelaar, E.F., Schirmer, M., Vatanen, T.,
Mujagic, Z., Vila, A.V., Falony, G., Vieira-Silva, S., et al. (2016). Population-based
metagenomics analysis reveals markers for gut microbiome composition and diversity.
Science 352, 565-569.

Liu, W., Zhang, J., Wu, C., Cai, S., Huang, W., Chen, J., Xi, X., Liang, Z., Hou, Q., Zhou, B.,
et al. (2016). Unique Features of Ethnic Mongolian Gut Microbiome revealed by
metagenomic analysis. Sci. Rep. 6, 34826.

Lokmer, A., Cian, A., Froment, A., Gantois, N., Viscogliosi, E., Chab¢, M., and Ségurel, L.
(2019). Use of shotgun metagenomics for the identification of protozoa in the gut microbiota



S43.

S44.

S45.

S46.

S47.

S48.

S49.

S50.

S51.

S52.

S53.

S54.

S55.

S56.

of healthy individuals from worldwide populations with various industrialization levels. PLoS
One 14, ¢0211139.

Louis, S., Tappu, R.-M., Damms-Machado, A., Huson, D.H., and Bischoff, S.C. (2016).
Characterization of the Gut Microbial Community of Obese Patients Following a Weight-
Loss Intervention Using Whole Metagenome Shotgun Sequencing. PLoS One /1, e0149564.
Mehta, R.S., Abu-Ali, G.S., Drew, D.A., Lloyd-Price, J., Subramanian, A., Lochhead, P.,
Joshi, A.D., Ivey, K.L., Khalili, H., Brown, G.T., et al. (2018). Stability of the human faecal
microbiome in a cohort of adult men. Nat Microbiol 3, 347-355.

Nielsen, H.B., Almeida, M., Juncker, A.S., Rasmussen, S., Li, J., Sunagawa, S., Plichta, D.R.,
Gautier, L., Pedersen, A.G., Le Chatelier, E., et al. (2014). Identification and assembly of
genomes and genetic elements in complex metagenomic samples without using reference
genomes. Nat. Biotechnol. 32, 822-828.

Obregon-Tito, A.J., Tito, R.Y., Metcalf, J., Sankaranarayanan, K., Clemente, J.C., Ursell,
L.K., Zech Xu, Z., Van Treuren, W., Knight, R., Gaffney, P.M., et al. (2015). Subsistence
strategies in traditional societies distinguish gut microbiomes. Nat. Commun. 6, 6505.
Pasolli, E., Asnicar, F., Manara, S., Zolfo, M., Karcher, N., Armanini, F., Beghini, F., Manghi,
P., Tett, A., Ghensi, P., et al. (2019). Extensive Unexplored Human Microbiome Diversity
Revealed by Over 150,000 Genomes from Metagenomes Spanning Age, Geography, and
Lifestyle. Cell 176, 649-662.¢620.

Pehrsson, E.C., Tsukayama, P., Patel, S., Mejia-Bautista, M., Sosa-Soto, G., Navarrete, K.M.,
Calderon, M., Cabrera, L., Hoyos-Arango, W., Bertoli, M.T., et al. (2016). Interconnected
microbiomes and resistomes in low-income human habitats. Nature 533, 212-216.

Qin, J., Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., Liang, S., Zhang, W., Guan, Y., Shen, D, et
al. (2012). A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature
490, 55-60.

Qin, N,, Yang, F., Li, A., Prifti, E., Chen, Y., Shao, L., Guo, J., Le Chatelier, E., Yao, J., Wu,
L., et al. (2014). Alterations of the human gut microbiome in liver cirrhosis. Nature 573, 59-
64.

Rampelli, S., Schnorr, S.L., Consolandi, C., Turroni, S., Severgnini, M., Peano, C., Brigidi,
P., Crittenden, A.N., Henry, A.G., and Candela, M. (2015). Metagenome Sequencing of the
Hadza Hunter-Gatherer Gut Microbiota. Curr. Biol. 25, 1682-1693.

Raymond, F., Ouameur, A.A., Déraspe, M., Igbal, N., Gingras, H., Dridi, B., Leprohon, P.,
Plante, P.-L., Giroux, R., Bérubé, E., et al. (2016). The initial state of the human gut
microbiome determines its reshaping by antibiotics. ISME J. 10, 707-720.
Sankaranarayanan, K., Ozga, A.T., Warinner, C., Tito, R.Y., Obregon-Tito, A.J., Xu, J.,
Gaffney, P.M., Jervis, L.L., Cox, D., Stephens, L., et al. (2015). Gut Microbiome Diversity
among Cheyenne and Arapaho Individuals from Western Oklahoma. Curr. Biol. 25, 3161-
3169.

Shao, Y., Forster, S.C., Tsaliki, E., Vervier, K., Strang, A., Simpson, N., Kumar, N., Stares,
M.D., Rodger, A., Brocklehurst, P., et al. (2019). Stunted microbiota and opportunistic
pathogen colonization in caesarean-section birth. Nature 574, 117-121.

Smits, S.A., Leach, J., Sonnenburg, E.D., Gonzalez, C.G., Lichtman, J.S., Reid, G., Knight,
R., Manjurano, A., Changalucha, J., Elias, J.E., et al. (2017). Seasonal cycling in the gut
microbiome of the Hadza hunter-gatherers of Tanzania. Science 357, 802-806.

Tett, A., Huang, K.D., Asnicar, F., Fehlner-Peach, H., Pasolli, E., Karcher, N., Armanini, F.,
Manghi, P., Bonham, K., Zolfo, M., et al. (2019). The Prevotella copri Complex Comprises



S57.

S58.

S59.

S60.

S61.

S62.

S63.

S64.

S65.

S66.

S67.

S68.

S69.

Four Distinct Clades Underrepresented in Westernized Populations. Cell Host Microbe 26,
666-679 e667.

Thomas, A.M., Manghi, P., Asnicar, F., Pasolli, E., Armanini, F., Zolfo, M., Beghini, F.,
Manara, S., Karcher, N., Pozzi, C., et al. (2019). Metagenomic analysis of colorectal cancer
datasets identifies cross-cohort microbial diagnostic signatures and a link with choline
degradation. Nat. Med. 25, 667-678.

Vincent, C., Miller, M.A., Edens, T.J., Mehrotra, S., Dewar, K., and Manges, A.R. (2016).
Bloom and bust: intestinal microbiota dynamics in response to hospital exposures and
Clostridium difficile colonization or infection. Microbiome 4, 12.

Vogtmann, E., Hua, X., Zeller, G., Sunagawa, S., Voigt, A.Y., Hercog, R., Goedert, J.J., Shi,
J., Bork, P., and Sinha, R. (2016). Colorectal Cancer and the Human Gut Microbiome:
Reproducibility with Whole-Genome Shotgun Sequencing. PLoS One /7, e0155362.
Wampach, L., Heintz-Buschart, A., Fritz, J.V., Ramiro-Garcia, J., Habier, J., Herold, M.,
Narayanasamy, S., Kaysen, A., Hogan, A.H., Bindl, L., et al. (2018). Birth mode is associated
with earliest strain-conferred gut microbiome functions and immunostimulatory potential.
Nat. Commun. 9, 5091.

Wen, C., Zheng, Z., Shao, T., Liu, L., Xie, Z., Le Chatelier, E., He, Z., Zhong, W., Fan, Y.,
Zhang, L., et al. (2017). Quantitative metagenomics reveals unique gut microbiome
biomarkers in ankylosing spondylitis. Genome biology /8, 142.

Wirbel, J., Pyl, P.T., Kartal, E., Zych, K., Kashani, A., Milanese, A., Fleck, J.S., Voigt, A.Y.,
Palleja, A., Ponnudurai, R., et al. (2019). Meta-analysis of fecal metagenomes reveals global
microbial signatures that are specific for colorectal cancer. Nat. Med. 25, 679-689.

Xie, H., Guo, R., Zhong, H., Feng, Q., Lan, Z., Qin, B., Ward, K.J., Jackson, M.A., Xia, Y.,
Chen, X., et al. (2016). Shotgun Metagenomics of 250 Adult Twins Reveals Genetic and
Environmental Impacts on the Gut Microbiome. Cell Syst 3, 572-584.e573.

Yachida, S., Mizutani, S., Shiroma, H., Shiba, S., Nakajima, T., Sakamoto, T., Watanabe, H.,
Masuda, K., Nishimoto, Y., Kubo, M., et al. (2019). Metagenomic and metabolomic analyses
reveal distinct stage-specific phenotypes of the gut microbiota in colorectal cancer. Nat. Med.
25,968-976.

Yassour, M., Lim, M.Y., Yun, H.S., Tickle, T.L., Sung, J., Song, Y.-M., Lee, K., Franzosa,
E.A., Morgan, X.C., Gevers, D., et al. (2016). Sub-clinical detection of gut microbial
biomarkers of obesity and type 2 diabetes. Genome Med. 8, 17.

Yassour, M., Jason, E., Hogstrom, L.J., Arthur, T.D., Tripathi, S., Siljander, H., Selvenius, J.,
Oikarinen, S., Hy6ty, H., Virtanen, S.M., et al. (2018). Strain-Level Analysis of Mother-to-
Child Bacterial Transmission during the First Few Months of Life. Cell Host Microbe 24,
146-154.¢144.

Ye, Z., Zhang, N., Wu, C., Zhang, X., Wang, Q., Huang, X., Du, L., Cao, Q., Tang, J., Zhou,
C.,etal. (2018). A metagenomic study of the gut microbiome in Behcet's disease. Microbiome
6, 135.

Zeevi, D., Korem, T., Zmora, N., Israeli, D., Rothschild, D., Weinberger, A., Ben-Yacov, O.,
Lador, D., Avnit-Sagi, T., Lotan-Pompan, M., et al. (2015). Personalized Nutrition by
Prediction of Glycemic Responses. Cell 763, 1079-1094.

Zeller, G., Tap, J., Voigt, A.Y., Sunagawa, S., Kultima, J.R., Costea, P.I., Amiot, A., B6hm,
J., Brunetti, F., Habermann, N., et al. (2014). Potential of fecal microbiota for early-stage
detection of colorectal cancer. Mol. Syst. Biol. 10, 766.



S70. Zhu, F., Ju, Y., Wang, W., Wang, Q., Guo, R., Ma, Q., Sun, Q., Fan, Y., Xie, Y., Yang, Z., et
al. (2020). Metagenome-wide association of gut microbiome features for schizophrenia. Nat.
Commun. /7, 1612.

S71. Dumas, E., Feurtey, A., Rodriguez de la Vega, R.C., Le Prieur, S., Snirc, A., Coton, M.,
Thierry, A., Coton, E., Le Piver, M., and Roueyre, D. (2020). Independent domestication
events in the blue-cheese fungus Penicillium roqueforti. Molecular ecology 29, 2639-2660.

S72.  Gallone, B., Steensels, J., Prahl, T., Soriaga, L., Saels, V., Herrera-Malaver, B., Merlevede,
A., Roncoroni, M., Voordeckers, K., and Miraglia, L. (2016). Domestication and divergence
of Saccharomyces cerevisiae beer yeasts. Cell /166, 1397-1410. e1316.



(This page intentionally left blank)

80



Paper III: A nontuberculous mycobacterium could solve the
mystery of the lady from the Franciscan church in Basel,

Switzerland

81



(This page intentionally left blank)

82



Sarhan et al. BMC Biology (2023) 21:9 BMC BIO'Ogy
https://doi.org/10.1186/512915-022-01509-7

RESEARCH ARTICLE Open Access

: ®
A nontuberculous mycobacterium et

could solve the mystery of the lady
from the Franciscan church in Basel, Switzerland

Mohamed S. Sarhan' ®, Christina Wurst', Alexandar Tzankov?, Andreas J. Bircher®#, Holger Wittig®,
Thomas Briellmann® Marc Augsburger’, Gerhard Hotz®°, Albert Zink' and Frank Maixner"

Abstract

Background In 1975, the mummified body of a female has been found in the Franciscan church in Basel, Switzer-
land. Molecular and genealogic analyses unveiled her identity as Anna Catharina Bischoff (ACB), a member of the
upper class of post-reformed Basel, who died at the age of 68 years, in 1787. The reason behind her death is still a
mystery, especially that toxicological analyses revealed high levels of mercury, a common treatment against infections
at that time, in different body organs. The computed tomography (CT) and histological analysis showed bone lesions
in the femurs, the rib cage, and the skull, which refers to a potential syphilis case.

Results Although we could not detect any molecular signs of the syphilis-causing pathogen Treponema pallidum
subsp. pallidum, we realized high prevalence of a nontuberculous mycobacterium (NTM) species in brain tissue sam-
ple. The genome analysis of this NTM displayed richness of virulence genes and toxins, and similarity to other infec-
tious NTM, known to infect immunocompromised patients. In addition, it displayed potential resistance to mercury
compounds, which might indicate a selective advantage against the applied treatment. This suggests that ACB might
have suffered from an atypical mycobacteriosis during her life, which could explain the mummy’s bone lesion and
high mercury concentrations.

Conclusions The study of this mummy exemplifies the importance of employing differential diagnostic approaches
in paleopathological analysis, by combining classical anthropological, radiological, histological, and toxicological
observations with molecular analysis. It represents a proof-of-concept for the discovery of not-yet-described ancient
pathogens in well-preserved specimens, using de novo metagenomic assembly.

Keywords Nontuberculous mycobacteria (NTM), Ancient DNA (@DNA), Bacteriophage, Syphilis, Brain infections,
Mycobacteriosis, Franciscan church mummy, Anna Catharina Bischoff (ACB), De novo assembly
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Background

In 1975, a mummified corpse of a female individual was
found in the Franciscan church (also known as the Bar-
fiisser church) in Basel, Switzerland, during an excavation
by the Archéologischen Bodenforschung Basel-Stadt in
the church (Fig. 1A, B). The mummy’s coffin was encoun-
tered in a brick grave at a prominent position in the church
(Fig. 1C, D), in front of the choir, along with another cof-
fin that contained another human skeleton [1]. Genealogic
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studies and molecular analyses unveiled the mummy’s
identity identifying her as Anna Catharina Bischoff (ACB,
29.03.1719-30.08.1787), a member of the upper class of
post-reformed Basel, who died at the age of 68 years [2, 3].
By checking historical records of the church, it turned out
that the mummy had been discovered earlier during the
nineteenth century; then, due to ethical concerns, it has
been reburied where it was again found in 1975 [2]. During
this reburial, the coffin had been covered with soil (Fig. 1C).

———— 4\ ?\’_'_’—‘*\’:::::ﬂ ———" BASEL BARFUSSERKIRCHE 1975 - 1977
'\ (/_.\ ~; GRABKAMMERN UND GRABSCHA

3 BSCHACHTE
AUFNAFME : VERSCHIEDENE ZEICHNER 1975 - 1977
UMZEICHNUNG :H EICHIN 1981

012345 10

B o METER ©

Fig. 1 Description of the mummy’s finding site. A Map of Europe with zoom-in on Basel in Switzerland. B The Franciscan church during the
renovation in 1975. C Photograph showing the first glance on the mummy tomb; recognizable are the overlapped hands. D The location of
the burial chamber (indicated by red arrow) inside the Franciscan church (© Archdologische Bodenforschung, 1975/6 — Plan “Grabkammer und

Grabschachte (G564)", modified by H. Eichin 1981)
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The diseases and probable causes of death of ACB are
still unknown, especially since the toxicological analyses
of the mummy revealed high levels of mercury in differ-
ent body organs [4], which is assumed to be the reason
behind the mummification of the corpse (the antibac-
terial effect of mercury can slow down putrefaction),
in addition to the dry conditions in the masonry grave
shaft and the high salt concentration of the surrounding
soils. Since mercury inhalation was a common treatment
against infections, particularly syphilis [5], it was believed
that she might have suffered from syphilis during her life-
time. This assumption was further supported by the com-
puted tomography (CT) and histological results, which
showed suggestive bone lesions in the skull, but degen-
erative lesions in femurs and rib cage. However, these
lesions were histologically considered equivocal respect-
ing late sequelae of syphilis infection, which led to addi-
tional differential diagnoses of a possible tuberculosis
(TB) or Paget’s disease [6].

In this study, we aimed to investigate molecularly
whether the mummy could have suffered from syphilis,
by carrying out a comprehensive shotgun metagenomic
analysis on different body organs, in order to detect pos-
sible DNA traces of the causing pathogen, Treponema
pallidum subsp. pallidum, or other pathogens that might
have led to the bone lesions or might be linked to the
mercury treatment.

Results

Human mitochondrial DNA analysis of the samples
confirms their origin

Initially, we analyzed the mitochondrial DNA of all tis-
sues in order to confirm that they contain authentic
DNA. All the samples taken from the mummy showed
the same mitochondrial haplotype (i.e., U5al+!16192)
as previously reported [3], except for the skull bone sam-
ple, which showed additional background contamination
with other human DNA (Additional file 1: Table S1) [3].
Interestingly, analysis of the human DNA of the maggots
(Sample ID 3169), which were collected from underneath
the mummy, revealed the same mitochondrial haplo-
type as of the mummy, indicating initial feasting on the
decayed flesh of the mummy [7] or potential diffusion
of mummy’s DNA into the surroundings [8]. The other
control samples, coming from the skeletons of other indi-
viduals from the same tomb, showed two different mito-
chondrial haplotypes (Additional file 1: Table S1).

Metagenomic analysis did not reveal any Treponema
genomes but unusual high prevalence of Mycobacteriaceae
in brain tissue

Driven by the radiological and histological observations
and the toxicological analysis (Fig. 2A, B), we carried
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out a shotgun metagenomic screening of different sam-
ples from different body parts of the mummy, represent-
ing tissues where the infection can be expected to occur
(please refer to Additional file 1: Table S1 for details).
Although most of the tissues displayed overwhelming
prevalence of postmortem microbial communities, e.g.,
Clostridia, we were still able to spot some tissue-specific
taxa, particularly in the gut (Turicibacter sanguinis and
Ruminococcus gnavus) and the tooth (e.g., Prevotella
denticola and Actinomyces dentalis) samples (Addi-
tional file 1: Table S2). Additionally, we did not find any
metagenomic reads assigned to the syphilis-causing path-
ogen Treponema pallidum subsp. pallidum (Additional
file 2: Figure S1), nor even the containing-family Spiro-
chaetaceae, except for the tooth sample, which displayed
presence of other Treponema species, e.g., 1. socranskii,
T. denticola, and T. maltophilum, which are all known to
be linked to periodontitis and being members of the oral
microflora [9, 10].

Unexpectedly, the brain tissue displayed exceptional
high abundance of the family Mycobacteriaceae, repre-
senting more than 80% of the total microbial metagen-
omic reads (Fig. 2C, Additional file 2: Figure S2) [11-13].
In this respect, it is important to mention that the toxico-
logical analysis displayed the highest mercury concentra-
tions in the brain samples, i.e., up to 28 ng x mg~! tissue
material (Fig. 2B), since the brain is the target organ in
the uptake or administration of elemental mercury. This
opens a question on whether these two observations are
correlated.

De novo assembly revealed a nontuberculous
mycobacterium (NTM) in the brain

Based on the high abundance of Mycobacteriaceae in the
brain, we performed a de novo metagenomic assembly
on the brain metagenomic reads (for further informa-
tion on assembly, please refer to the “Methods” section).
We were able to resolve a high-quality metagenome-
assembled genome (MAG, 99.5 % completeness and <
0.5 % contamination, as estimated by CheckM), belong-
ing to a nontuberculous mycobacterium (NTM) species
(Fig. 3A, B, Additional file 1: Table S3). Interestingly,
more than 57% of the brain metagenomic reads were
mapped against the assembled genome (Additional file 1:
Table S4). The genome constituted of 66 contigs of total
size of ~ 4.8 Mb and mean coverage of 185.9 £ 45.4 x
(Additional file 1: Table S5).

Considering that the genus Mycobacterium has
undergone major phylogenomic-based taxonomic
reassignments and rearrangements [16, 17], we used
species-representative genomes of the whole Mycobac-
teriaceae family in order to gain an in-depth taxonomic
characterization of our discovered genome within it,
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Fig. 2 Overview on the radiological, toxicological, and microbiological characteristics of the ACB mummy. A Computed tomography (CT)-based
three-dimensional reconstruction of the skull. Notice the darker colors which represent lower x-ray densities than healthy bone. Copyright:

Holger Wittig, Institute of Forensic Medicine, University of Basel. B Concentration of elemental mercury in different body samples, where the

error bars refer to the standard errors. C Relative abundances of the top 12 microbial families on different body tissues as inferred by number of
shotgun-metagenomic reads compared against the nr-database (please refer to the “Methods” section for details). Numbers in parentheses refer to

sample IDs (please refer to Additional file 1: Table S1 for further details)

using PhyloPhlAn marker genes (please refer to the
“Methods” section). The resulting phylogeny was highly
congruent with the recently proposed taxonomy [16],
having main clades representing the classical human
pathogenic Mycobacterium spp., Mycobacteroides spp.,
Mycolicibacter spp., and finally Mycolicibacterium spp.,
where our genome falls within (Fig. 3B). Further, we
compared our genome with all characterized species
within the genus Mycolicibacterium to find the closest
relative within the genus. For this purpose, we carried
out a pairwise genomic comparison between all species
including ours, using the Mash distance tool [18]. The

mash distances of the brain NTM genome is relatively
distant from all the characterized species within the
genus (minimum distance = 20.03%) and clusters close
to M. thermoresistibile, M. hassiacum, M. agri, and M.
moriokaense (Fig. 3C). Although the four species are
known to be, like other members of the genus, environ-
mental bacteria, they have previously been reported to
cause infections in humans (Fig. 3C, and for detailed
examples, please refer to Additional file 1: Table S6)
[19-94]. Moreover, most of Mpycolicibacterium spp.
have been previously isolated from hosts (Additional
file 1: Table S6).
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Genome-wide analysis indicates potential virulence

of the brain NTM

Before subjecting the brain genome to further func-
tional analysis, we checked for the authenticity of this
bacterium (henceforth referred to as “brain NTM”), i.e.,
being ancient on the one hand, and on the other being
exclusively present in the brain, not being a contami-
nant from other tissues or even from the environment
surrounding the burial site. Therefore, we tested the
terminal deamination levels on the metagenomic brain
reads mapped to the genome of the brain NTM (the
“Methods” section). We noticed very low levels of ter-
minal C-to-T and G-to-A substitutions, even less than
the human DNA damage in this tissue (Fig. 3D, Addi-
tional file 2: Figure S3), although the fragment length
distribution of the brain NTM was lower than of the
human autosomal DNA (Fig. 3D, Additional file 2: Fig-
ure S3). When we further compared the human auto-
somal DNA from different organs, we realized variable
levels of ancient DNA (aDNA) damages, correlating
with the variable concentrations of mercury in different
organs.

To further assess the possibility of the brain NTM being
an external contamination, we investigated in addition
to the mummy tissues more samples representing the
following (Additional file 2: Figure S4) [2]: (i) bone and
tooth samples from other skeletons found in the same
burial site (upper coffin); (ii) textile sample and mag-
gots that were found on the mummy; and finally, (iii) soil
samples that were found covering the upper parts of the
mummy. After mapping all metagenomic reads of each
of the aforementioned samples against the brain NTM
genome and considering threshold of minimum 3x cov-
erage (please refer to the “Methods” section for details),
we did not find any sufficient breadth (i.e., > 50% of the
genome covered at least 3 times) for any of the mum-
my’s samples, except for the skull bone and dura mater

(See figure on next page.)
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samples, which appeared to carry the bacterium, hav-
ing average breadth values of > 70% (Fig. 4A). Thereby,
we excluded the possibility of the external contamination
and continued with the functional analyses.

We checked the overall virulence potential of the bac-
terium, by comparing all coding sequences (CDS) against
the virulence factor database (VFDB) [95]. The genome
contained three different clusters of type VII secretion
systems (T7SSs), which are responsible for effector pro-
teins in pathogenic and non-pathogenic mycobacteria,
and help to survive in the host by evading the immune
system [96]. Considering the genome of M. tuberculosis
as a reference, our genome contained the core genes of
the ESX-1 system as well as the full genes of the ESX-3
and ESX-4, with the same exact synteny arrangement
(Additional file 2: Figure S5).

Since the NTM genome was exclusively present in
the brain, we checked for the ability of the bacterium to
invade the brain and cross the blood brain barrier (BBB).
Be and colleagues identified the genes Rv0311, Rv0931,
Rv0986, and Rv0805 (CpdA) in M. tuberculosis to be sig-
nificantly involved in brain invasion and survival [97].
Indeed, we detected homologs of the four genes scat-
tered throughout the genome (Fig. 4A). Moreover, it has
been also previously reported that NTM can invade brain
within circulating macrophages [98].

We additionally checked the brain NTM genome for
the presence of toxin-antitoxin (TA) systems that are
assumed to be contributing to the virulence of myco-
bacteria [99]. In comparison with other members of the
genus Mycolicibacterium, and representatives of other
known pathogenic mycobacteria, we realized that the
brain NTM genome together with M. tuberculosis H37Rv
were on the top in richness of TA systems (Additional
file 2: Figure S6). Generally, TA systems are typically com-
posed of a protein (toxin) and another antagonistic pro-
tein (antitoxin). Under stress conditions, the antitoxin,

Fig. 3 Genome-level taxonomic assignment of the brain bacterium. A Taxonomic assignment of the brain NTM contigs as assigned by searching
against the NCBI-nt database, using BLASTn. The number of the assigned contigs is shown next the taxon names based on the lowest common
ancestor (LCA) as determined by MEGAN (please refer to the “Methods” section for further details). B Unrooted phylogenetic tree of the family
Mycobacteriaceae, including a single representative genome of each species, based on PhyloPhlAn marker genes. The background colors of the
clades refer to: red, Mycobacterium spp.; yellow, Mycolicibacter spp.; green, Mycobacteroides spp.; and blue, Mycolicibacterium spp. C Heatmap-based
on MASH distances of all characterized species' genomes within the genus Mycolicibacterium including the genome of the brain bacterium
(highlighted in bold red font). The heatmap annotations to the left of the heatmap refers to whether the microbe was isolated from a host or

was reported as a human pathogen. For further details on the isolation sources, please refer to the Additional file 1: Table S6. D Damage plots

of human DNA of different tissues as well as the brain NTM. The damage plots were generated considering the mapped reads of the indicated
tissues different body tissues (i.e., tooth, intestinal tissues, skull, dura mater, and brain) against human genome (hg19) while the brain NTM was
generated considering the brain metagenomic reads mapped against the brain NTM assembled genome. Ancient DNA damage represented by
the terminal substitution of Cytosine to Thymine at the 5" ends of the DNA fragments. The labels in parenthesis refer to sample ID and the mercury
concentrations = standard error. For further information on the read lengths distribution please refer to Additional file 2: Figure S3 [14, 15]. Note:
The human DNA are showing variable levels of ancient DNA damages, despite of being of the same individual. The lowest levels of the human DNA
damages are in the brain and dura mater samples, which goes with the abundance of the brain NTM and the mercury concentrations as well
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which is a labile molecule gets degraded, allowing the
toxin molecule to halt essential cellular processes, lead-
ing to growth inhibition of bacteria [99]. Such process is
reversible, which means that as soon as the conditions
become favorable again, the antitoxin binds to the toxin
and maintains essential cellular processes are restored.
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It is postulated that such TA systems play a great role
in bacterial persistence under stress conditions, par-
ticularly in M. tuberculosis infections, which sometimes
mediates dormant states tolerant to antibiotic treatment
and the host’s immune response, i.e., latent tuberculosis.
Analysis of transcriptomic profiles of antibiotic-induced
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Fig.4 Genetic map of the brain bacterium genome. A The heatmap shows distribution of the DNA of the brain NTM in the mummy’s samples as
well as other control samples; The numbers to the left refer to the sample ID as referred to in Additional file 1: Table S1, while the letters refer to the
samples group as follows: S, the mummy’s tissue samples; C1, control samples that were in contact with the mummy; C2, samples that were taken
from other individuals from the same burial site; C3, soil sample that was collected from inside the coffin of the mummy (please refer to Additional
file 1: Table S1 and Additional file 2: Figure S4 for further details). The presence is shown by breadth values with minimum coverage of 3x per site.
The contigs are arranged in a descending order from left to right (for details on the contigs, please refer to Additional file 1: Table S5). The loci
referred to in bold red fonts are gene clusters/operons and are further detailed in Additional file 2: Figure S5, while those in black bold are genes
that are known to be involved in crossing blood brain barrier (BBB) and brain invasion. B The genetic map of the contig 38, which is assumed to be
a phage genome, as inferred by the tool PHASTER (for further details on the phage annotation, please refer to Additional file 1: Table S7)

persistence in M. tuberculosis revealed upregulation of
10 TA systems [100], which supports the assumptions of
them being involved in pathogen persistence. In general,
M. tuberculosis and ACB’s brain NTM contain remark-
ably higher numbers of TA systems, compared with other
mycobacteria, so we can deduce that it may have caused a
persistent infection, by entertaining a privilege over other
microbes in terms of survivability and competitiveness in
extreme conditions.

Finally, and in relation to the high mercury concentra-
tions in the brain, we checked for the mercury resistance
genes in the genome of the brain NTM in comparison
with the mercury resistance operon of the M. marinum
plasmid. We found in addition to the regulator protein
gene and the core genes, i.e., mercuric reductase and

alkylmercury lyase, other heavy metal resistance genes
and antibiotic resistance genes (Additional file 2: Fig-
ure S5). The heavy metal resistance genes were mainly
responsible for assimilation of copper, zinc, and arse-
nic, while the antibiotic resistance genes were directed
against vancomycin, tetracycline, and beta-lactam antibi-
otics (Additional file 2: Figure S5).

Evidence for a pre-infection transduction event

that possibly increased the virulence

Although all mummy’s samples (except the brain, dura
mater, and skull bones) seemed to be void of the brain
NTM, they all displayed remarkable presence of one
contig, i.e., contig 38, which indicates spread throughout
the body, likely through the blood stream. To check the
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possibility that this contig might have been misplaced
during the binning step, we went back to the metagen-
omic contigs and clustered them based on the coverage
and the GC content, to whether this contig is an out-
lier to the rest of the genome. Considering both assem-
bly methods, the contig was placed perfectly within the
defined cluster of the brain NTM, showing similar cov-
erage and GC content (Additional file 2: Figure S7). As
further confirmation on the authenticity of the brain
NTM, the contig 38 was completely absent from the
samples of the other individuals and the soil sample. To
explain the presence of this contig throughout the body,
we hypothesized that it could be a circulating phage,
since bacteriophages were shown to be present in the
stool of patients with pulmonary diseases and to migrate
through blood stream [101, 102]. Therefore, we screened
for presence of viral sequences within our genome using
the tool PHASTER (see the “Methods” section) and real-
ized that the contig_38, which showed high prevalence in
other mummy tissues, highly resembles phage genomes
(Fig. 4B). Further, the CheckV tool displayed a high-qual-
ity viral genome with 91.35 completeness (Additional
file 1: Table S8), having additionally other host/non-viral
genes within the genome. By deeply annotating the con-
tig, we found the basic structural proteins of phages, e.g.,
capsids, tail fibers, and portal proteins, in addition to
other functional proteins, e.g., terminase, recombination
proteins, and endolysin (Fig. 4B).

Interestingly, within this contig, there was the homol-
ogous gene of Rv0805 (CpdA), one of the genes that is
involved in brain invasion and persistence. The presence
of prophages has been recently reported in the genomes
of clinical mycobacteria and assumed to aid in their viru-
lence evolution. Moreover, when compared with environ-
mental mycobacteriophages from PhagesDB, bacterial
virulence genes were found to be enriched in the clinical
mycobacterial prophages [103, 104]. This might indicate
that the brain NTM has undergone a natural pre-infec-
tion transduction process that increased its virulence and
enabled invasion and microbial survival in the brain.

Discussion

The mummy of the Franciscan Church from Basel, Swit-
zerland (ACB, 1719-1787) represents a unique exam-
ple of multidisciplinary studied mummy [2]. Since the
mummy is dated back to the eighteenth century, exten-
sive historical, genealogical, and molecular investigations
were necessary that resulted in reconstructing a fam-
ily tree over 22 generations including nowadays living
relatives [3]. The analyses showed that she belonged to a
wealthy upper-class family, which might indicate that she
might have had access to an advanced and special health-
care. The initial radiological and histological analyses of

Page 8 of 16

her mummified body indicated combination of differ-
ent diseases, such as atherosclerosis and gallstones, and
the toxicological analysis showed high concentrations
of mercury in different body parts. Thus, studying the
paleopathological status and the treatments she received
provide insights into an important time in the European
history, as she lived during the scientific revolution and
before the onset of the industrial revolution.

One of the main intriguing findings was the high mer-
cury concentration that has been revealed even at the
mummy’s discovery time in 1975 [105] and was assumed
to be one of the main reason for mummification. The
presence of mercury also triggered some questions
regarding her health status and in which context she
had been exposed to these high concentrations of mer-
cury. Historically, the beginning of mercury usage in the
medical fields in Europe dates probably back to 1495, at
the beginning of the first documented syphilis outbreak
[106]. During that time, mercury had been already in
use in the Arabic medicine to treat skin infections and
leprosy [5, 107]. Therefore, it was adopted in Europe to
treat syphilis and other infectious diseases by differ-
ent methods of treatments, such as topical application,
inhalation of mercury vapors, or even by ingestion of
mercury salts [5, 108—110]. From the toxicological point
of view, humans can get exposed to different forms of
mercury, i.e., inorganic (e.g., mercury chloride), organic
(e.g., methylmercury), or elemental (e.g., mercury vapors)
[111]. The elemental form is absorbed by inhalation,
passes from the lungs into the blood, crosses the blood-
brain barrier and accumulates in the brain [112, 113].
While the inorganic forms, due to their lower liposolubil-
ity, were hypothesized to need to be accompanied with
selenium (Se) that neutralizes the mercury’s toxicity to
be able to access and cumulate in the brain [114]. On the
other hand, mercury in its ionic forms is mainly accumu-
lated in the kidney and liver. Considering that we found
higher mercury concentrations in the brain than in the
other body samples, we postulate that ACB was exposed
to mercury vapors as a treatment for an extended time
period. However, we cannot exclude that ACB was
exposed to a treatment with an ointment containing col-
loidal elemental mercury or another inorganic mercury
treatment, considering the correlation between the con-
centrations of the selenium and mercury, particularly in
the brain of ACB (Additional file 2: Figure S8).

The classical explanation for the presence of mercury in
the mummy would be the syphilis, which is mainly a sex-
ually transmitted bacterial disease caused by Treponema
pallidum subsp. pallidum [115]. Its symptoms are highly
variable and can range from small chancres and nodular
granulomatous skin lesion to late-onset prominent bone
lesions [116]. Syphilis is also known as one of the “great
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imitators,” as it causes symptoms similar to other diseases
making its diagnosis challenging [117]. For instance, in
1885, a bacillus bacterium was isolated from a syphilitic
chancres [118, 119], which was assumed to be the caus-
ing pathogen, but later and by further research turned
out to be the non-tuberculous M. smegmatis that causes
very similar ulcers to those of T. pallidum subsp. palli-
dum [77]. In our case, we could not find any metagen-
omic reads that can be assigned to 1. pallidum, and the
only partially supporting clues would be the bone lesions
unveiled by the radiological analysis with yet equivo-
cal histopathology and the existence of mercury itself,
where both are indirect evidence on syphilis. However, it
might be useful in the future to consider employing a tar-
get enrichment capture approach particularly for those
hardly to recover pathogens [120].

The other possible explanation for the mercury treat-
ment can be deduced from the extraordinarily high abun-
dance of Mycobacteriaceae in the brain of ACB as well as
scattered incidence in the dura mater and the skull bone
samples. By employing de novo metagenomic assembly,
we resolved a near-full NTM genome. In general, NTM
are considered as environmental bacteria, which inhabit
different niches like soils and water. Many of the NTM
were reported to cause human infections but remained
neglected for decades until their recent remarkable emer-
gence in clinical infections [121, 122]. NTM affect pri-
marily human lungs, causing pulmonary disease, but can
also infect other body parts, particularly in immunocom-
promised patients [123]. In the ancient metagenomics
and paleopathology fields, NTM are usually mentioned
within environmental contexts or as contaminants, due
to the difficulty to confidently assign them as true patho-
gens like M. tuberculosis [124].

However, in this study, we opted to extensively analyze
the genome of the brain NTM to explain their unusual
existence and high abundance in the brain. The primary
approach to check the DNA of a genome of whether it is
ancient, is to analyze the ancient DNA damage pattern,
i.e., terminal 5'C-to-T deamination. When we checked
the damage pattern of the brain NTM, we found low
damage levels (Fig. 3D). Interestingly, when we checked
the damage of the human DNA of different organs of
the mummy, we realized variability in the damage levels,
negatively correlating with the mercury concentrations.
For instance, the highest mercury concentrations were
found in the brain samples, where we found the lowest
human DNA damage (please refer to Fig. 3D for further
examples). Despite of being a rare finding, this observa-
tion could explain the low damage levels on the brain
NTM and highlights the inter-body variability of the
DNA damages, which might open a discussion on using
the ancient DNA damage as a primary tool for assessing
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modern contamination, particularly when dealing with
unusually mummified materials.

In our case, the NTM contamination possibility can
be toned down as soon as we consider the following: (i)
the extraordinarily high abundance in the brain; (ii) the
exclusive incidence in the brain and the close-by tissues
and the absence from the other control samples as well
as other organs of the mummy; (iii) the distribution of
the putative phage within the mummy’s tissues and the
absence from the control samples; (iv) the virulence
potential of the genome particularly including genes that
can enable crossing the BBB; (v) the richness of TA-sys-
tems that presumably enabled persistence under stress
and unfavorable conditions; and, finally, (vi) the mer-
cury-, heavy metal-, and antibiotic resistance genes of the
bacterium. Therefore, we can gain confidence on the ori-
gin of the bacterium and its potential to be a brain patho-
gen that survived despite of the mercury treatment.

Overall, and based on the radiological, histological, tox-
icological, and molecular analyses of the ACB’s mummy,
the current situation might suggest two different scenar-
ios that explain her health status in relation to the high
mercury concentrations. First, ACB suffered from syphi-
lis and was exposed to a mercury treatment successfully,
and T. pallidum was completely eradicated, while the
NTM brain infection occurred later. Second, she suffered
from an NTM, and probably showed symptoms similar
to syphilis, and was therefore subjected to mercury treat-
ment, but the pathogen survived the mercury due to its
content of mercury and heavy metal resistance genes.
The first scenario can be supported by the radiological
findings, i.e., the bone lesions of the skull and the ribs;
however, it is not supported at the molecular level. While
the second scenario is highly supported by the molecu-
lar analysis, and radiological signs could also support this
hypothesis.

Conclusions

In conclusion, this study spots the light on one NTM as
one of the, not only nowadays, cause of neglected diseases
and infections, which might have been misdiagnosed as
syphilis or tuberculosis during the eighteenth century
and may still be overlooked or misinterpreted nowadays
in paleopathological studies due to the guided interest
in more common and better-known diseases. The study
of this mummy exemplifies the importance of employ-
ing differential diagnostic approaches in paleopathologi-
cal analysis by combining classical anthropological and
radiological observations with molecular investigations.
It also demonstrates the value of employing comparative
metagenomic approaches in analyzing multiple samples
from one individual. Finally, the study shows the value of
employing de novo metagenomic assembly in recovering
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extinct and not-yet described ancient genomes, in well-
preserved specimens, and gaining better insights on their
phylogenetic and functional characteristics that are often
beyond the potential of other tools.

Methods

Mummy sampling

The analyzed tissues and bones have been sampled at
the Natural History Museum of Basel (Additional file 1:
Table S1). The sampled tissues were checked visually and
histologically to confirm their tissue of origin. Additional
control samples were taken from the soil surrounding
the mummy and the textile found underneath the body.
Moreover, bone and teeth samples were taken from the
other skeletons found in another coffin in the same burial
site (please refer to Additional file 2: Figure S4).

DNA extraction, library preparation, and DNA sequencing
Amounts of 9-200 mg of the ancient materials or the
control samples were used for DNA extraction, following
the protocol described by Maixner and colleagues [125].
DNA extracts were quantified using QUANTUS (Pro-
mega, USA); then, 20 pl of each extract were converted
into double-indexed DNA libraries following a special
protocol for highly degraded ancient DNA [126]. All pre-
vious steps were carried out in the ancient DNA labora-
tory of the Eurac Research Institute for mummy studies
in Bolzano, Italy. The double-indexed libraries were sub-
jected to next generation DNA sequencing using HiSeqX
(2 x 150 paired-end), resulting in sequencing depths
of 9-51 x 10° paired-end reads per sample (Additional
file 1: Table S1).

Processing of ancient DNA sequences

We used the tool fastp [127] to trim the adapters and
low-quality reads and to merge paired-end reads with
at least 10 nucleotides overlap. Then, the quality filtered
merged reads were de-duplicated and filtered for mini-
mum sequence length of 25 nucleotides, using SeqKit
[128].

Human DNA analysis

To check the authenticity of the analyzed materials, we
included, as a reference, in our analyses the shotgun
metagenomic dataset generated from a tooth sample
that was used to reveal the identity and the mitochon-
drial haplogroup of the mummy (https://www.ebi.ac.uk/
ena/browser/view/PRJEB44723 ) [3]. For the analysis, we
mapped the quality-filtered deduplicated merged reads
against the human reference genome (build hgl9) [129]
and the human reference mtDNA genome (rCRS) [130]
using Burrows-Wheeler Aligner (BWA) [131]. Then, we
used SAMtools to filter for minimum mapping quality
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of 30, QualiMap to generate basic mapping statistics
[132], and mapDamage 2.0 [14] to quantify the percent-
ages of C-to-T and G-to-A substitution of the mapped
ancient DNA reads. In the case of mitochondrial DNA,
we additionally used option “--rescale” to rescale the
quality scores of the damaged mis-incorporated sites and
the tool Schmutzi to estimate the level of contamination
based on deamination patterns [133]. For haplogroup
assignment, we first converted the rescaled bam files into
variant calling format (VCF) and then employed Hap-
loGrep 2.0 [134].

Moreover, and to confirm the sex of the mummy sam-
ples, we used the mapped human DNA reads to compute
the karyotype frequency of X and Y chromosomes, using
a Maximum likelihood method [135].

General microbial profiling

To have an overview on the microbial composition of the
samples, we used the search tool BLASTX of DIAMOND
v2.0.13 [136] to compare our metagenomic reads, with
the default parameters, against the nr-protein database
[137]. Then, we used MEGAN v6.21.16 [11] to process
the DIAMOND outputs and to assign the metagenomic
reads to their lowest common ancestor (LCA), with the
parameters “--minPercentldentity 97" and “--minSup-
port 10" Since the BLASTX compares nucleotides against
amino acid sequences, we confined our LCA filters to the
family-level to minimize the false positives. The number
and percentages of assigned reads are summarized in
Additional file 1: Table S4.

De novo assembly of metagenomic reads

We used the quality-filtered unmerged reads of the brain
sample (Eurac ID 3045, 26411722 pair-end reads) to per-
form de novo sequence assembly, using the metagen-
omic assemblers MEGAHIT [138] and SPAdes with
“--meta” option [139]. All contigs shorter than 1000
nt were excluded from the downstream analyses. The
metagenomic binners MetaBAT2 [140], MaxBin2 [141],
and CONCOCT [142] were used to resolve potential
genomes, based on similarity of abundance and tetra-
nucleotide frequency. Then, the DAS Tool was used to
resolve consensus bins from each assembler, indepen-
dently (Additional file 2: Figure S7).

Further, we checked the completeness and contamina-
tion of the resulting bins using CheckM [143] and kept
only the high-quality genomes (completeness > 90% and
contamination < 5%). CheckM checks for the presence of
single-copy genes (SCQG) specific for each lineage. If the
program finds more than one copy of any of those SCG, it
considers this as a potential contamination. To calculate
the strain heterogeneity, the program calculates the relat-
edness between the multiple copies of those SCG, based
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on amino acid similarity. Then, the function “classify_wf’
of GTDB-Tk v1.5.0 (April 23, 2021) has been used, with
default parameters, to classify the resulting bins taxo-
nomically [144, 145].

As a result, two of the bins displayed identical taxo-
nomic classification (g__Mycobacterium sp.) and MASH
distance of < 0.01, each is resulting from different assem-
bler, i.e., MEGAHIT and SPAdes. Therefore, we used
SeqMan tool of DNASTAR [146] to reassemble the con-
tigs of both bins, by aligning all contigs vs all contigs, in
order to improve the assembly quality, e.g., N50 value
and number of contigs. Finally, we ended up with near-
full genome with 99.55% completeness and 0.45% con-
tamination (Additional file 1: Table S3).

To check the taxonomy of the resulting contigs, we
searched all the contigs against the NCBI-nt database
[137]. Then, the module “blast2rma” of MEGAN v6.21.16
[11] with the parameters “--minPercentldentity 80" has
been applied to assign the contigs to their lowest com-
mon ancestor (LCA).

Phylogenetic analysis

To classify the resulting genome phylogenetically, we
used the PhyloPhlAn 3.0 tool [147] to retrieve repre-
sentative genomes of each species within the family
Mycobacteriaceae. Then, we built the phylogeny based
on the 400 universal PhyloPhlAn marker genes using the
option “--diversity low --accurate”. The configuration file
included the following tools with the default parameters
set by PhyloPhlAn: DIAMOND v2.0.13 [136], MAFFT
v7.427 [148], trimAl v1.4.1 [149], FastTree v2.1.11 [150],
and RAXML v8.2.12 [151].

Based on the PhyloPhlAn phylogenetic assignment,
we retrieved representative genomes of all character-
ized species belonging to the genus Mycolicibacterium
and added our brain bacterium genome, then calcu-
lated MASH distances all vs. all, using the “phylophlan_
metagenomic” module of PhyloPhlAn 3.0 [18].

Checking the brain bacterium in the control samples

To check the presence of the brain bacterium in other tis-
sues than the brain or in the control samples, we mapped
the quality-filtered reads of each sample against the
sequence of the brain bacterium, using Bowtie2 [152],
with the option “--end-to-end” Then, we sorted and
indexed the resulted bam files using SAMtools [153],
including a minimum mapping quality of 30. We used
the script CMSeq (https://github.com/SegataLab/cmseq)
to calculate the depth and breadth of the mapping. Posi-
tions were considered as true covered positions if they
were covered at least 3 times. Afterwards, we calculated
the breadth per contig and plotted the breadth as a heat-
map (Fig. 4).
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Finally, we used the tool DamageProfiler [15] to check
for ancient DNA damage patterns, i.e., C-to-T and G-to-
A substitutions, resulting from cytosine deamination.

Bacterial genome annotation

In addition to the genomes of the Mycolicibacterium
spp., we included the genome of Mycobacterium tuber-
culosis H37Rv from the Genbank databases (NCBI Ref-
erence Sequence: NC_018143.2) and Mycobacteroides
abscessus (NCBI Reference Sequence: NZ_CP034180.1),
in the genome annotation analyses. We used the Prokka
pipeline to annotate the genomes [154], implemented
Prodigal for gene prediction [155], and RNAmmer to find
ribosomal RNA genes [156].

To search for the virulence genes, we compared all
coding sequences against the virulence factor database
(VEDB) [95], using mmseqs2 with its default parameters.
To annotate the type VII secretion system gene clusters,
we manually extracted the regions from M. tuberculo-
sis H37Rv and our brain bacterium genome, based on
Prokka annotation and compared them in a pairwise
manner, using the BLASTp (all vs. all). Visualization of
gene synteny was done using Clinker [157]. Following
the same previous approach, we compared the mercury
resistance operon in our brain bacterium genome to
the well-characterized mercury resistance operon of M.
abscessus.

To find the genes that are potentially involved in
brain invasion [97], we manually retrieved the genes
(Rv0311,Rv0805, Rv0931c, and Rv0986) from the Myco-
browser database (https://mycobrowser.epfl.ch). The
tool OrthoFinder [158] was used to find the homologous
sequences in our brain bacterium genome as well as the
other Mycolicibacterium spp. genomes, including the M.
tuberculosis and M. abscessus.

To check the presence of toxin/antitoxin (TA) sys-
tems in the analyzed genomes, we compared all coding
sequences inferred by Prokka against the TA database
(TADB 2.0), and confined the analysis to the experimen-
tally validated type II TA loci [159]. We used mmseq?2 for
comparison using default parameters.

Viral genome annotation

To search for viral sequences within the genome of the
brain bacterium, we used the tool PHASTER (PHAge
Search Tool Enhanced Release) [160], which predicts and
annotates phage genes with comparison to curated phage
and bacterial gene databases (https://phaster.ca). Addi-
tionally, we used the tool CheckV [161] to check the qual-
ity and completeness of the potential phage genomes.
Then, we used different approaches to perform func-
tional annotation of the contig which has been assigned
as phages: (i) we used Prokka standard annotation as
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described previously; (ii) we used the PHASTER anno-
tation tool; (iii) we used the tool MicrobeAnnoatator
[162] implementing a DIAMOND search against differ-
ent databases (i.e., KEGG Orthology, KO; Enzyme Com-
mission, E.C.; Gene Ontology, GO; Pfam; and InterPro);
and finally (iv) we used the MMseqs2 protein search tool
[163] against the IMG/VR v3 database, which includes
genomes of cultivated and uncultivated viruses [164].

Mercury determination

The concentrations of mercury were measured in sam-
ples by inductively coupled plasma system coupled to
mass spectrometry (ICP-MS; 7700 Series; Agilent,
Palo Alto) at the University center of legal medicine
(Geneva, Switzerland). Prior to analysis, samples were
diluted with aqua regia to dissolve even poorly soluble
mercury salts. The solution contained 10 ng/mL Rho-
dium (Rh) and 10 ng/mL Indium (In) as internal stand-
ards. In addition, each analytical batch of study samples
was processed with laboratory controls, including
method blanks and standard reference materials to
continuously monitor method performance.

Graphical plotting
The following R packages were used to plot the data:
“ggplot2) “pheatmap, “webr, and “moonBook” in R-stu-

dio (https://www.rstudio.com).
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Figure S1: NCBI taxonomy-based cladogram of the metagenomic reads mapped to the
reference genome of Treponema pallidum subsp. pallidum (NZ._CP010561.1). The shotgun
metagenomic reads of all samples were initially mapped against the indexed reference genome using
Burrows-Wheeler Aligner (BWA) with lenient parameters “bwa aln -n 0.01 -1 16”. After filtering the
reads with a mapping quality < 30, the reads were exported into FASTA format. Reads were aligned
against the NCBI-nt database, using the basic local alignment search tools (BLAST) with the options
“blastn” and “--word-size 7. The resulting blast tables were used for lowest common ancestor (LCA)
assignment applying the tool blast2rma of MEGAN. The final output was visualized with the absolute
read counts, using MEGAN v6.21.16.
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Figure S2: Top bacterial families in the brain tissue as inferred by different taxonomic
classifiers. DIAMOND search was performed against the NCBI non-redundant protein database
(NCBI-nr), then the reads were assigned to their lowest common ancestor (LCA) using MEGAN [1].
While Kraken2 search was performed against Kraken standard database and the family-level
abundances were estimated using BRACKEN [2]. MEGAN alignment tool (MALT) was ran against
database of ~16,600 bacterial representative genomes [3] and MEGAN LCA was used similar to
DIAMOND.
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Figure S3: Read lengths distribution of human DNA of different tissues as well as the brain

NTM. For the different body tissues (Tooth, Intestinal tissues, Skull, Dura mater, and brain), the

metagenomic reads were mapped against the human reference genome (hg19), then the read lengths

were calculated using MapDamage?2.0 [4]. While for the brain NTM, the brain metagenomic reads

were mapped against the assembled genome of the brain NTM, then the read lengths were calculated

using DamageProfiler [5]. For further information on the samples’ origin, please refer to Additional

file 1: Table S1.
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Figure S5: Virulence genes of the brain NTM (A) Heatmap showing the presence/absence of genes

involved in crossing Blood-Brain Barrier (BBB) and brain invasion. (B) Gene cluster comparison of
type VII secretion systems in Mycobacterium tuberculosis and ACB brain bacterium. (C) Synteny

map of the mercury resistance operon of Mycobacterium abscessuss compared with the mercury

resistance genes (in red) of the ACB brain NTM. The map also shows the neighboring heavy metal-

(in green) and antibiotics (in blue) resistance genes.
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Discussion

Throughout the study, we had access to different types of ancient biological materials,
preserved under different geoclimatic conditions, which we aimed to analyze for different
purposes. The main aim of this study was to improve the current analytical methods of
ancient DNA, either in situ (during the sampling from the site), in vitro (during the
processing the lab), and/or even in silico (during the data analysis). This should cover most of
the aspects of the ancient DNA field and is expected to lead to results that have not been yet

achieved.
DNA preservation versus isolation

Considering the preservation conditions, in the first study, the analyzed materials were human
skeletal bones surrounded by calcite stone deposits, preserved in Wimsener water caves
under constant water dripping at constant temperature of 7-8 °C. While in the second study,
we analyzed paleofeces from the Hallstatt salt mines in Austria, where the extraordinary
preservation of the analyzed ancient biomolecules, either proteins or nucleic acids, was
mainly attributed to the combination effect of constant temperature of 8 °C throughout the
year and the high salt concentration inside the mines. In the third study, the samples were
taken from the mummy of the Anna Catharina Bischoff (ACB), which was buried in the
Barfiisserkirche in Basel, Switzerland, where the hygroscopic effect of the salt surrounding
the coffin and the high concentration of mercury inside the mummy prevented the
decomposition of the mummy and aided in the preservation of the DNA. However, such
unusual presence of chemical elements might have aided to preserve the ancient materials for
centuries and even for millennia, however they represent a big challenge or DNA extraction,
since they interfere with downstream enzymatic processes. Therefore, we used a newly
developed method for ancient DNA extraction, developed in our labs using linear
polyacrylamide (LPA) for precipitating DNA after enzymatic digestion of soft tissues or
demineralization of bones (Maixner et al., 2022). Such a method was proved in comparison
with other methods dedicated for ancient DNA extraction, to be more efficient in obtaining
ultra-small DNA fragments (as small as 20 bp), which is one of the inherent features of

ancient DNA.

While it remains to assess ancient DNA damage levels, we need to consider two main type of
damages that occurs to DNA post-deposition. First, the physical degradation of DNA which
is linked to its half-life under different physical conditions (Dabney et al., 2013). Second, the
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chemical changes in the DNA like terminal cytosine-to-thymine deamination (C-to-T). In our
study, and under such unusual preservation conditions, all samples displayed the first type of
damage, as they showed median fragment length of 50-75 nt. However, they were showing
low chemical damage (i.e., C-to-T) considering their age (except for the Wimsener cave
samples). Interestingly, within the Barfiisser mummy samples, we observed negative
correlation between the levels of mercury concentrations and levels of DNA deamination,
which demonstrates intra-mummy variability of ancient DNA damage levels (Sarhan et al.,
2023). Unfortunately, such kind of analysis was not feasible to be performed systematically
in all samples, however it represents an indication on the mercury and high-salt effect on

ancient DNA preservation.
Sampling the unsampled

Sampling ancient materials for DNA analysis is often faced with many obstacles that hinder
the progress of ancient DNA search. Those obstacles are related to ethical considerations,
museums’ internal rules, and distortion of the archeological objects, since sampling often
involves physical damages, e.g., drilling skulls to access the petrous bone, grinding teeth, or
cutting pieces of soft tissues. In 2021, a consortium of researchers (including archaeologists,
anthropologists, museum curators, and geneticists) published global guidelines for ethics of
DNA research on human remains (Alpaslan-Roodenberg et al., 2021). The third guideline
stated, “Researchers must minimize damage to human remains”. In our first study (Sarhan et
al., 2021), our aim initially was to molecularly identify the sex of the individual and the
mitochondrial haplogroup using some skeletal remains. But since the bones were laid in the
cave and surrounded with calcite stone layers, accumulated over the years as a result of
continuous water dripping from the cave ceiling, we hypothesized that there might have been
a kind of migration of DNA molecules from the bones to the stones. To test this hypothesis,
we sampled additional spots from the stone parts, and exposed them to the same molecular
and shotgun analyses of the bones. The results showed that the stone parts contained ancient
DNA fragments belonging to the same individual, which proved our initial hypothesis on the
migration of the DNA from the bones to the stones, under the effect of water dripping. This
was also applicable for the microbial DNA, as we found similar microbial DNA profiles in
both phases. Simply, we can use the analogy of a chromatographic system, where we can
consider the bone/stone complex as the stationary phase and the water dripping as the mobile
phase. So, the DNA molecules under such a dynamic system migrated towards the direction

of the gravity.
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The same concept of sampling the surroundings of archeological objects can be extended for
other similar cases. For example, we analyzed the defrosted water from the Iceman mummy
(Otzi) as a proxy for the whole-body microbiome, and additionally retrieved his complete
mitochondrial genome (Data not published). Another example, in the third study where we
analyzed the cloths and insects from the coffin of the mummy of Anna Catharina Bischoff
(ACB) and were able to identify her mitochondrial haplogroup. Similarly, Pedersen et al.
reported retrieval of ancient human DNA from the cement that glues head lice nits to the hair
of 1500-2000 years old Argentinian mummies (Pedersen et al., 2022). The percentages of
human DNA they retrieved from the nit cement was comparable to the human DNA they

retrieved from a tooth.

Our findings bring different benefits to the field of ancient DNA, since they bring into
attention potential additional sources of ancient DNA, which can help in the future to avoid
the widely used “inevitable” destructive sampling of ancient materials. This also might
convince stakeholder to allow research on more precious materials, like mummies or other

valuable museum showcases.
Feces wealth for human health

One example for the unusual ancient samples that are already established in the field is the
ancient stools (also known as paleofeces or coprolites) that are rarely found in archeological
sites. Paleofeces are very particular since they represent a snapshot in the persons past. In this
study, we analyzed different paleofeces from the Hallstatt salt mines of Austria, which is
considered to be the oldest salt mines in the world, as there are records for continuous mining
activities for 7000 years (Spinei, 2010). The radiocarbon dating indicated that the samples
belong to the Bronze Age, the Iron Age, and to the Baroque period. Therefore, it was very
intriguing to deeply analyze those samples, using multidisciplinary approaches to gain
insights into the gut microbiome structure, dietary habits, and health status of the people lived

in such a particular place throughout time (Maixner et al., 2021).

Recent studies on human gut microbiome showed that lifestyle and dietary habits can
influence the microbiome structure (Rampelli et al., 2015b; Shanahan et al., 2021). On the
global level, human gut microbiome was suggested to be divided into Westernized- and non-
Westernized microbiomes (Pasolli et al., 2019; Tett et al., 2019). The Westernized life style
and urbanization was linked with loss of microbial diversity in the gut due to

industrialization, urbanization and high fat diets, while the non-Westernized microbiome was
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linked to higher microbial diversity and high fibrous diets (Pasolli et al., 2019; Segata, 2015;
Tett et al.,, 2019). Compared with modern human gut microbiomes, the structural and
functional analysis of the microbiome of Hallstatt paleofeces displayed resemblance to the
non-Westernized microbiomes. This was even noticeable in the more recent sample of the
Baroque times, which indicates that the Westernization effect and loss of diversity happened
at a later timepoint. For sure this is just an indication now, and we would need to include
more samples from similar era in Europe, i.e., 18, 19 and early 20™ centuries, to confirm
that and to determine exactly at which time point such a shift happened, and how people

dietary habits changed with the major sociological, economical, and political changes.

In addition to the microbiome analysis, we attempted to infer the dietary components, that are
among the main drivers of the microbiome composition, by analyzing the plant and animal
DNA content of the feces. We developed a computational pipeline to compare the shotgun
metagenomic sequences against different genomic, organellar, and curated marker-genes
databases, and on the top of that, we employed microscopic and proteomic analyses to gain
further support for the metagenomic results. The dietary molecular analysis results
(metagenomic and metaproteomic) did not match totally with the microscopic results, and
this is likely because of the databases biases and limitations, and the strict selection and
filtering criteria we set to minimize as much as possible the false positives. For example, to
infer the plant diet, we compared our sequences to NCBI-nr, chloroplast genome,
mitochondrial genome, rbclL/matK, and plant inter-transcribed spacers (ITS). In the
meantime, the complete genome sequences of many plants, particularly those not of
economic importance, have not yet been achieved, due to several reasons (Michael and
VanBuren, 2020; Twyford, 2018). For instance, if we have a plant with marker
gene/chloroplast genome available, but the complete nuclear and mitochondrial genomes are
not yet available, this plant will likely be excluded based on the current selection scheme,
which was based on a majority rule. The same picture is applicable to the protein data since it
targets only the coding sequences. In the future, this heuristic selection criteria will need to be
based on weighted scores, considering whether the target sequences are available in the used
database or not. Additionally, it would need also to be validated with control samples of
modern human stool samples (Maixner, 2019), preferably with similar lifestyle and

microbiome structures.
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From genome reconstruction to inferring function

In one of the analyzed Iron Age paleofeces samples, we noticed high prevalence of two
ascomycetous fungal species, i.e., Penicillium roqueforti and Saccharomyces cerevisiae.
Their abundance was high enough, so we opted to reconstruct their genomes by aligning the
metagenomic reads to their reference genomes, which resulted in reconstruction of near-
complete genomes of both species. Then, different questions were imposed - Why were they
there? Were they part of the diet? Were they just environmental contaminant that cumulated
after deposition? In standard situations, transcriptomic analysis would be the most suitable
approach to follow. For example, if it is possible to identify transcripts that are known to be
specific for certain fermentation fate, this would give a direct explanation for their presence
in the feces. However, this is not feasible yet with the current knowledge on the ancient RNA
extraction and handling in the lab. There are only few studies which succeeded to recover
ancient RNA molecules, specifically eukaryotic microRNA (Keller et al., 2017; Smith et al.,
2019) and RNA viruses (Smith et al., 2014). Therefore, we had to choose different approach
to infer the function of those two fungi without having transcriptomic data. But since both
species are of high economic importance in food and beverage fermentation, there were
plenty of genomes available representing different functional fates. We opted to use
combination of phylogenetic and population genetic analyses, in addition to detection of
function-specific marker genes to understand the potential functions of the reconstructed
ancient genomes. In case of the Penicillium roqueforti, the ancient genome showed clear
clustering to cheese making strains, being basal to the non-Roquefort cheese clade, not to the
environmental strains. The same indication was obtained from the admixture analysis. While,
in case of the Saccharomyces cerevisiae, the ancient genomes clustered basal to one of the
beer clades, and additionally contained the RTM1 gene which is a specific marker gene for

beer fermenting yeasts.

The approach we used to infer the potential functions of ancient fungal genomes is new to the
field, since so far and to the best of our knowledge there is only one ancient fungal genome
reported, i.e., the basidiomycetous Malassezia restricta, from an 18" century blood-stained
paper sample (De-Dios et al., 2020). With our two ancient fungal genomes, we report the first
ancient ascomycetous genomes and the increase the total count of ancient fungal genomes to
three. Additionally, the results of this study extended the horizon of the ancient DNA
research to the food processing techniques since we are presenting the very first molecular

genomic evidence for ancient food fermentation. It would be interesting to understand more
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about the process itself, like how they performed the fermentation, and at what temperature,
and whether the miners exploited the constant temperature of the cave to store the cheese and
to age the beer or not. To answer those questions, more efforts would be needed combining
archeological, anthropological, and molecular data to come up with a solid picture on how
these processes were carried out. Considering that there is a growing interest now in
analyzing paleofeces for different purposes, these questions are expected to be addressed

during the coming years.
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Going beyond the current pool of pathogens

In the ancient DNA field, most studies used mapping-to-reference approach to detect and to
reconstruct ancient genomes. This approach only addresses the known microbes with
available reference genomes and neglect the vast majority of the metagenome (i.e., the
microbial dark matter), including not-yet-described taxa. In addition, such an approach could
be biased with the reference genome used for the alignment process. For instance, if the
ancient genome had gone through major genomic deletions or rearrangement, it will not be
possible to detect such a change using the reference-based approaches. Likewise, if we are

dealing with novel organisms that have not been yet described.
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In the third study of this thesis (Sarhan et al., 2023), we analyzed different samples from the
18" century mummy of Anna Catharina Bischoff (ACB) — A mummy that was found in 1975
in during the renovation of Franciscan church in Basel, Switzerland. The reason behind her
mumification was highly attributed to the high mercury concentrations all-over her body,
particularly in the brain (Hotz and Opitz-Belakhal, 2021). The computed tomography (CT)
scanning of the mummy showed some bone lesions that might be indicating to syphilis, or
even tuberculosis or Paget’s disease (Tzankov and Bircher, 2021). Hence, our aim was to
molecularly assess these assumptions, using ancient DNA techniques. Therefore, we
analyzed different samples from different body parts (i.e., teeth, skull, brain, dura matter,
lungs, liver, intestines, and stool), in addition to other samples from the coffin she was found

in, as control samples (i.e., cloths/textile, maggots, and soil).

To assess the previous assumptions, we initially used a targeted approach for the data
analysis, i.e., mapping-to-reference approach, which failed to prove presence of either
Treponema pallidum (syphilis-causing) or Mycobacterium tuberculosis (tuberculosis-
causing). Therefore, we decided to follow an explorative untargeted approach for the data
analysis, by employing de novo assembly. We used different metagenomic assemblers which
use different assembly algorithms (i.e., MEGAHIT and MetaSPAdes) to perform the
metagenomic assembly, by which we were able to retrieve two high-quality genomes (>90%
completeness and <5% contamination), one from each assembler. We used the whole genome
sequences of both genomes to assign taxonomy, which resulted in reliable taxonomy to the
family-level, namely to the Mycobacteriaceae, with no clear assignment to lower taxonomic
levels. Mycobacteriaceae members are generally regarded as environmental microbes (Honda
et al., 2018), despite of being containing common typical pathogens like Mycobacterium
tuberculosis and Mycobacterium leprae (Natarajan et al., 2020; Roltgen et al., 2020). Other
members of the family are known as non-tuberculous mycobacteria (NTM). They are
characterized by being infectious to immunocompromised patients, although being ubiquitous
in the different environmental niches like water and soil (Pennington et al., 2021; Tan and
Kasperbauer, 2021). Therefore, it was crucial for us to deeply characterize the genomes we
recovered to understand whether they are environmental contaminants, or they are
endogenous to the brain of the mummy. Deep analysis of the reconstructed genome revealed
the following: 1) containment of different virulence gene clusters similar to Mycobacterium
tuberculosis complex; ii) potential ability to cross the blood brain barrier (BBB); iii) presence

of a phage genome which might have increased the virulence of this bacterium; iv) the
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genome contains variety of gene systems that enable survival in harsh conditions of heavy

metals and antibiotics.

In modern clinical diagnostics, bacterial infections can be diagnosed in a variety methods,
e.g., nucleic acid detection from blood cultures, direct detection of pathogen blood samples,
direct metagenomics and transcriptomics, and rapid antibiotic susceptibility testing (AST)
methods (Peri et al., 2021). However, most of those tools are not applicable for ancient
pathogens, due to some of the inherent features of the field, e.g., cultivation is almost
impossible because of the cellular degradation of hosts and pathogens, RNA protocols are not
yet established, and scarcity of analyzed materials and blood stream accessibility. Therefore,
majority of the reported genomes of ancient pathogens are those of historical significance and
with enough modern genomic information (e.g., Yersinia pestis), which makes it feasible for
researchers to use mapping-to-reference approach to detect them (Spyrou et al., 2019).
Evidently, the case we analyzed in this study demonstrate one of the major limitations of
relying solely on mapping-to-reference approach to diagnose pathogens, in general, and
ancient pathogens in particular, as we could not assign the symptoms to any known pathogen,
although we analyzed samples from all over the body. Using de novo metagenomic assembly
facilitated identification of a novel undescribed pathogen, which is likely to be the reason
behind the clinical symptoms of the mummy. Moreover, the approach we followed for
combining the output, of two different assembly algorithms, resulted in a higher quality

genome even with modern genomic standards (Figure 3¢, Table 1).
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refer to the values obtained from the paper III in the results sections (Sarhan et al., 2023).

It is worth to mention that there is a noticeable increase of ancient DNA studies which
successfully implemented de novo metagenomic assembly to reconstruct ancient microbial
genomes. One of the early uses of de novo assembly in ancient DNA filed was to assemble
the genome of a medieval Mycobacterium leprae (Schuenemann et al., 2013). Recently, de
novo assembly was used to analyze ancient oral microbiota which facilitated the discovery of
not-yet-described archaeal diversities that are not anymore present in the contemporary
populations, suggesting possible shift in the human oral microbiota over the last millennia
(Granehadll et al., 2021). It was also used on a large-scale to analyze ancient paleofeces to
reconstruct and discover undescribed human gut microbes (Wibowo et al., 2021). It is
important to highlight that our study represent a proof-of-concept for describing previously

unknown ancient pathogen, using de novo metagenomic assembly.
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De novo assembly as affected by ancient DNA damages

Since ancient DNA can be damaged and modified, one question would impose itself is how
far de novo assembly can be influenced by ancient DNA damaged sites? And whether these
damaged sites can be integrated within the resulted contigs resulting in chimeric sequences.
In the seminal paper of using de novo assembly to reconstruct genomes of ancient gut
microbiota, the authors treated the extracted ancient DNA with uracil DNA glycosylase
(UDG), an enzyme that cleaves DNA at uracil-containing sites (Wibowo et al., 2021). This
step was done to assess whether repairing ancient DNA damages can result in different
microbial profiles and improve genome assembly. They reported similar microbial profiles
between UDG-treated and UDG-untreated libraries, however the assembly quality measures

were less in the UDG-treated libraries, due to average shorter fragment lengths.

Apart from that, de novo metagenomic assemblers, e.g., MEGAHIT and MetaSPAdes, in
their first step start to build dictionaries of all k-mers present in one sample (hash table), then
they discard all singleton k-mers. Exclusion of singleton k-mers before building the assembly
graph will likely minimize integration of ancient DNA damaged sites in further steps,
provided that libraries are void of duplicates. Therefore, performing PCR-deduplication step
before starting the assembly process is highly recommended particularly for highly damaged

samples.
Do we really need de novo assembly?

As demonstrated earlier, de novo assembly can reveal unknown pathogen, but how about if
we have particular focus on one pathogen and would like to understand it in an evolutionary
context? Currently, our ability to reconstruct ancient microbial genomes using mapping-to-
reference methods, is limited with the availability of representative reference genomes.
Therefore, we need to differentiate between two types of pathogens: First, clonal pathogens
which exhibit clonal populations with limited genetic diversity, like Mycobacterium
tuberculosis, which is an intracellular pathogen that depends mainly on transmission from
one individual to another. These kinds of pathogens usually maintain similar genome size and
entertain very homogenous population since the main source of genetic variation in the
intrinsic mutation rate. Second, the recombinant pathogens, like Mycobacterium avium
complex or Helicobacter pylori, which have diverse genome sizes and can display genetic

recombination which leads to heterogenous population structure. These recombinant
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pathogens get in contact with environmental milieu where they can be transformed or

transduced by external DNA sources which increase their genetic survivability.

The mapping-to-reference approach can be still enough for analysis of clonal pathogens, but
for recombinant pathogens, it is incapable of unveiling the major genomic rearrangement
events, like transductions or big deletions. Therefore, de novo assembly would have more

value in those cases.

Opportunities and challenges

Application of de novo metagenomic assembly in ancient DNA field would have great
implications on understanding the human microbiome evolution and how human habits
influenced their gut and oral flora (Granehéll et al., 2021; Wibowo et al., 2021). The de novo
assembly not only will enable identification of novel extinct and previously undescribed
pathogens, but also can identify new genomic features of known genomes, that might have
been excised/deleted during earlier times. This might seem to be a speculation, but similar

findings were reported in de novo modern human genome assembly (Wong et al., 2018).

It is important however not to assume the applicability of de novo assembly in all ancient
DNA cases, since the method has also some inherent limitations similar to modern DNA
(Yang et al., 2021): 1) it can create chimeras by assembling sequences from different
genomes; ii) it needs high memory usage; iii) it cannot handle highly repetitive sequences;

and iv) it can be influenced with uneven sequencing depth.
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