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1. Introduction
The study of human health over time offers valuable pathways for understanding
multiple aspects of human experience and biology. Determining the presence of a disease in
an ancient individual or community can give us insights into daily life during that time, and
comparing human microbiota between different human groups over time and space can offer
insights into behavior and diet. Assessing the health of past populations may provide new
perspectives on concomitant social or political changes, and contribute to our understanding
of how those populations managed, or failed to manage, crises and change. On a broader
level, identifying and interrogating humanity’s relationship with infectious and commensal
microbes may offer insights into human evolution and adaptation. Most hopefully, the
knowledge gained from the basic science of past human health may one day lead to
discoveries that can be applied to modern medicine. For example, the evolutionary history of
a specific pathogen may allow us to understand how it may behave in the future, and the
constitution of ancient human microbiota may allow us to interrogate what taxa have been
gained and lost over time in certain populations and what this may mean for modern oral and
gut health.
The study of past human health has always, by necessity, been an interdisciplinary
endeavor. The task of diagnosis, difficult in living populations, becomes increasingly
complicated with the passage of time, and the meaning and value of historical diagnosis,
depending on the theoretical tides among medical historians, modern clinicians, and
anthropologists, may fluctuate (Arrizabalaga, 2002; Waldron, 2009). Historical documentation
or art pieces may offer verbal descriptions or visual depictions of ill health, but may be open
to broad interpretation due to differing medical conventions and terminology over time and
space, embellishment of the artist, or even political concerns that may or may not be evident
to the scholar attempting a diagnosis (Mitchell, 2011). Health can also be inferred from
human remains in archaeological contexts or the archaeological contexts themselves. Mass
graves or multiple burials, for example, could signal an epidemic event (Blakely and
Detweiler-Blakely, 1989; Rugg, 2000). Disease processes can leave traces in surviving soft
tissue in the case of mummified individuals or in hard tissue, and as human remains that
survive in the archaeological record are mostly skeletonized, bone tends to be the most
common medium from which paleopathologists attempt to diagnose deceased,
archaeological individuals. However, pathological changes in bone are not always specific to
a single condition or infection, and not all conditions and infections leave signs in the
4
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skeleton. For those conditions that can leave signs in the skeleton, whether or not this occurs
depends on numerous factors, such as, for example, the immunocompetency of the
individual or the severity of the infection. Even in the event that there are pathognomonic
signs of a specific infection identified in a skeletonized individual, that information cannot be
used to infer evolutionary dynamics of the infecting organism.
Archaeogenetics, with existing technologies and in its current state-of-the-art, can offer
direct molecular evidence of individual microbes and microbial communities in the past. If we
are able to pass the threshold of acquiring trustworthy ancient DNA, we can tell the story of
evolutionary change in a pathogen down to the level of a single mutation, and illustrate the
similarities and differences between human-associated communities of microorganisms over
time and space. However, microbial archaeogenetics is still a young field. This thesis
illustrates the potential of ancient DNA to answer relevant questions about human health by
zooming in to a single pathogen genome enriched from a metagenomic background and
zooming out to whole microbial communities extracted from archaeological materials. Here,
the origins of a family of pathogens – the Mycobacterium tuberculosis complex (MTBC) – is
further elucidated with a single ancient genome, and metagenomics is leveraged to explore
preservation dynamics for human-associated microbial DNA in different archaeological
contexts. The enclosed projects emerged from metagenomic shotgun screening of DNA
extracted from a calcified lung nodule, dentin, dental calculus, and bulk latrine sediments.
The work presented here builds upon decades of developments in genetics,
archaeogenetics, and microbiology. As an introduction, I will focus on the major
developments that have specifically led to the state of the art in ancient microbial genomics,
then go into greater detail describing the history of scholarship investigating the origins of
tuberculosis and archaeological metagenomics of human-associated tissues.

1.1 Ancient microbial genomics
The first ancient DNA studies were published in 1984, and featured the cloning of
DNA fragments from an ancient Egyptian mummy (Pääbo, 1984) and the extinct Quagga, or
plains zebra (Higuchi et al., 1984). In the following years, the polymerase chain reaction
(PCR) method of DNA duplication was invented, and the door to studying ancient DNA from
pathogens was opened (Mullis and Faloona, 1987; Pääbo, 1989). The first study presenting
genetic evidence of an ancient microbe from archaeological human bone was released in
1993, and reported the amplification of Mycobacterium tuberculosis complex (MTBC) DNA
(Spigelman and Lemma, 1993). Shortly thereafter, Salo and colleagues amplified MTBC
DNA from mummified human tissue (Salo et al., 1994). The amplification of Yersinia pestis
from plague victims followed, launching the practice of targeting the tooth pulp chamber for
evidence of septicemic pathogens in human remains (Drancourt et al., 1998). Though these
5

studies were innovative, they triggered skepticism, and guidelines and methodologies for
ensuring the veracity of results stemming from ancient DNA were required. To limit the
possibility of cross-over contamination from modern or other ancient Y. pestis studies, Raoult
and colleagues presented a methodology they termed “suicide PCR,” in which unique, neverbefore-used primers were used to amplify ancient Y. pestis DNA from archaeological
samples (Raoult et al., 2000). The experiments would be performed without a positive control
to further avoid contamination. However, this method was accompanied by many practical
limitations. Different primer designs with overlapping regions could not be tested and refined
in-house. It limited within-lab reproducibility and scalability, as according to the suicide PCR
protocol, the selected primers could only be used once within a given laboratory, lest the
resulting PCR product contaminate future experiments. In a sense, reproducibility between
labs was also limited in the case of a single sample, because whatever remained of the
sample would in theory be contaminated with its own product from a given primer set.
Reproducibility became a central aspect of ancient DNA studies as the field grappled with
how to authenticate findings (Richards et al., 1995; Roberts and Ingham, 2008; Wilbur et al.,
2009). It became clear that the standards for ancient DNA authentication would vary
depending on the type of data targeted and the study design. Gilbert and colleagues outlined
a flexible, “cognitive” framework for authentication taking into consideration the risk of
contamination for various types of target organisms (Gilbert et al., 2005). Ancient pathogen
DNA was cited as the second-highest risk category of study target in archaeogenetics in
terms of contamination, just below human DNA (Gilbert et al., 2005).
Next generation sequencing (NGS) transformed the field of archaeogenetics, allowing
data to be produced indiscriminately at high volumes (Mardis, 2008). The first aDNA studies
leveraging high-throughput sequencing presented portions of nuclear DNA from mammoths
(Poinar et al., 2006) and Neandertals (Green et al., 2006). The variability of environmental
and microbial contamination across different preservation environments was demonstrated
within these first studies, with the mammoth analysis yielding ~45% endogenous DNA
against a heavy microbial background (Poinar et al., 2006). NGS also allowed for the
consistent use of the chemical degradation of DNA over time (Lindahl, 1993) as a tool for
authentication. Using 454-sequenced Neandertal DNA, Briggs and colleagues confirmed the
overabundance of purines at fragment breaks that had previously been reported in PCR
product (Hofreiter et al., 2001) and postulated that this was a reliable pattern for ancient DNA
(2007) that could not be observed to the same degree in more recent DNA (Sawyer et al.,
2012) or present day contamination (Krause et al., 2010). Since then, rate and placement of
cytosine misincorporation along DNA strands have been reported as evidence for the
antiquity of genetic material, and tools quantifying this phenomenon are now a standard part
of aDNA analysis pipelines (Ginolhac et al., 2011; Neukamm and Peltzer, 2018).
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Following the emergence of NGS, the reconstruction of ancient pathogen genomes
became plausible through shotgun sequencing or capture (Burbano et al., 2010; Hodges et
al., 2009; Maricic et al., 2010). The first ancient pathogen genome was generated using an
array-based capture technique (Bos et al., 2011). The study, based on DNA extracted from
dental pulp chambers of individuals buried in a “plague pit” in London, further confirmed Y.
pestis to be the most likely cause of the Black Death, and showed there to be little difference
between the 14th century bacterial genome and its modern counterparts (Bos et al., 2011).
This would be the first in many publications from archaeogenetics that would change how we
understood the plague and its relationship to human history and movement – a story that is
still evolving (Andrades Valtueña et al., 2017; Bos et al., 2016; Feldman et al., 2016, 2016;
Keller et al., 2018; Rascovan et al., 2019; Rasmussen et al., 2015; Spyrou et al., 2018b,
2018a; Wagner et al., 2014). Subsequently, capture techniques were used to increase
genomic coverage of microbes such as ancient Mycobacterium pinnipedii from vertebrae
(Bos et al., 2014), Mycobacterium leprae from bones and teeth (Schuenemann et al., 2013),
Salmonella enterica from teeth (Vågene et al., 2018; Zhou et al., 2018), Vibrio cholerae from
preserved intenstine (Devault et al., 2014), Helicobacter pylori from mummified
gastrointestinal tissue (Maixner et al., 2016), and Hepatitis B virus from bone and mummified
tissue (Mühlemann et al., 2018; Ross et al., 2018). In addition, researchers were able to
acquire genome-level coverage from non-targeted shotgun sequencing alone for pathogens
including Mycobacterium tuberculosis from mummified tissue (Chan et al., 2013; Kay et al.,
2015); Brucella melitensis from a calcified nodule (Kay et al., 2014); Gardnerella vaginalis
and Staphylococcus saprophyticus from calcified nodules (Devault et al., 2017); Borrelia
recurrentis from teeth (Guellil et al., 2018); and Hepatitis B virus from teeth (Krause-Kyora et
al., 2018).
In addition to bacteria and viruses, ancient eukaryotic pathogens have been detected
in data produced with NGS technologies, though there have been no genomic
reconstructions to date. DNA from Plasmodium spp., the causative agents of malaria, was
isolated from human remains buried in southern Italy during the Imperial Roman period
(Marciniak et al., 2016) and blood slides from a mid-twentieth century medical collection
(Gelabert et al., 2016). Genetic material from human intestinal parasites, such as Ascaris
lumbricoides and Taenia spp., has also been sequenced from coprolites and latrine
sediments (Côté et al., 2016; Søe et al., 2018). As discussed in this thesis, eukaryotic
parasites are thought to play an important role in human evolution, and can act as proxies for
human diet and migration (Mitchell, 2013; Perry, 2014). However, there is currently a dearth
of curated genetic sequences of eukaryotic parasites for archaeogeneticists to reference,
though there are active research projects aiming to remedy this data gap (Aurrecoechea et
al., 2013; International Helminth Genomes Consortium, 2019).
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Such studies have been instrumental in elucidating the history of human health in
ways that would have been impossible with modern genetics alone. The power of aDNA to
transform the narrative of a disease’s history is discussed further below, with the specific
case of tuberculosis.

1.2 Shifting narratives on the origins of tuberculosis
Tuberculosis is an infectious disease that is estimated to infect approximately one
quarter of the global human population (Houben and Dodd, 2016). The family of bacteria
responsible for causing tuberculosis is the MTBC, which is made up of seven humanassociated lineages and one cluster of animal-associated lineages. Manuscript A of this
thesis presents evidence supporting the hypothesis that the extant members of the MTBC,
excluding the smooth tubercle bacillus Mycobacterium canettii, emerged no more than 6,000
years before present. The story of the MTBC has oscillated between either one of an ancient
family of pathogenic bacteria that precede the emergence of agriculture or a group of
bacteria that emerged as human pathogens for the first time following the advent of cattle
domestication.
1.2.1

The rise and fall of the Mycobacterium bovis hypothesis
It was long hypothesized that tuberculosis and similar infectious diseases could not

maintain themselves in human populations prior to the rise of agriculture and sedentary,
urbanized living (Armelagos et al., 2005; Dobson and Carper, 1996; Pearce-Duvet, 2006).
The existence of Mycobacterium bovis, a species of the Mycobacterium tuberculosis
complex (MTBC) that predominantly infects domestic bovids, is closely related to the strains
from the MTBC that routinely infected humans. Its capability of transferring from bovids to
humans through tainted milk or meat products originally seemed to suggest that tuberculosis
in human populations had originated as cross-over event of M. bovis (Pearce-Duvet, 2006).
However, in the genomics era, it became clear based on patterns of gene loss in the MTBC
that M. bovis and other animal-infecting strains constituted a more derived lineage than
human-associated strains of tuberculosis (Brosch et al., 2002; Gagneux, 2018; Gutacker et
al., 2002; Mostowy et al., 2002). Following this revelation, tuberculosis became
conceptualized as an ancient disease, perhaps originating in human ancestors in
concurrence with or prior to the emergence of “modern” Homo sapiens (Brosch et al., 2002;
Gutierrez et al., 2005). This was supported by the apparent phylogeographic structure of the
MTBC, by which it was inferred by some researchers that the different lineages of the MTBC
were adapted to different human populations (Gagneux et al., 2006; Hershberg et al., 2008).
However, these estimates were based on what were thought to be universal synonymous
substitution rates across all bacteria (Gutierrez et al., 2005). Thus, they were also based on
8
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the assumption that all bacteria evolved at the same rate, and their molecular clocks
operated with the same speed. After it was demonstrated that bacteria had diverse
substitution rates between and within taxa (Achtman, 2016; Cui et al., 2013; Ochman et al.,
1999), it became necessary to evaluate the clock-like behavior of the MTBC given possible
variability in substitution rates over time throughout the complex, and calibrate such
analyses.
Prior to 2014, there was no ancient genomic data for the MTBC with which to directly
calibrate the phylogeny. However, it had been shown across multiple taxa that molecular
clocks were dependent on the window of sampling times, with younger calibration points
being associated with inflated substitution rates (Achtman, 2016; Drummond et al., 2003;
Duchêne et al., 2014; Ho et al., 2007, 2005; Ho and Larson, 2006). Comas and colleagues
calibrated the MTBC with the human mitochondrial tree based on phylogeographic
similarities and tested multiple timing models based on inferred dates of major human
migrations (Comas et al., 2013). The best-performing model synchronized the emergence
and spread of the MTBC with that of modern humans out of Africa approximately 70,000
years before present (BP) (Comas et al., 2013). This offered a parsimonious explanation for
the global spread of tuberculosis, the seeming host-population affinities of strains within the
complex, and the presence of tuberculosis (as identified by paleopathologists) in the
Americas prior to European contact. However, the first ancient genomic MTBC data would
challenge this view of the disease in multiple ways.
1.2.2

Ancient DNA and tuberculosis
As noted above, tuberculosis was the first disease to be studied in archaeogenetics

via PCR (Spigelman and Lemma, 1993). Two decades worth of PCR-based aDNA studies
followed, most of which targeted the IS6110 and the tuberculosis specific deletion 1 (TbD1)
regions (Arriaza et al., 1995; Baker et al., 2015; Braun et al., 1998; Crubézy et al., 2006;
Faerman and Jankauskas, 2000; Fletcher et al., 2003; Hershkovitz et al., 2008; Masson et
al., 2013; Rothschild et al., 2001; Salo et al., 1994; Spigelman et al., 2002; Albert R. Zink et
al., 2003; A. R. Zink et al., 2003; Zink et al., 2001). The findings spanned the globe and time
periods from the Pleistocene to the 18th century CE (Fletcher et al., 2003). One study
amplified putative MTBC DNA from bison bones excavated from Natural Trap Cave in
Wyoming, USA that were dated to approximately 17,000 years before present, and the PCR
results were replicated in two separate labs, which was viewed as increasing the confidence
of the reported result (Rothschild et al., 2001). The PCR evidence suggests the earliest
known cases of molecularly-diagnosed tuberculosis in humans are from an individual
associated with the pre-domestication phase of the Dja’de el Mughara site in Syria (8800 –
8300 cal. BCE) (Baker et al., 2015) and two individuals recovered from the underwater
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Neolithic site of Atlit-Yam (7300 – 6210 cal. BCE) in the eastern Mediterranean (Hershkovitz
et al., 2008).
Chan and colleagues released the first NGS-based archaeogenetics study identifying
MTBC from shotgun sequencing of mummified lung tissue from an 18th century Hungarian
individual previously tested with PCR (2013; Fletcher, 2003). Bos and colleagues published
the first ancient genomic MTBC data – enriched using hybridization capture – from precontact individuals from Peru, all dated to approximately 1000 years BP (Bos et al., 2014).
Two remarkable findings were made from these three Peruvian MTBC genomes. First, in
phylogenetic analyses, they grouped most closely with M. pinnipedii, a lineage of the MTBC
primarily associated with seals and sea lions today. Second, Bayesian molecular dating (in
which prior beliefs are combined with new data to generate updated estimates) using the
ancient genomes as direct calibration points estimated the most recent common ancestor
(MRCA) of the complex to have emerged no more than 6000 years BP (~4000 BCE). The
following year, a follow-up publication presenting multiple MTBC genomes from the same
group of Hungarian mummies analyzed by Fletcher and colleagues (2003) and Chan and
colleagues (2013) was released, including a Bayesian dating analysis of Lineage 4 of the
MTBC (a globally distributed human-associated lineage within the complex), which yielded
similar substitution rates to the analysis presented by Bos and colleagues (2014; Kay et al.,
2015). These studies, utilizing direct calibration as opposed to the indirect calibration of
human migrations, reduced the estimate for the time to the MTBC MRCA by an order of
magnitude. There is, of course, skepticism regarding these dates, as some challenge the use
of M. pinnipedii genomes due to the hypothesis that the population and evolutionary
dynamics of the animal-associated strains are different to those of the human-associated
lineages. Manuscript A attempts to waylay this suspicion in adding a genome from a humanassociated lineage to the ancient calibration points for the MTBC.
1.2.3

Discrepancies between different lines of evidence
Currently, the ancient genomic evidence for tuberculosis in humans does not support

the hypothesis that the MTBC emerged prior to the advent of agriculture and animal
domestication. As stated above, PCR evidence of MTBC DNA has been uncovered in
humans (and at least one bison) prior to 6000 years before present. However, the oldest
examples of PCR-amplified tuberculosis have been met with heavy scrutiny, owing in part to
the genetic similarity between MTBC strains and environmental mycobacteria (Wilbur et al.,
2009), which is problematic to overcome even with NGS data (Warinner et al., 2017).
Additional lines of evidence, in the form of lesions identified in human bone (Canci et al.,
1996; El-Najjar et al., 1996; Formicola et al., 1987; Köhler et al., 2014; Sparacello et al.,
2017) and ancient lipid biomarkers (Baker et al., 2015; Lee et al., 2015, 2012), also support a
more ancient origin for tuberculosis. However, diagnosing tuberculosis from lesions alone
10
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requires vigorous differential diagnosis, as there are many osteological changes that are
shared between conditions, and rigorous diagnostic practices are not always followed
(Roberts and Buikstra, 2003; Wilbur et al., 2009). In the case of lipid biomarkers, similar
concerns to the PCR data regarding unexplored similarities between the lipid profiles of
MTBC organisms and environmental mycobacteria remain valid, and the field of ancient
lipidomics itself remains undertested and underexplored (Kostyukevich et al., 2018). If all
lines of evidence are ultimately shown to be valid, what could explain the discrepancy
between the calibrated molecular dating and the paleopathology, PCR, and lipidomics data?
In the Discussion section of Manuscript A, the possibilities are addressed in detail.

1.3 Ancient metagenomics of human microbiota
The possibility of studying microbes (modern or ancient) on the community level only
became realistic after the emergence of NGS technologies. This was due directly to the
subsequent reduction in cost and increase in data production, and indirectly to the expansion
of genetic databases and reference sequences with which to interpret data (Mardis, 2008).
Studying ancient human microbiota – the communities of microbes that inhabit the oral
cavity, skin, gastrointestinal system, and vagina, making up most of the genetic diversity in
the human body (Qin et al., 2010) – is essential for gaining a full understanding of human
health. Associations between the oral microbiome and systemic disease have been identified
(Beck and Offenbacher, 2005; Kebschull et al., 2010; Koren et al., 2011; Seymour et al.,
2007). The gut microbiome is increasingly being linked to mental health and neurological
impacts through, for example, the production of 90% of the human body’s serotonin (Dinan et
al., 2015; Schnorr et al., 2016; Yano et al., 2015). As gut microbes may be influencing
human behavior through the gut-brain-axis, the gut microbiome has been shown to be
influenced by human behaviors such as subsistence method (Obregon-Tito et al., 2015;
Schnorr et al., 2016). These findings have emerged even as much of the microbes inhabiting
human microenvironments have yet to be identified or characterized. Efforts such as the
Human Microbiome Project (Consortium, 2012; Group et al., 2009) and the Human Oral
Microbiome Database (Chen et al., 2010; Verma et al., 2018) have made massive strides
towards characterizing and cataloguing the diversity of human microbiota. In addition, the
recent development of methodologies allowing retrieval and reconstruction of genomes from
uncultured (likely unculturable) microbes (Nielsen et al., 2014) has primed the field for the
growth of our understanding of taxonomic diversity in human microbiota, most recently
exemplified by the publication from Pasolli and colleagues (2019). As such, the volume of
knowledge about the influences of human microbiota on human health and behavior is likely
to grow significantly over the coming years. Feeding into and benefiting from this
phenomenon is the archaeogenetics of human microbiota. So far, the ancient human
11

microbiome on the individual level has been mostly explored through two proxies: dental
calculus for the oral microbiome and paleofeces (or coprolites) for the gut microbiome
(Warinner et al., 2015).
1.3.1

Dental calculus
Dental calculus is a calcified biofilm that forms on the surface of human teeth. The

biofilm develops through the colonization of the tooth surface by oral bacteria, which form an
adhesive matrix of excreted exopolysaccharides, proteins, and extracellular DNA (Socransky
and Haffajee, 2002; Warinner et al., 2014). If left undisturbed, the biofilm may calcify through
the precipitation of saliva-borne calcium phosphate ions, forming a cement-like adhesion to
the tooth surface (Warinner et al., 2014; White, 1997, 1991). The calcium phosphate
constitution of dental calculus includes hydroxyapatite, the crystalline structure of bone,
which has been show to bind DNA exceptionally well (Purdy et al., 1996). Preus and
colleagues demonstrated the presence of DNA in dental calculus through transmission
electron microscopy (Preus et al., 2011). Thus, dental calculus was hypothesized to be a
promising source for ancient microbial genetic data.
The first genetics studies on ancient dental calculus were released in 2013, with De La
Fuente and colleagues using species-specific primers to amplify sequences from five known
oral bacteria (2013), and Adler and colleagues using 16S rRNA amplicon sequencing to
distinguish between the bacterial communities in ancient dental calculus spanning from the
Mesolithic to the medieval period and dental tartar from modern Australians of European
descent (2013). In the latter publication, the authors interpreted changes in bacterial
communities over time to reflect major shifts in subsistence. The 16S rRNA gene has in the
past been used as a “universal primer” for Bacteria and Archaea, but because of biases in
amplification due to differences in insert lengths between regions of the 16S rRNA gene in
different species, indiscriminate sequencing approaches have come into favor (Ziesemer et
al., 2015). In their landmark paper, Warinner and colleagues present shotgun sequencing
data from medieval European dental calculus (2014). Their presentation of more than 2,000
identified bacterial and archaeal taxa, a reconstructed genome for the oral bacterium
Tannerella forsythia, and putative dietary DNA primed the field of archaeogenetics to look to
calculus as a rich source of genetic information. However, though it had been shown that
human mitochondrial genomes could be successfully enriched from dental calculus (Ozga et
al., 2016), whether or not it could be used as a consistent and reliable proxy for host DNA
was questionable. In addition, the preservation dynamics of DNA in dental calculus across
diverse time periods, geographical locations, and individuals had not been tested. Manuscript
B of this thesis (Mann et al., 2018) systematically explores diverse preservation dynamics in
dental calculus as compared with paired dentin samples in a large, global dataset.
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1.3.2

Paleofeces and coprolites
Paleofeces, the second proxy for individual ancient human gut microbes, are ancient

preserved feces. In a large portion of archaeogenetics and paleoparasitology papers, the
term “coprolites” is used interchangeably, though formally this refers to fossilized feces. In
this thesis I will use the term paleofeces and coprolites interchangeably, though for cases in
which I am referring to an existing publication, I will use the author’s chosen terminology.
Paleofeces have also been used throughout the history of archaeogenetics to access host
(Hofreiter et al., 2000; Poinar et al., 1998, 2001, 2003; Jenkins et al., 2012; Gilbert et al.,
2008), dietary (Wood et al., 2016, 2012, 2008), and gastrointestinal parasite DNA (Iñiguez et
al., 2006, 2003; Leles et al., 2008; Loreille et al., 2001). Archaeological and latrine sediments
have also been used to access DNA from human-infecting gastrointestinal parasites (Côté et
al., 2016; Søe et al., 2018). Of course, paleofeces have also been sequenced for bacterial,
archaeal, and fungal gut microbiome profiles (Cano et al., 2014; Tito et al., 2012, 2008), as
the ideal proxy for the ancient gut microbiome aside from preserved gastrointestinal tissue
(Lugli et al., 2017; Santiago-Rodriguez et al., 2015). The micro-eukaryotic component of
human microbiomes in the past, and the prevalence and impact of eukaryotic pathogens on
human health, have also been relatively neglected topics (Mann, 2018). In Manuscript C, we
explore composite gut microbiome and eukaryotic pathogen DNA from two medieval latrine
sites in Jerusalem and Riga, Latvia.
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2. Aim of the thesis
The aim of this thesis is to explore the preservation of microbial DNA in diverse
archaeological materials and its utility for answering questions about human health through
time. Next generation sequencing technologies have greatly expanded the possibilities of
research with ancient microbial DNA, directly through the development of shotgun
sequencing methods themselves and indirectly through the resultant growth of genomic
reference databases. Together these allow for the considerably less biased screening of
DNA extracts for relevant and informative genetic fragments. The manuscripts presented in
this thesis call upon these technological and informatic developments to (a) help answer
questions about the origins of the Mycobacterium tuberculosis complex with aDNA extracted
from a calcified lung nodule, (b) systematically test the conditions of DNA preservation in
dentin and dental calculus, and (c) complement and expand upon previous microscopic and
immunoassay analyses of medieval latrine sediments with aDNA. In pursuing these aims, the
promise and limitations of aDNA as a proxy for human health are discussed, with an
emphasis on archaeological source materials for DNA. The specific questions addressed by
this thesis are as follows:
Manuscript A:
•

How useful are calcified nodules as a source of ancient host and pathogen DNA?

•

How old is the Mycobacterium tuberculosis complex?

•

How old is Lineage 4 of the Mycobacterium tuberculosis complex?

•

What currently available Bayesian phylogenetic models are best suited for existing
MTBC data?

•

Do highly confident isolation dates for ancient genomes translate into different or
more confident MRCA estimates than previously published?

Manuscript B:
•

Does dental calculus act as a superior source of ancient DNA across geographical
locations, time periods, human populations, and individuals?

•

How do dental calculus and dentin compare as sources of gross genetic material?

•

How do dental calculus and dentin compare as sources of endogenous human and
microbial DNA?

•

Does the preservation environment of dental calculus impact DNA differently than
that of dentin?

Manuscript C:
14
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•

How do the results of microscopic and immunoassay-based identifications of
eukaryotic pathogens from medieval bulk latrine sediments compare with those of
metagenomic analyses?

•

Can the signature of community gut microbiota be extracted from metagenomic
analysis of medieval bulk latrine sediments, and how well does it preserve against
environmental background?
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3. Overview of manuscripts and author’s contribution
3.1 Manuscript A
“A seventeenth-century Mycobacterium tuberculosis genome supports a Neolithic
emergence of the Mycobacterium tuberculosis complex”
S. Sabin, A. Herbig, Å.J. Vågene, T. Ahlström, G. Bozovic, C. Arcini, D. Kühnert, and K.I.
Bos
Submitted to Genome Biology, 29 January 2019
In Manuscript A, we extracted DNA from a calcified lung nodule that had been
surgically removed from the mummified remains of Bishop Peder Winstrup of Lund. In
addition to exceptional preservation of host DNA (~88% endogenous content), we found
preserved DNA from the Mycobacterium tuberculosis complex (MTBC). After successful
enrichment, we were able to reconstruct a 141-fold coverage Mycobacterium tuberculosis
genome. We applied this genome as a calibration point to date the origin of the MTBC and
Lineage 4 of the MTBC with a Bayesian approach. Using multiple models with this new
calibration point, we confirmed the MTBC to be younger than 6,000 years old, supporting a
Neolithic emergence for the most recent common ancestor of all extant diversity in the MTBC
excluding M. canettii.
Note: The supplementary information file “Additional File 1,” which contains numerous large
tables, can be accessed online as part of the pre-print version of this manuscript.
DOI: https://doi.org/10.1101/588277
Author contributions:
C. Arcini and K.I. Bos conceived of the investigation. T. Ahlström, G. Bozovic, and C.
Arcini performed the exhumation and radiological analysis of the mummy and provided a
paleopathological examination. G. Bozovic was responsible for the CT examinations together
with imaging analysis and coordination of the calcification extraction. S. Sabin performed
subsampling of the lung nodule, DNA extraction, library construction, and library
amplification. S. Sabin performed preliminary metagenomic analysis and mapping of the
shotgun sequencing data with aid from A. Herbig and K.I. Bos. S. Sabin performed laboratory
work in preparation for in-solution capture of the UDG-treated and non-UDG-treated libraries.
S. Sabin performed post-capture mapping and phylogenetic analysis with aid from Å.J.
Vågene, A. Herbig, D. Kühnert, and K.I. Bos. S. Sabin, A. Herbig, D. Kühnert, and K.I. Bos.
designed the molecular dating experiments. S. Sabin composed the manuscript with input
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from all authors. In total, S. Sabin contributed 75% to the project, including the majority of
genetic laboratory work, computational analysis, and manuscript drafting.

3.2 Manuscript B
“Differential preservation of endogenous human and microbial DNA in dental calculus
and dentin”
A.E. Mann, S. Sabin, K. Ziesemer, Å.J. Vågene, H. Schroeder, A.T. Ozga, K.
Sankaranarayanan, C.A. Hofman, J.A. Fellows Yates, D.C. Salazar-Garcia, B. Frohlich, M.
Aldenderfer, M. Hoogland, C. Read, G.R. Milner, A.C. Stone, C.M. Lewis Jr., J. Krause, C.
Hofman, K.I. Bos and C. Warinner
Published:
Mann, Sabin et al. 2018. Differential preservation of endogenous human and microbial DNA
in dental calculus and dentin. Scientific Reports, 8: 9822. DOI: 10.1038/S41598-018-28091-9
In Manuscript B, we present the first systematic exploration of ancient DNA
preservation in dental calculus as compared to dentin, a commonly used source for ancient
human and pathogen DNA. Dental calculus had previously been found to be an excellent
genetic proxy for the human oral microbiome, but this had not been tested across geographic
locations, time periods, burial contexts, and numerous individuals. We evaluated the
preservation of human and microbial DNA in pairs of dentin and dental calculus across fortyeight individuals from a global sample set (n=12) spanning Iberia, Mongolia, Nepal,
Guadeloupe, and Illinois, USA, and a regional sample set (n=36) from a single medieval
burial ground in Ireland. We found that dental calculus preserves a higher quantity of DNA
than dentin; a consistently large proportion of human-associated microbial DNA; and a small,
but consistent portion of host DNA. We found that host DNA is consistently more fragmented
in dental calculus than dentin. In addition, we found that some dentin samples contained
about 20% oral microbiome DNA.
Note: The file containing the supplementary tables for this manuscript can be accessed
online as part of the published version of this manuscript. DOI: 10.1038/S41598-018-28091-9
Author contributions:
C. Warinner and K.I. Bos designed and coordinated this study. D.C. Salazar-Garcia,
B. Frohlich, M. Aldenderfer, M. Hoogland, C. Read, G.R. Milner, A.C. Stone, C.M. Lewis Jr.,
J. Krause and C. Hofman provided materials and resources. A. Mann, S. Sabin, K. Ziesemer,
H. Schroeder, A.T. Ozga, C.A. Hofman, and D. Salazar-Garcia performed sampling,
extractions, library preparation, library amplification, and extract and library quantitation for
the global sample set. S. Sabin and Å.J. Vågene performed sampling, extraction, library
preparation, library amplification, and extract and library quantitation for the regional sample
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set. A. Mann, S. Sabin, K. Ziesemer, and J. Fellows Yates performed data analysis. A. Mann,
S. Sabin, and C. Warinner composed the manuscript with input from all authors.
The original sampling, extraction, library preparation and sequencing of the “regional
dataset” was performed as part of S. Sabin’s M.Sc. thesis. However, S. Sabin performed the
following work specifically within the purview of this dissertation which provided new data and
further analyses:
•

Measurement of concentration of “regional dataset” (n=36) and “global dataset”
(n=12) extracts in collaboration with A. Mann.

•

Measurement of concentration of “global dataset” libraries in collaboration with A.
Mann.

•

Library preparation of a subset of the “regional dataset” for deep shotgun sequencing
(n=13).

•

Data curation of bacterial and archaeal shotgun reads from both datasets for BrayCurtis taxonomic distance visualization, microbial source analysis, and linear
discriminant analysis. S. Sabin completed the latter two analyses independently, and
the Bray-Curtis taxonomic distance visualization in collaboration with A. Mann.

•

Manuscript composition and figure curation in collaboration with A. Mann and C.
Warinner.
In total, S. Sabin contributed 40% to the project with laboratory work, analysis, and

manuscript composition.

3.3 Manuscript C
“Microbial preservation and population health inferred from metagenomic analyses of
two medieval latrines”
S. Sabin, M. Ledger, H.-Y. Yeh, P. Mitchell, K.I. Bos
In preparation for submission to Philosophical Transactions of the Royal Society
In Manuscript C, bulk sediments from two medieval latrine sites in Riga, Latvia and
Jerusalem that previously underwent microscopic and immunoassay-based analyses for the
presence of eukaryotic parasites are revisited for genetic evidence of eukaryotic parasites. In
contrast to other studies investigating ancient eukaryotic parasites, we (a) extracted DNA not
from a concentration of filtered parasite eggs, but from the bulk sediments themselves, and
(b) employed a shotgun sequencing approach instead of a targeted amplification approach.
We explore possible PCR inhibition, alpha diversity measurements, possible source
contributions to the total genetic content (including community gut microbiome preservation),
and the preservation of eukaryotic parasite DNA. We compare the microscopy and
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immunoassay findings and the metagenomics findings, discussing the value and limitations
of the latter.
Author contributions:
P. Mitchell and K.I. Bos conceived of and coordinated this study. M. Ledger consulted
on microscopy methodology and sample provenance. H.-Y. Yeh performed the original
microscopy and immunoassay analyses on sediments from the Riga and Jerusalem latrines.
S. Sabin performed sub-sampling, extraction, library preparation, and library amplification for
samples from both sites. S. Sabin performed metagenomic analysis and reference-specific
mapping of the resulting shotgun-sequenced data, as well as the alpha diversity and source
contribution estimations. S. Sabin composed the manuscript.
In total, S. Sabin contributed 70% to the project in completing genetics laboratory work,
analysis, and manuscript composition.
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ABSTRACT
Background:
Although tuberculosis accounts for the highest mortality from a bacterial infection on a global
scale, questions persist regarding its origin. One hypothesis based on modern
Mycobacterium tuberculosis complex (MTBC) genomes suggests their most recent common
ancestor (MRCA) followed human migrations out of Africa ~70,000 years before present
(BP). However, studies using ancient genomes as calibration points have yielded much
younger MRCA dates of less than 6,000 years. Here we aim to address this discrepancy
through the analysis of the highest-coverage and highest quality ancient MTBC genome
available to date, reconstructed from a calcified lung nodule of Bishop Peder Winstrup of
Lund (b. 1605 – d. 1697).
Results:
A metagenomic approach for taxonomic classification of whole DNA content permitted the
identification of abundant DNA belonging to the human host and the MTBC, with few non-TB
bacterial taxa comprising the background. Subsequent genomic enrichment enabled the
reconstruction of a 141-fold coverage M. tuberculosis genome. In utilizing this high-quality,
high-coverage 17th century M. tuberculosis genome as a calibration point for dating the
MTBC, we employed multiple Bayesian tree models, including birth-death models, which
allowed us to model pathogen population dynamics and data sampling strategies more
realistically than those based on the coalescent.
Conclusions
The results of our metagenomic analysis demonstrate the unique preservation environment
calcified nodules provide for DNA. Importantly, we estimate an MRCA date for the MTBC of
3258 BP (2190-4501 BP) and for Lineage 4 of 1445 BP (929-2084 BP) using multiple
models, confirming a Neolithic emergence for the MTBC.
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BACKGROUND
Tuberculosis, caused by organisms in the Mycobacterium tuberculosis complex
(MTBC), has taken on renewed relevance and urgency in the 21st century due to its global
distribution, its high morbidity, and the rise of antibiotic resistant strains (WHO, 2018). The
difficulty in disease management and treatment, combined with the massive reservoir the
pathogen maintains in human populations through latent infection (Houben and Dodd, 2016),
makes tuberculosis a pressing public health challenge. Despite this, controversy exists
regarding the history of the relationship between members of the MTBC and their human
hosts.
Existing literature suggests two most recent common ancestor (MRCA) dates for the
MTBC based on the application of Bayesian molecular dating to genome-wide
Mycobacterium tuberculosis data. One estimate suggests the extant MTBC emerged through
a bottleneck approximately 70,000 years ago, coincident with major migrations of humans
out of Africa (Comas et al., 2013). This estimate was reached using exclusively modern M.
tuberculosis genomes, with internal nodes of the MTBC calibrated by extrapolated dates for
major human migrations (Comas et al., 2013). This estimate relied on congruence between
the topology of MTBC and human mitochondrial phylogenies, but this congruence does not
extend to human Y chromosome phylogeographic structure (Pepperell et al., 2013). As an
alternative approach, the first publication of ancient MTBC genomes utilized radiocarbon
dates as direct calibration points to infer mutation rates, and yielded an MRCA date for the
complex of less than 6,000 years (Bos et al., 2014). This younger emergence was later
supported by mutation rates estimated within the pervasive Lineage 4 (L4) of the MTBC,
using four M. tuberculosis genomes from the late 18th and early 19th centuries (Kay et al.,
2015).
Despite the agreement in studies that have relied on ancient DNA calibration so far,
dating of the MTBC emergence remains controversial. Such a young age cannot account for
purported detection of MTBC DNA in archaeological material that predates the MRCA
estimate (e.g. Baker et al. 2015; Hershkovitz et al. 2008; Masson et al. 2013; Rothschild et

23

al. 2001), the authenticity of which has been challenged (Wilbur et al., 2009). Furthermore,
constancy in mutation rates of the MTBC has been challenged on account of observed rate
variation in modern lineages, combined with the unquantified effects of latency (Gagneux,
2018). The ancient genomes presented by Bos and colleagues, though isolated from human
remains, were most closely related to Mycobacterium pinnipedii, a lineage of the MTBC
associated with infections in seals and sea lions today (2014). Given our unfamiliarity with
the demographic history of tuberculosis in sea mammal populations (Ochman et al., 1999),
identical substitution rates between the pinniped lineage and human-adapted lineages of the
MTBC cannot be assumed. Additionally, the identification of true genetic changes in
archaeological specimens can be difficult given the similarities between MTBC and
environmental mycobacterial DNA from the depositional context (Warinner et al., 2017).
Though the ancient genomes published by Kay and colleagues belonged to human-adapted
lineages of the MTBC, and the confounding environmental signals were significantly reduced
by their funerary context in crypts, two of the four genomes used for molecular dating were
derived from mixed-strain infections (2015). By necessity, diversity derived in each genome
would have to be ignored for them to be computationally distinguished (Kay et al., 2015).
Though ancient DNA is a valuable tool for answering the question of when the MTBC
emerged, the available ancient data remains sparse and subject to case-by-case challenges.
Here, we contribute to clarifying the timing of the emergence of the MTBC and L4
using multiple Bayesian models of varying complexity through the analysis of a highcoverage 17th century M. tuberculosis genome extracted from a calcified lung nodule.
Removed from naturally mummified remains, the nodule provided an excellent preservation
environment for the pathogen, exhibiting minimal infiltration by exogenous bacteria. The
nodule and surrounding lung tissue also showed exceptional preservation of host DNA, thus
showing promise for this tissue type in ancient DNA investigations.

RESULTS
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Pathogen identification
Computed tomography (CT) scans of the mummified remains of Bishop Peder
Winstrup of Lund revealed a calcified granuloma a few millimeters (mm) in size in the
collapsed right lung together with two ~5 mm calcifications in the right hilum (Figure 1).
Primary tuberculosis causes parenchymal changes and ipsilateral hilar lymphadenopathy
that is more common on the right side (Leung et al., 1992). Upon resolution it can leave a
parenchymal scar, a small calcified granuloma (Ghon Focus), and calcified hilar nodes,
which are together called a Ranke complex. In imaging this complex is suggestive of
previous tuberculosis infection, although histoplasmosis can have the same appearance
(Burrill et al., 2007). Histoplasmosis, however, is very rare in Scandinavia and more often
seen in other parts of the world (e.g. the Americas) (Bahr et al., 2015). The imaging findings
were therefore considered to result from previous primary tuberculosis. One of the calcified
hilar nodes was extracted from the remains during video-assisted thoracoscopic surgery,
guided by fluoroscopy. The extracted material was further subsampled for genetic analysis.
DNA was extracted from the nodule and accompanying lung tissue using protocols optimized
for the recovery of ancient, chemically degraded, fragmentary genetic material (Jesse
Dabney et al., 2013). The metagenomic library was shotgun sequenced to a depth of
approximately 3.7 million reads.
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Figure 1. CT image of Ranke complex. CT image of Peder Winstrup’s chest in a slightly
angled axial plane with the short arrow showing a small calcified granuloma in the probable
upper lobe of the collapsed right lung, and two approximately 5 mm calcifications in the right
hilum together suggesting a Ranke complex and previous primary tuberculosis. The more
lateral of the two hilar calcifications was extracted for further analysis. In addition, there are
calcifications in the descending aorta proposing atherosclerosis (arrowhead).

Adapter-clipped and base quality filtered reads were taxonomically binned with MALT
(Vågene et al., 2018) against the full NCBI Nucleotide database (‘nt’, April 2016). In this
process, 3,515,715 reads, or 95% of the metagenomic reads, could be assigned to taxa
contained within the database. Visual analysis of the metagenomic profile in MEGAN6
(Huson et al., 2016) revealed the majority of these reads, 2,833,403 or 81%, were assigned
to Homo sapiens. A further 1,724 reads assigned to the Mycobacterium tuberculosis complex
(MTBC) node. Importantly, no other taxa in the genus Mycobacterium were identified, and
the only other identified bacterial taxon was Ralstonia solanacearum (Figure 2a), a soildwelling plant pathogen frequently identified in metagenomic profiles of archaeological
samples (Mann et al., 2018; Salanoubat et al., 2002) (Table S1 in Additional File 1).

Figure 2. Screening of sequencing data from LUND1 shows preservation of host and
pathogen DNA. A) Krona plots reflecting the metagenomic composition of the lung nodule.
The majority of sequencing reads were aligned to Homo sapiens (n=2,833,403),
demonstrating extensive preservation of host DNA. A small portion of reads aligned to
bacterial organisms, and 80% of these reads were assigned to the MTBC node (n=1,724). B)
Damage plots generated from sequencing reads mapped directly to a reconstructed MTBC
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ancestor genome (Comas et al., 2010), demonstrating a pattern characteristic of ancient
DNA.

Pre-processed reads were mapped to both the hg19 human reference genome and a
reconstructed MTBC ancestor (TB ancestor) (Comas et al., 2010) using BWA as
implemented in the Efficient Ancient Genome Reconstruction (EAGER) pipeline (Peltzer et
al., 2016). Reads aligned to hg19 with direct mapping constituted an impressive 88% of the
total sequencing data (Table S2 in Additional File 1). Human mitochondrial contamination
was extremely low, estimated at only 1-3% using Schmutzi (Renaud et al., 2015) (Additional
File 2). Reads were also mapped to the TB ancestor (Table 1). After map quality filtering and
read de-duplication, 1,458 reads, or 0.045% of the total sequencing data, aligned to the
reference (Table 1), and exhibited cytosine-to-thymine damage patterns indicative of
authentic ancient DNA (Figure 2b) (Jesse Dabney et al., 2013; Ginolhac et al., 2011).
Qualitative preservation of the tuberculosis DNA was slightly better than that of the human
DNA, as the damage was greater in the latter (Table S2 in Additional File 1). Laboratorybased contamination, as monitored by negative controls during the extraction and library
preparation processes, could be ruled out as the source of this DNA (Table S3 in Additional
File 1).
Genomic enrichment and reconstruction
Due to the clear but low-abundance MTBC signal, a uracil DNA glycosylase (UDG)
library was constructed to remove DNA lesions caused by hydrolytic deamination of cytosine
residues (Briggs et al., 2010) and enriched with an in-solution capture (Fu et al., 2013;
Hodges et al., 2009) designed to target genome-wide data representing the full diversity of
the MTBC (see METHODS). The capture probes are based on the TB ancestor genome
(Comas et al., 2010), which is equidistant from all lineages of the MTBC. The enriched library
was sequenced using a paired-end, 150-cycle Illumina sequencing kit to obtain a full
fragment-length distribution (Figure S1 in Additional File 2). The resulting sequencing data
was then aligned to the hypothetical TB ancestor genome (Comas et al., 2010), and the
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mapping statistics were compared with those from the screening data to assess enrichment
(Table 1). Enrichment increased the proportion of endogenous MTBC DNA content by three
orders of magnitude, from 0.045% to 45.652%, and deep sequencing yielded genome-wide
data at an average coverage of approximately 141.5-fold. The mapped reads have an
average fragment length of ~66 base pairs (Table 1).

Pre/post

Library
treatment

Unique
mapped reads,
quality-filtered
(n)
1458

Endogenous
DNA (%)

Mean
fold
coverage

non-UDG

Processed
reads premapping
(n)
3696712

Precapture
Postcapture

GC
content
(%)

0.018

Mean
fragment
length
(bp)
54.31

0.045

UDG

59091507

9482901

45.652

141.5062

65.83

62.96

63.89

Table 1. Mapping statistics for LUND1 libraries. A comparison of the mapping statistics
for the non-UDG screening library and UDG-treated MTBC enriched library of LUND1 when
aligned to the MTBC ancestor genome (Comas et al., 2010). For full EAGER output, see
Table S2 in Additional File 1.

We further evaluated the quality of the reconstructed genome by quantifying the
amount of heterozygous positions (see METHODS). Derived alleles represented by 10-90%
of the reads covering a given position with five or more reads of coverage were counted.
Only 24 heterozygous sites were counted across all variant positions in LUND1. As a
comparison, the other high-coverage (~125 fold) ancient genome included here – body92
from Kay et al. 2015 – contained 70 heterozygous positions.
Phylogeny and dating
Preliminary phylogenetic analysis using neighbor joining (Figures S2 and S3 in
Additional File 2), maximum likelihood (Figures S4 and S5 in Additional File 2), and
maximum parsimony trees (Figures S6 and S7 in Additional File 2) indicated that LUND1
groups within the L4 strain diversity of the MTBC, and more specifically, within the
L4.10/PGG3 sublineage. This sublineage was recently defined by Stucki and colleagues as
the clade containing L4.7, L4.8, and L4.9 (Stucki et al., 2016) according to the widelyaccepted Coll nomenclature (Coll et al., 2014). Following this, we constructed two datasets to
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support molecular dating of the full MTBC (Table S4 in Additional File 1) and L4 of the MTBC
(Table S5 in Additional File 1), which we tested for temporal signal with TempEst (Figures
S8, S9, and S10 in Additional File 2).
The dataset reflecting extant diversity of the MTBC was compiled as reported
elsewhere (Bos et al., 2014), with six ancient genomes as calibration points. These included
LUND1; two additional ancient genomes, body80 and body92, extracted from late 18th and
early 19th century Hungarian mummies (Kay et al., 2015); and three human-isolated
Mycobacterium pinnipedii strains from Peru (Bos et al., 2014), encompassing all available
ancient M. tuberculosis genomes with sufficient coverage to call SNPs confidently after
stringent mapping with BWA (Li and Durbin, 2009) (see METHODS; Table S4 in Additional
File 1). Mycobacterium canettii was used as an outgroup. In generating an alignment of
variant positions in this dataset, we excluded repetitive regions and regions at risk of crossmapping with other organisms as done previously (Bos et al., 2014), as well as potentially
imported sites from recombination events, which were identified using ClonalFrameML
(Didelot and Wilson, 2015) (Table S6 in Additional File 1). We chose to exclude these
potential recombination events despite M. tuberculosis being generally recognized as a
largely clonal organism with no recombination or horizontal gene transfer, as these
phenomena have been found to occur at low frequency in M. canettii (Boritsch et al., 2016).
Only twenty-three variant sites were lost from the full MTBC alignment as potential imports.
We called a total of 42,856 variable positions in the dataset as aligned to the TB ancestor
genome. After incompletely represented sites were excluded, 11,716 were carried forward
for downstream analysis.
To explore the impact of the selected tree prior and clock model, we ran multiple
variations of models as available for use in BEAST2 (Bouckaert et al., 2014). We first used
both a strict and a relaxed clock model together with a constant coalescent model (CC+strict,
CC+UCLD). We found there to be minimal difference between the inferred rates estimated
by the two models. This finding, in addition to the low rate variance estimated in all models,
suggests there is little rate variation between known branches of the MTBC. Nevertheless,
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the relaxed clock appeared to have a slightly better performance (Table 2). To experiment
with models that allowed for dynamic populations, we applied a Bayesian skyline
(SKY+UCLD) and birth-death skyline prior (BDSKY+UCLD) combined with a relaxed clock
model. In the BDSKY+UCLD model, the tree was conditioned on the root. To our knowledge,
this is the first instance of a birth-death tree prior being used to infer evolutionary dynamics of
the MTBC while using ancient data for tip calibration. The BDSKY+UCLD model had the
highest marginal likelihood value of all models applied to this dataset (Table 2).
A calibrated maximum clade credibility (MCC) tree was generated for the
BDSKY+UCLD model, with 3258 years before present (BP) (95% highest posterior density
[95% HPD] interval: 2190 – 4501 BP) as an estimated date of emergence for the MTBC
(Figure 3a). Tree topology agrees with previously presented phylogenetic analyses of the full
MTBC (Bos et al., 2014; Comas et al., 2013; O’Neill et al., 2018).

Model

Marginal
Likelihood

Mean Rate
(95% HPD)

BDSKY+UCLD

6125044.471764
58

1.4488E-8
(9.4606E-9,
1.9632E-8)

CC+UCLD

6126017.15694
528
6127733.35000
634
6125541.681186
91

1.214E-8
(7.1934E-9,
1.6448E-8)
1.2944E-8
(8.6149E-9,
1.7342E-8)
1.1573E-8
(8.6397E-9,
1.4509E-8)

SKY+UCLD
CC+strict

Mean Rate
Variance
(95% HPD)
1.6881E-17
(5.4855E-18,
3.069E-17)

Mean Tree Height
(95% HPD)

1.2459E-17
(2.833E-18,
2.3969E-17)
1.3423E-17
(4.848E-18,
2.3869E-17)
NA

4172.1961
(2585.2349,
6119.744)
3650.4222
(2472.6434,
4992.0277)
4453.1162
(3330.1516,
5619.3974)

3258.0478
(2189.5235,
4501.1384)

Table 2. Model comparison for full MTBC dataset. Parameter estimates from four models
applied to the full MTBC dataset: constant coalescent with uncorrelated lognormal clock
(CC+UCLD), constant coalescent with strict clock (CC+strict), Bayesian skyline coalescent
with uncorrelated lognormal clock (SKY+UCLD), and birth-death skyline with uncorrelated
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lognormal clock (BDSKY+UCLD). Tree height is expressed in years before present, with the
most recent time as 2010.

Figure 3. MTBC maximum clade credibility tree. This MCC tree of mean heights was
generated from the BDSKY+UCLD model as applied to the full MTBC dataset. Lineages are
labeled on the right side. The ancient genomes are indicated by red asterisks and labeled on
the side with their sample names. The outgroup is labeled as “M. canettii.” The 95% HPD
intervals of the heights of nodes ancestral to each lineage are indicated as (lower boundary upper boundary) in years before present. Ancestral nodes are highlighted by a circle colored
to match the lineage label. The time scale is expressed as years before present, with the
most recent time as 2010.

The L4 dataset includes LUND1 and the two Hungarian mummies described above
(Kay et al., 2015) as calibration points. We selected 149 modern genomes representative of
the known diversity of L4 from previously published datasets (Additional File 2) (Comas et
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al., 2013, 2010; Stucki et al., 2016). A modern Lineage 2 (L2) genome was used as an
outgroup. After the exclusion of sites as discussed above (Table S7 in Additional File 1), a
SNP alignment of these genomes in reference to the reconstructed TB ancestor genome
(Comas et al., 2010) included a total of 17,333 variant positions, excluding positions unique
to the L2 outgroup. Only fifteen variant sites were lost from the L4 dataset alignment. After
sites missing from any alignment in the dataset were excluded from downstream analysis,
10,009 SNPs remained for phylogenetic inference. A total of 810 SNPs were identified in
LUND1, of which 126 were unique to this genome. A SNP effect analysis (Cingolani et al.,
2012) was subsequently performed on these derived positions (Additional File 2; Table S8 in
Additional File 1).
We applied the same models as described above for the full MTBC dataset, with the
addition of a birth-death skyline model conditioned on the origin of the root
(BDSKY+UCLD+origin). All mean tree heights are within 250 years of each other and the
95% HPD intervals largely overlap. The BDSKY+UCLD and BDSKY+UCLD+origin models
show the highest marginal likelihood values after stepping stone sampling. We employed the
BDSKY+UCLD+origin model to determine if the estimated origin of the L4 dataset agreed
with the tree height estimates for the full MTBC dataset. Intriguingly, the estimated origin
parameter (Table 3), or the ancestor of the tree root, largely overlaps with the 95% HPD
range for MTBC tree height as seen in Table 2.
A calibrated MCC tree (Figure 4) was generated based on the BDSKY+UCLD model
for the L4 dataset. This model yielded an estimated date of emergence for L4 of 1445 BP
(95% HPD: 929-2084 BP). The tree reflects the ten-sublineage topology presented by Stucki
and colleagues (2016), with LUND1 grouping with the L4.10/PGG3 sublineage.
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Model

Marginal
Likelihood

Mean
Mean Rate
Mean Tree Origin
Rate
Variance
Height
(BDSKY
(95%
(95% HPD)
(95% HPD) only)
HPD)
NA
BDSKY+UCLD
-6033864.2003
3.1885E-8
4.991E-17
1444.5416
(1.9488E-8, (1.0674E-17,
(929.3966,
4.4007E-8)
8.9835E-17)
2083.7636)
BDSKY+UCLD+o
-60327945.1483
3.4761E-8
5.5123E-17
1319.2463
2310.916(11
rigin
(2.447E-8,
(1.9718E-17,
(952.8702,
65.2155,
4.5029E-8)
9.4555E-17)
1761.4382)
3372.9253)
NA
CC+UCLD
-6043356.1504
3.1068E-8
4.3865E-17
1569.0512
(1.988E-8,
(1.3291E-17,
(1054.607,
4.1624E-8)
7.806E-17)
2225.4758)
SKY+UCLD
-6034698.362
2.8097E-8
3.7609E-17
1690.536
NA
(1.5329E-8, (6.0593E-18,
(1016.2712,
3.9927E-8)
7.1919E-17)
2646.5163)
NA
CC+strict
-6034091.5119
2.9299E-8
NA
1567.544
(2.2173E-8,
(1186.1186,
3.6637E-8)
1978.6488)
Table 3. Model comparison for L4 dataset. Selected parameter estimates from five models
applied to the Lineage 4 dataset: constant coalescent with uncorrelated lognormal clock
(CC+UCLD), constant coalescent with strict clock (CC+strict), Bayesian skyline coalescent
with uncorrelated lognormal clock (SKY+UCLD), birth-death skyline with uncorrelated
lognormal clock and tree conditioned on the root (BDSKY+UCLD), and birth-death skyline
with uncorrelated lognormal clock with origin parameter estimate (BDSKY+UCLD+origin).
Tree height is expressed in years before present, with the most recent time as 2010.
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Figure 4. L4 maximum clade credibility tree. This MCC tree of mean heights was
generated from the BDSKY+UCLD model as applied to the L4 dataset. Sublineages are
labelled on the right side. The ancient genomes are indicated by red asterisks and labelled
with their sample name. The Lineage 2 outgroup, represented by L2_N0020, is labeled on
the side. The 95% HPD interval for node height is displayed for ancestral nodes of each
sublineage as (lower boundary - upper boundary) in years before present. Ancestral nodes
are highlighted by a circle colored to match the sublineage label. The time scale is expressed
as years before present, with the most recent time as 2010.

DISCUSSION
The increasing number of ancient Mycobacterium tuberculosis genomes is steadily
reducing the uncertainty of molecular dating estimates for the emergence of the MTBC.
Here, using the ancient data available to date, we directly calibrate the MTBC time tree, and
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confirm that known diversity within the complex is derived from a common ancestor that
existed ~2000-6000 years before present (Figure 3; Table 2) (Bos et al., 2014; Kay et al.,
2015). Our results support the hypothesis that the MTBC emerged during the Neolithic, and
not before. The Neolithic revolution generally refers to the worldwide transition in lifestyle and
subsistence from more mobile, foraging economies to more sedentary, agricultural
economies made possible by the domestication of plants and animals. The period during
which it occurred varies between regions. In Africa, where the MTBC is thought to have
originated (Comas et al., 2013; Gutierrez et al., 2005; Hershberg et al., 2008; Wirth et al.,
2008), the spread of animal domestication in the form of pastoralism appears to have its
focus around ~3000 BCE, or 5000 BP, across multiple regions (Shillington, 2012). The
estimates presented here place the emergence of tuberculosis amidst the suite of human
health impacts that took place as a consequence of the Neolithic lifestyle changes often
referred to collectively as the first epidemiological transition (Armelagos et al., 2005; Cohen
and Armelagos, 1984).
Tuberculosis has left testaments to its history as a human pathogen in the
archaeological record (Roberts and Buikstra, 2003), and some skeletal evidence has implied
the existence of tuberculosis in humans and animals pre-dating the upper 95% HPD
boundary for the MTBC MRCA presented here (Baker et al., 2015; Canci et al., 1996; ElNajjar et al., 1996; Formicola et al., 1987; Hershkovitz et al., 2008; Köhler et al., 2014;
Rothschild et al., 2001; Sparacello et al., 2017). However, it is important to explore the
evolutionary history of the MTBC through molecular data. Furthermore, it is crucial to base
molecular dating estimates on datasets that include ancient genomes, which expand the
temporal sampling window and provide data from the pre-antibiotic era. Numerous studies
have found long-term nucleotide substitution rate estimates in eukaryotes and viruses to be
dependent on the temporal breadth of the sampling window, and it is reasonable to assume
the same principle applies to bacteria (Achtman, 2016; Drummond et al., 2003; Duchêne et
al., 2014; Ho et al., 2007, 2005; Ho and Larson, 2006). Additionally, rate variation over time
and between lineages, which may arise due to changing evolutionary dynamics such as
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climate and host biology, can impact the constancy of the molecular clock (Achtman, 2016;
Duchêne et al., 2014). Though models have been developed to accommodate uncertainty
regarding these dynamics (Drummond et al., 2006), temporally structured populations can
provide evidence and context for these phenomena over time and can aid researchers in
refining models appropriate for the taxon in question (Drummond et al., 2003).
In addition to our MRCA estimate for the MTBC, we present one for L4, which is
among the most globally dominant lineages in the complex (Brynildsrud et al., 2018; Stucki et
al., 2016). Our analyses yielded MRCA dates between ~900-2500 years before present, as
extrapolated from the 95% HPD intervals of all models (Table 3), with the mean dates
spanning from 320-691 CE. These results are strikingly similar to those found in two prior
publications, and support the idea proposed by Kay and colleagues that L4 may have
emerged during the late Roman period (Bos et al., 2014; 2015). However, there exist
discrepancies between different estimates for the age of this lineage in available literature
that overlap with the upper (O’Neill et al., 2019) and lower (Brynildsrud et al., 2018) edges of
the 95% HPD intervals reported here. In addition, recent phylogeographic analyses of the
MTBC and its lineages had ambiguous results for L4, with the internal nodes being assigned
to either African or European origins depending on the study or different dataset structures
used within the same study (Brynildsrud et al., 2018; O’Neill et al., 2019). This finding belies
a close relationship between ancestral L4 strains in Europe and Africa (Brynildsrud et al.,
2018; O’Neill et al., 2019). Stucki and colleagues delineated L4 into two groups based on the
extent of their geographic distribution: globally distributed “generalist” sublineages and highly
local “specialist” sublineages that do not appear outside a restricted geographical niche
(Stucki et al., 2016). Thus far, the “specialist” sublineages are found regionally on the African
continent. A clear phylogenetic relationship explaining the distinction between geographically
expansive and limited strains has not been established. Specifically, LUND1 falls within the
globally distributed, “generalist” L4.10/PGG3 sublineage that shares a clade with two
“specialist” sublineages: L4.6.1/Uganda and L4.6.2/Cameroon (Figure 4) (Stucki et al.,
2016). Elucidating the phenomenon that separated L4.10/PGG3 and the L4.6 lineages could
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offer relevant clues about the evolutionary relationship between specific populations of
MTBC organisms and specific populations of humans by selection or genetic drift discussed
previously (Gagneux et al., 2006; Hershberg et al., 2008). Assuming modern L4 diversity in
Africa was driven by colonial migrations from Europe to Africa (Brynildsrud et al., 2018), why
do we not see the L4.6 lineages more frequently in European populations as we do their
sister clade? However, the current discrepancies over the age and geographic origin of L4
make interpretations of existing data unreliable for questions of such specificity and
complexity at this time. These discrepancies could be due to differences in genome
selection, SNP selection, and/or model selection and parameterization. Until more diverse,
high-quality ancient L4 genomes are generated, creating a more temporally and
geographically structured dataset, it is unlikely we will gain clarity.
Going deeper into comparisons between the results presented here and those from
prior studies, mutation rate estimates in the L4 and full MTBC analyses were lower than
previous estimates for comparable datasets, but within the same order of magnitude, with all
mean and median estimates ranging between 1E-8 and 5E-8 (Bos et al., 2014; Kay et al.,
2015) (Table 2). Nucleotide substitution rates inferred based on modern tuberculosis data
are close to, but slightly higher than those based on ancient calibration, with multiple studies
finding rates of approximately 1E-7 substitutions per site per year in multiple studies (Ford et
al., 2011; Pepperell et al., 2013). Despite a strict clock model having been rejected by the
MEGA-CC molecular clock test (Kumar et al., 2012) for both the L4 and full MTBC datasets,
the clock rate variation estimates do not surpass 9E-17 in any model. Additionally, there is
little difference between the clock rates estimated in the L4 and full MTBC datasets
suggesting the rate of evolution in L4 does not meaningfully differ from that of the full
complex (Tables 2 and 3; Figure 5; Figures S12 and S13 in Additional File 2).
Importantly, we explored our data through multiple models, including birth-death tree
priors. In our opinion, these models offer more robust parameterization options for
heterochronous datasets that are unevenly distributed over time, such as those presented
here, by allowing for uneven sampling proportions across different time intervals of the tree
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(Stadler et al., 2013). Recent studies have demonstrated the importance of selecting
appropriate tree priors for the population under investigation, as well as the differences
between birth-death and coalescent tree priors (Boskova et al., 2018; Möller et al., 2018). It
is notable that the estimates reported here roughly agree across multiple demographic and
clock models implemented in BEAST2. The estimate of the origin height for the L4 dataset
as calculated with the birth-death Skyline model overlaps with the 95% HPD intervals for the
tree height estimates across models in the full MTBC dataset.
In addition to confirming the findings of prior publications, this study contributes a
high-coverage, contamination-free, and securely dated ancient M. tuberculosis genome for
future dating efforts, which may include more ancient data or more realistic models. Much of
this quality likely comes from the unique preservation environment of the calcified nodule. In
the case of tuberculosis, such nodules form from host immunological responses in the
waning period of an active pulmonary infection (Brown et al., 1994) and remain in lung
tissue, characterizing the latent form of the disease. Host immune cells were likely
responsible for the dominant signal of 89% human DNA in the LUND1 metagenomic
screening library. Similar levels of preservation have been observed through analyses of
ancient nodules yielding Brucella (Kay et al, 2014) and urogenital bacterial infections
(DeVault et al, 2017), with pathogen preservation surpassing what we report here.
LUND1 avoided multiple quality-related problems often encountered in the
identification and reconstruction of ancient genetic data from the MTBC. The genome is of
high quality both in terms of its high coverage and low heterozygosity. Despite the low
quantity of MTBC DNA detected in the preliminary screening data, in-solution capture
enriched the proportion of endogenous DNA by three orders of magnitude (Table 1). The
resultant genomic coverage left few ambiguous positions at which multiple alleles were
represented by greater than 10% of the aligned reads. This extremely low level of
heterozygosity indicated that LUND1 contained a dominant signal of only one MTBC strain.
This circumvented analytical complications that can arise from the simultaneous presence of
multiple MTBC strains associated with mixed infections, or from the presence of abundant
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non-MTBC mycobacteria stemming from the environment. The preservation conditions of
Bishop Winstrup’s remains, mummified in a crypt far from soil, left the small MTBC signal
unobscured by environmental mycobacteria or by the dominance of any other bacterial
organisms (Figure 2a). The unprecedented quality of LUND1 and the precision of its
calibration point (historically recorded year of death) made it ideal for Bayesian molecular
dating applications.

Figure 5. Substitution rate comparison across models and studies. Mean substitution
rate per site per year for all models is expressed by a filled circle, with extended lines
indicating the 95% HPD interval for that parameter. The Bos et al. 2014 and Kay et al. 2015
ranges are based on the reported rate values in each study. The Bos et al. 2014 range is
based on a full MTBC dataset, while the Kay et al. 2015 range is based on an L4 dataset. All
values presented here fall within one order of magnitude.

As the practice of applying ancient genomic data is still in its nascent stages, there
are caveats to the results of this study. First, this analysis excludes diversity within M. canettii
– a bacterium that can cause pulmonary tuberculosis – from the MTBC dataset, and as such
our estimate does not preclude the possibility of a closely related ancestor having caused
infections indistinguishable from tuberculosis in humans before 6,000 BP. The inferred
MRCA could be restricted to a lineage that survived an evolutionary bottleneck or selective
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sweep, possibly connected to its virulence in humans as suggested elsewhere, albeit as a
considerably more ancient event (Jankute et al., 2017; Sreevatsan et al., 1997). It is possible
there were pathogenic sister lineages to the MTBC that existed prior to this reduction in
diversity and are not represented by extant MTBC diversity. Additionally, despite the use of
ancient data, our temporal sampling window is still narrow given the estimated age of the
MTBC and L4. For the MTBC dataset no samples pre-date 1,000 years before present, and
for L4, no samples predate 350 years before present. It could be argued the ancient L4
genomes available to date represent samples taken in the midst of an epidemic – namely,
the “White Plague” of tuberculosis, which afflicted Europe between the 17th and 19th centuries
(Dubos and Dubos, 1952). For a slow-evolving bacterial pathogen like tuberculosis, it is
possible our sampling window of ancient genomes is subject to the very issue they are
meant to alleviate: the time-dependency of molecular clocks (Achtman, 2016; Duchêne et al.,
2014; Ho et al., 2007, 2005). The genomes sampled from pre-contact Peruvian remains do
not derive from a known epidemic period in history and add temporal spread to our MTBC
dataset, but also belong to a clade of animal-associated strains (M. pinnipedii) that may have
been subject to dramatically different evolutionary pressures compared to the humanassociated lineages of the complex due to differing host biology and population dynamics.
However, our use of a relaxed clock model allowed for the estimation and accommodation of
variable rates across different branches of the complex. We do not see evidence for
divergent substitution rates among the branches leading to the Peruvian M. pinnipedii strains
(Figure S12 in Additional File 2). On a related matter, we may be missing diversity for some
lineages (e.g. L6, L7, animal lineages) for which whole genome data is sparse. The available
ancient MTBC genomes also suffer from a lack of lineage diversity, with only pinniped strains
and L4 represented.
Filling the MTBC time tree with more ancient genomes from diverse time periods,
locations, and lineages would address the limitations listed above. The most informative data
would a) derive from an Old World context (i.e. Europe, Asia, or Africa) pre-dating the White
Plague in Europe or b) come from any geographical location or pre-modern time period, but
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belong to one of the MTBC lineages not yet represented by ancient data. An ideal data point,
which would clarify many open questions and seeming contradictions related to the
evolutionary history of the MTBC, would derive from Africa, the inferred home of the MTBC
ancestor (Comas et al., 2013; Gutierrez et al., 2005; Hershberg et al., 2008; Wirth et al.,
2008), and pre-date 2,000 years before present. A genome of this age would test the lower
boundaries of the 95% HPD tree height intervals estimated in the full MTBC models
presented here. Until recently it would have been considered unrealistic to expect such data
to be generated from that time period and location. Innovations and improvements in ancient
DNA retrieval and enrichment methods, however, have brought this expectation firmly into
the realm of the possible (Fu et al., 2013; Gansauge et al., 2017). Ancient bacterial pathogen
genomes have now been retrieved from remains from up to 5,000 years before present
(Andrades Valtueña et al., 2017; Rasmussen et al., 2015; Spyrou et al., 2018b) and recent
studies have reported the recovery of human genomes from up to 15,000 year-old remains
from north Africa (Loosdrecht et al., 2018; Schuenemann et al., 2017).

CONCLUSIONS
Here we offer confirmation that the extant MTBC, and all available ancient MTBC
genomes, stem from a common ancestor that existed a maximum of 6,000 years before
present. Many open questions remain, however, regarding the evolutionary history of the
MTBC and its constituent lineages, as well as the role of tuberculosis in human history.
Elucidating these questions is an iterative process, and progress will include the generation
of diverse ancient M. tuberculosis genomes, and the refinement and improved
parameterization of Bayesian models that reflect the realities of MTBC (and other
organisms’) population dynamics and sampling frequencies over time. To aid in future
attempts to answer these questions, this study provides an ancient MTBC genome of
impeccable quality and explores the first steps in applying birth-death population models to
modern and ancient TB data.
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METHODS
Lung nodule identification
The paleopathological investigation of the body of Winstrup is based on extensive
CT-scan examinations with imaging of the mummy and its bedding performed with a
Siemens Somatom Definition Flash, 128 slice at the Imaging Department of Lund University
Hospital. Ocular inspection of the body other than of the head and hands was not feasible,
since Winstrup was buried in his episcopal robes and underneath the body was wrapped in
linen strips. The velvet cap and the leather gloves were removed during the
investigation. The body was naturally mummified and appeared to be well preserved with
several internal organs identified.
The imaging was quite revealing. The intracranial content was lost with remains of the
brain in the posterior skull base. Further, the dental status was poor with several teeth in the
upper jaw affected by severe attrition, caries and signs of tooth decay, as well as the
absence of all teeth in the lower jaw. Most of the shed teeth were represented by closed
alveoli, indicating antemortem tooth loss. Along with the investigation of the bedding, a small
sack made of fabric was found behind the right elbow containing five teeth: two incisors, two
premolars and one molar. The teeth in the bag complemented the remaining teeth in the
upper jaw. It is feasible that the teeth belonged to Winstrup and were shed several years
before he died. A fetus approximately five months of age was also found in the bedding,
underneath his feet.
Both lungs were preserved but collapsed with findings of a small parenchymal
calcification and two ~5 mm calcifications in the right hilum (Figure 1). The assessment was
that these could constitute a Ranke complex, suggestive of previous primary tuberculosis
(Brown et al., 1994). A laparoscopy was performed at the Lund University Hospital in a
clinical environment whereby the nodules were retrieved. Furthermore, several calcifications
were also found in the aorta and the coronary arteries, suggesting the presence of
atherosclerosis. The stomach, liver and gall bladder were preserved, and several small
gallstones were observed. The spleen could be identified but not the kidneys. The intestines
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were there, however, collapsed except for the rectum that contained several large pieces of
concernments. The bladder and the prostate could not be recognized.
The skeleton showed several pathological changes. Findings on the vertebrae
consistent with of DISH (Diffuse idiopathic skeletal hyperostosis) were present in the thoracic
and the lumbar spine. Reduction of the joint space in both hip joints and the left knee joint
indicate that Winstrup was affected by osteoarthritis. No signs of gout or osteological
tuberculosis (i.e. Pott’s disease) were found.
Neither written sources nor the modern examination of the body of Winstrup reveal
the immediate cause of death. However, it is known that he was bedridden for at least two
years preceding his death. Historical records indicate that gallstones caused him problems
while travelling to his different parishes. Additionally, he was known to have suffered from
tuberculosis as a child, which may have recurred in his old age.
Sampling and extraction
Sampling of the lung nodule, extraction, and library preparation were conducted in
dedicated ancient DNA clean rooms at the Max Planck Institute for the Science of Human
History in Jena, Germany. The nodule was broken using a hammer, and a 5.5 mg portion of
the nodule was taken with lung tissue for extraction according to a previously described
protocol with modifications (Jesse Dabney et al., 2013). The sample was first decalcified
overnight at room temperature in 1 mL of 0.5 M EDTA. The sample was then spun down,
and the EDTA supernatant was removed and frozen. The partially decalcified nodule was
then immersed in 1 mL of a digestion buffer with final concentrations of 0.45 M EDTA and
0.25 mg/mL Proteinase K (Qiagen) and rotated at 37°C overnight. After incubation, the
sample was centrifuged. The supernatants from the digestion and initial decalcification step
were purified using a 5 M guanidine-hydrochloride binding buffer with a High Pure Viral
Nucleic Acid Large Volume kit (Roche). The extract was eluted in 100 μl of a 10mM trishydrochloride, 1 mM EDTA (pH 8.0), and 0.05% Tween-20 buffer (TET). Two negative
controls and one positive control sample of cave bear bone powder were processed
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alongside LUND1 to control for reagent/laboratory contamination and process efficiency,
respectively.
Library preparation and shotgun screening sequencing
Double-stranded Illumina libraries were constructed according to an established
protocol with some modifications (Meyer and Kircher, 2010). Overhangs of DNA fragments
were blunt-end repaired in a 50 μl reaction including 10 μl of the LUND1 extract, 21.6 μl of
H2O, 5 μl of NEB Buffer 2 (New England Biolabs), 2 μl dNTP mix (2.5 mM), 4 μl BSA (10
mg/ml), 5 μl ATP (10 mM), 2 μl T4 polynucleotide kinase, and 0.4 μl T4 polymerase, then
purified and eluted in 18 μl TET. Illumina adapters were ligated to the blunt-end fragments in
a reaction with 20 μl Quick Ligase Buffer, 1 μl of adapter mix (0.25 μM), and 1 μl of Quick
Ligase. Purification of the blunt-end repair and adapter ligation steps was performed using
MinElute columns (Qiagen). Adapter fill-in was performed in a 40 μl reaction including 20 μl
adapter ligation eluate, 12 μl H2O, 4 μl Thermopol buffer, 2 μl dNTP mix (2.5 mM), and 2 μl
Bst polymerase. After the reaction was incubated at 37°C for 20 minutes, the enzyme was
heat deactivated with a 20 minute incubation at 80°C. Four library blanks were processed
alongside LUND1 to control for reagent/laboratory contamination. The library was quantified
using a real-time qPCR assay (Lightcycler 480 Roche) with the universal Illumina adapter
sequences IS7 and IS8 as targets. Following this step, the library was double indexed
(Kircher et al., 2012) with a unique pair of indices over two 100 μl reactions using 19 μl of
template, 63.5 μl of H2O, 10 μl PfuTurbo buffer, 1 μl PfuTurbo (Agilent), 1 μl dNTP mix
(25mM), 1.5 μl BSA (10 mg/ml), and 2 μl of each indexing primer (10 μM). The master mix
was prepared in a pre-PCR clean room and transported to a separate lab for amplification.
The two reactions were purified and eluted in 25 μl of TET each over MinElute columns
(Qiagen), then assessed for efficiency using a real-time qPCR assay targeting the IS5 and
IS6 sequences in the indexing primers. The reactions were then pooled into one doubleindexed library. Approximately one-third of the library was amplified over three 70 μl PCR
reactions using 5 μl of template each and Herculase II Fusion DNA Polymerase (Agilent).
The products were MinElute purified, pooled, and quantified using an Agilent Tape Station
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D1000 Screen Tape kit. LUND1 and the corresponding negative controls were sequenced
separately on an Illumina NextSeq 500 using single-end, 75-cycle, high-output kits.
Pathogen identification and authentication
De-multiplexed sequencing reads belonging to LUND1 were processed in silico with
the EAGER pipeline (v.1.92) (Peltzer et al., 2016). ClipAndMerge was used for adapter
removal, fragment length filtering (minimum sequence length: 30 bp), and base sequence
quality filtering (minimum base quality: 20). MALT v. 038 (Vågene et al., 2018) was used to
screen the metagenomic data for pathogens using the full NCBI Nucleotide database (‘nt’,
April 2016) with a minimum percent identity of 85%, a minSupport threshold of 0.01, and a
topPercent value of 1.0. The resulting metagenomic profile was visually assessed with
MEGAN6 CE (Huson et al., 2016). The adapter-clipped reads were additionally aligned to a
reconstructed MTBC ancestor genome (Comas et al., 2010) with BWA (Li and Durbin, 2009)
as implemented in EAGER (-l 1000, -n 0.01, -q 30). Damage was characterized with
DamageProfiler in EAGER (Neukamm and Peltzer, 2018).
In-solution capture probe design
Single-stranded probes for in-solution capture were designed using a computationally
extrapolated ancestral genome of the MTBC (Comas et al., 2010). The probes are 52
nucleotides in length with a tiling density of 5 nucleotides, yielding a set of 852,164 unique
probes after the removal of duplicate and low complexity probes. The number of probes was
raised to 980,000 by a random sampling among the generated probe sequences. A linker
sequence (5’-CACTGCGG-3’) was attached to each probe sequence, resulting in probes of
60 nucleotides in length, which were printed on a custom-design 1 million-feature array
(Agilent). The printed probes were cleaved off the array, biotinylated and prepared for
capture according to Fu et al. (2013).
UDG library preparation and in-solution capture
Fifty microliters of the original LUND1 extract were used to create a uracil-DNA
glycosylase (UDG) treated library, in which the post-mortem cytosine to uracil modifications,
which cause characteristic damage patterns in ancient DNA, are removed. The template
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DNA was treated in a buffer including 7 μl H2O, 10 μl NEB Buffer 2 (New England Biolabs),
12 μl dNTP mix (2.5 mM), 1 μl BSA (10 mg/ml), 10 μl ATP (10 mM), 4 μl T4 polynucleotide
kinase, and 6 μl USER enzyme (New England Biolabs). The reaction was incubated at 37°C
for three hours, then 4 μl of T4 polymerase was added to the library to complete the bluntend repair step. The remainder of the library preparation protocol, including double indexing,
was performed as described above.
The LUND1 UDG-treated library was amplified over two rounds of amplification using
Herculase II Fusion DNA Polymerase (Agilent). In the first round, five reactions using 3 μl of
template each were MinElute purified and pooled together. The second round of amplification
consisted of three reactions using 3 μl of template each from the first amplification pool. The
resulting products were MinElute purified and pooled together. The final concentration of 279
ng/μl was measured using an Agilent Tape Station D1000 Screen Tape kit (Agilent). A
portion of the non-UDG library (see above) was re-amplified to 215 ng/μl. A 1:10 pool of the
non-UDG and UDG amplification products was made to undergo capture. A pool of all
associated negative control libraries (Supplementary Table 2) and a positive control known to
contain M. tuberculosis DNA also underwent capture in parallel with the LUND1 libraries.
Capture was performed according to an established protocol (Hodges et al., 2009), and the
sample product was sequenced on an Illumina HiSeq 4000 with a 150-cycle paired end kit to
a depth of ~60 million paired reads. The blanks were sequenced on a NextSeq 500 with a
75-cycle paired end kit.
Genomic reconstruction, heterozygosity, and SNP calling
For the enriched, UDG-treated LUND1 sequencing data, de-multiplexed paired-end
reads were processed with the EAGER pipeline (v. 1.92) (Peltzer et al., 2016), adapterclipped with AdapterRemoval, and aligned to the MTBC reconstructed ancestor genome with
in-pipeline BWA (-l 32, -n 0.1, -q 37). Previously published ancient and modern
Mycobacterium tuberculosis genomic data (Supplementary Table 4, Supplementary Table 5)
were processed as single-end sequencing reads, but otherwise processed identically in the
EAGER pipeline. Genome Analysis Toolkit (GATK) UnifiedGenotyper was used to call SNPs
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using default parameters and the EMIT ALL SITES output option (Auwera et al., 2013). We
used MultiVCFAnalyzer (v0.87 https://github.com/alexherbig/MultiVCFAnalyzer) (Bos et al.,
2014) to create and curate SNP alignments for the L4 (Supplementary Table 5) and full
MTBC (Supplementary Table 4) datasets based on SNPs called in reference to the TB
ancestor genome (Comas et al., 2010), with repetitive sequences, regions subject to crossspecies mapping, and potentially imported sites excluded. The repetitive and possibly crossmapped regions were excluded as described previously (Bos et al., 2014). Potentially
imported sites were identified using ClonalFrameML (Didelot and Wilson, 2015) separately
for each dataset, using full genomic alignments and trees generated in RAxML (Stamatakis,
2014) as input without the respective outgroups. Remaining variants were called as
homozygous if they were covered by at least 5 reads, had a minimum genotyping quality of
30, and constituted at least 90% of the alleles present at the site. Outgroups for each dataset
were included in the SNP alignments, but no variants unique to the selected outgroup
genomes were included. Minority alleles constituting over 10% were called and assessed for
LUND1 to check for a multiple strain M. tuberculosis infection. Sites with missing or
incomplete data were excluded from further analysis.
Phylogenetic analysis
Neighbor joining (Figures S2 and S3 in Additional File 2), maximum likelihood
(Figures S4 and S5 in Additional File 2), and maximum parsimony (Figures S6 and S7 in
Additional File 2) trees were generated for the L4 and full MTBC datasets (Tables S4 and S5
in Additional File 1), with 500 bootstrap replications per tree. Maximum parsimony and
neighbor joining trees were configured using MEGA-Proto and executed using MEGA-CC
(Kumar et al., 2012). Maximum likelihood trees were configured and executed using RAxML
(Stamatakis, 2014) with the GTR+GAMMA substitution model.
Bayesian phylogenetic analysis of full MTBC and L4 datasets
Bayesian phylogenetic analysis of the full MTBC was conducted using a dataset of
261 M. tuberculosis genomes including LUND1, five previously published ancient genomes
(Bos et al., 2014; Kay et al., 2015), and 255 previously published modern genomes (Table
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S4 in Additional File 1). Mycobacterium canettii was used as an outgroup for this dataset.
Bayesian phylogenetic analysis of L4 of the MTBC was conducted using a dataset of 152
genomes including three ancient genomes presented here and in a previous publication (Kay
et al., 2015) and 149 previously published modern genomes (Table S5 in Additional File 1).
Body80 and body92 were selected out of the eight samples presented by Kay and
colleagues based on multiple criteria. Multiple samples from that study proved to be mixed
strain infections. Apart from body92, these samples were excluded from this analysis due to
our present inability to separate strains without ignoring derived positions. Body92 had a
clearly dominant strain estimated by Kay et al. (2015) to make up 96% of the tuberculosis
data, and stringent mapping in BWA (Li and Durbin, 2009) (-l 32, -n 0.1, -q 37) found the
genome to have 124-fold coverage when mapped against the TB ancestor. Between the
degree of dominance and the high coverage, we could confidently call variant positions from
the dominant strain (Figure S11a in Additional File 2). Body80 was the only single-strain
sample from that collection to have sufficient coverage (~8x) for confident SNP calling after
stringent mapping (Figure S11b in Additional File 2). For selection criteria for the modern
genomes, please see Additional File 2. L2_N0020 was used as an outgroup. The possibility
of equal evolutionary rates in both datasets was rejected by the MEGA-CC molecular clock
test (Kumar et al., 2012). TempEst (Rambaut et al., 2016) was also used to assess temporal
structure in the phylogeny prior to analysis with BEAST2 (Bouckaert et al., 2014). For the full
MTBC alignment, R2=0.273, and for the L4 alignment, R2=0.113 (Figures S8 and S9 in
Additional File 2). We generated a maximum likelihood tree and alignment excluding the of
the full MTBC excluding the animal lineages, and consequently excluding the ancient M.
pinnipedii genomes, to test if limiting the dataset to the human lineages produced a stronger
temporal signal. Without the anchor of the ancient M. pinnipedii genomes, the temporal
signal for the full complex reduced (R2=0.06), as all ancient calibration points were limited to
Lineage 4. When the root-to-tip distances are plotted with points labelled according to
lineage or sublineage, it becomes clear that clade membership is largely driving the distance
from root of the genomes. However, there remains a temporal signal in the data.

48

Manuscript A
A correction for static positions in the M. tuberculosis genome not included in the
SNP alignment was included in the configuration file. A “TVM” substitution model, selected
based on results from ModelGenerator (Keane et al., 2006), was implemented in BEAUti as
a GTR+G4 model with the AG rate parameter fixed to 1.0. LUND1, body80, and body92
were tip-calibrated using year of death, which was available for all three individuals (Table S5
in Additional File 1). The three ancient Peruvian genomes were calibrated using the midpoint of their OxCal ranges (Table S4 in Additional File 1) (Bos et al., 2014). We performed
tip sampling for all modern genomes excluding the outgroup over a uniform distribution
between 1992 and 2010 in all models. The outgroup was fixed to 2010 in every case. In the
BDSKY models, all modern genomes were given a tip date of 2010. All tree priors were used
in conjunction with an uncorrelated relaxed lognormal clock model. The constant coalescent
model was also used in conjunction with a strict clock model.
Two independent MCMC chains of 200,000,000 iterations minimum were computed
for each model. If the ESS for any parameter was below 200 after the chains were combined,
they were resumed with additional iterations. The results were assessed in Tracer v1.7.1 with
a 10 percent burn-in (Rambaut et al., 2014). Trees were sampled every 20,000 iterations.
The log files and trees for each pair of runs were combined using LogCombiner v2.4.7
(Bouckaert et al., 2014). An MCC tree was generated using TreeAnnotator with ten percent
burn-in (Bouckaert et al., 2014). For details on the parameterization of the birth-death
models, please see Additional File 2.
Marginal likelihood was calculated using stepping stone sampling (Xie et al., 2011)
implemented in the MODELSELECTION package in BEAST2. The total chain length
required for convergence in each model was split across 100 steps. Following this, we
performed a date randomization test (Ramsden et al., 2009) for the BDSKY+UCLD model for
each dataset. Dates were shuffled randomly among all genomes excluding the outgroup. For
both datasets the outgroup was used as an anchor for tip-dating of the “modern” genomes in
each date-randomized model. Ten randomizations were generated for each model and run in
at least two parallel chains until convergence.
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ADDITIONAL FILES
Additional File 1
Format: Excel spreadsheet (.xlsx)
Title: Supplementary Tables
Description: Large tables of data contributing to the analyses presented in this paper,
including a taxon table showing assigned reads from all taxonomic levels represented in the
metagenomic LUND1 library (Table S1); full EAGER pipeline results for LUND1 shotgun
sequencing data when mapped to HG19 human reference genome and TB ancestor
genome, the non-UDG-treated enriched LUND1 data when mapped to the TB ancestor
genome, and the UDG-treated enriched LUND1 data when mapped to the TB ancestor
genome (Table S2); full EAGER pipeline results for negative controls processed with LUND1,
mapped to the reconstructed TB ancestor genome (Table S3); genomes included in the full
MTBC dataset, with respective publications, accession numbers, lineages, and dates (when
applicable) (Table S4); genomes included in the L4 dataset, with respective publications,
accession numbers, lineages, dates, and percentage of total SNPs called as heterozygous
(Table S5); sites excluded from the full MTBC dataset (Table S6); sites excluded from the L4
dataset (Table S7); SnpEff annotation for derived alleles in LUND1 (Table S8).
Additional File 2
Format: Word document (.docx)
Title: Supplementary Information
Description: Detailed supplements to the RESULTS and METHODS sections,
including supplementary figures
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ADDITIONAL FILE 2
SUPPLEMENTARY INFORMATION
For
A seventeenth-century Mycobacterium tuberculosis genome supports a Neolithic emergence
of the Mycobacterium tuberculosis complex.

Mitochondrial analysis
Given the uncharacteristically high endogenous human DNA content of the lung
nodule, we estimated the mitochondrial contamination rate using Schmutzi (Renaud et al.,
2015). In order to do this we mapped the metagenomic sequencing data to the hg19
mitochondrial chromosome with CircularMapper as implemented in the EAGER pipeline
(Peltzer et al., 2016). We called initial contamination estimates with contDeam, and then ran
Schmutzi, calling a consensus mitochondrial sequence and making a final average
contamination estimate of 2% (lower boundary 1%, upper boundary 3%).
Heterozygosity analysis and selection of modern L4 genomes
We chose to reduce the quantity of L4 genomes used for Bayesian phylogeny in this
study for the purposes of computational feasibility and attempting to balance the
representation of different L4 sublineages without compromising allelic diversity in the
analysis. The four deeply sampled sublineages published by Stucki and colleagues (2016) –
L4.3/LAM, L4.6.1/Uganda, L4.1.2/Haarlem, and L4.10/PGG3 – were subsampled to 30
representatives each based on the quantity of heterozygous positions found in each genome
after the inclusion of strains published in the Comas et al. (2013, 2010) datasets. For each of
these four sublineages, the 30 genomes with the fewest heterozygous positions were
selected for inclusion. We quantified the number of heterozygous positions using
MultiVCFAnalyzer (v0.87 https://github.com/alexherbig/MultiVCFAnalyzer) (Bos et al., 2014)
(see METHODS).
SNP Effect Analysis

SnpEff (v4.2) (Cingolani et al., 2012) was run for LUND1 using a gene annotation
database tailored to the TB ancestor reference genome (Comas et al., 2010). With the
exception of setting the upstream and downstream effect interval to 100 nucleotides, we
used default settings. Variant positions unique to LUND1 in comparison to the L4 dataset
alignment were filtered, and the SnpEff results for these positions, in addition to gene
descriptions from the NCBI Gene database, can be found in Table S9 of Additional File 1.
Of note were two mce-associated genes thought to be involved in macrophage
invasion (Gagneux, 2018) that showed MODERATE or MODIFIER impact annotations:
mce1C (missense variant) and mce1B (downstream gene variant). A MODERATE impact
variant (missense variant) was also flagged in zmp1, which may be involved in hostpathogen interaction (Correa et al., 2014).
Additionally, there were numerous variant positions that had MODERATE or
MODIFIER impact annotations in genes involved in cell wall or membrane functions, as
determined through Mycobrowser (Kapopoulou et al., 2011): mmpL4 (missense variant),
mmpS4 (downstream gene variant), Rv0102 (upstream gene variant), Rv0912 (downstream
gene variant), ctpG (missense variant), Rv1999c (missense variant), cysA1 (missense
variant), cysW (missense variant), lppR (downstream gene variant), merT (missense variant),
Rv3104c (downstream gene variant), Rv3273 (missense variant), Rv3635 (downstream gene
variant), and Rv3821 (downstream gene variant).
Birth-death model parameterization
For both datasets, birth death multi-rho tree priors were utilized. The L4 birth death
skyline analyses were parameterized as follows for both BDSKY+UCLD+origin and
BDSKY+UCLD. The rho parameter, referencing the sampling proportion at each sampling
time, was split into four dimensions. One dimension was provided for each ancient sample,
with a Beta prior distribution with mean 0.01, and one dimension was provided for modern
genome representation, with Beta prior distribution with mean 0.1. The rho sampling times
for each ancient genome were given as their respective tip dates, and the rho sampling time
for modern genomes was set to 0. The reproductive number parameter (R), was given 5
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dimensions, which provided estimates of population dynamics within L4 over time. The
becomeUninfectiousRate was given one dimension for the ancient data with a Beta prior
distribution with mean 0.001, and one dimension for the modern data with a Beta prior
distribution of 0.1. For the L4 BDSKY+UCLD+origin analysis we imposed an upper limit on
the origin of 10,000 years, with a starting value of 4,000 years (the initial value of the origin
must be greater than the initial tree height estimate), and a uniform distribution.
MTBC birth-death analysis (BDSKY+UCLD) was parameterized as follows. The rho
parameter was split into seven dimensions with one for each ancient genome, with a Beta
prior distribution centered around 0.001 for dimensions one to six, and 0.1 for the seventh
dimension, translating to 1% and 10% sampling probabilities for ancient and modern
genomes, respectively. The sampling times for rho were set as the tip date for each ancient
genome, and 0 for modern genomes. R was set to five dimensions. The
becomeUninfectiousRate was given one dimension for the ancient data with a Beta prior
distribution with mean 0.001, and one dimension for the modern data with a Beta prior
distribution of 0.1.
Reproductive number (R) estimates
In an outbreak setting, R refers to the average number of secondary cases stemming
from a single infection, and an epidemic event is inferred when the value is greater than one.
However, for the data at hand, R > 1 translates to lineage diversification rates exceeding
lineage death/extinction. A thorough phylodynamic analysis using the birth-death skyline
population model requires inclusion of “outbreak” samples only. This shall be explored in
future work. The R estimates below can only be tentatively interpreted.
In the full MTBC dataset, around 1300 BP the 95% HPD excludes 1, indicating a
positive net diversification rate, with a significant increase between 974 and 390 BP (odds
ratio=10.00054) (Figure S14). For both datasets, we see an increase in R at approximately
750 BP. In the MTBC model, it increases sharply and maintains its peak between 4 and 5.
The increase is more gradual in the L4 model (Figure S15), and declines to hovering just
above R=1. This roughly coincides with a jump in effective population size estimated by Liu
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and colleagues for MTBC lineages indigenous to China (Liu et al., 2018). The decline of R for
L4 beginning approximately 350 BP appears surprising, given the historically recorded rise of
the White Plague in Europe from the 17th-19th century (Dubos and Dubos, 1952).

Figure S1. Fragment length distribution plot for 150 cycle, paired-end sequencing data
from UDG-treated, TB captured LUND1 library. Fragment lengths as provided by
DamageProfiler in the EAGER pipeline for 9,482,901 reads mapped to the TB ancestor
genome with BWA as implemented in EAGER (-l 32, -n 0.1, -q 37).
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Figure S2. MTBC dataset neighbor joining tree. The neighbor joining tree was configured
using MEGA-Proto and generated with MEGA-CC, with 500 bootstrap replicates. The red
stars indicate the ancient genomes.
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Figure S3. L4 dataset neighbor joining tree. The neighbor joining tree was configured
using MEGA-Proto and generated with MEGA-CC, with 500 bootstrap replicates. The red
stars indicate the ancient genomes.

64

Manuscript A

Figure S4. MTBC dataset maximum likelihood tree. The maximum likelihood tree was
configured and generated with RAxML, with 500 bootstrap replicates. The red stars indicate
the ancient genomes.
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Figure S5. L4 dataset maximum likelihood tree. The maximum likelihood tree was
configured and generated with RAxML, with 500 bootstrap replicates. The red stars indicate
the ancient genomes.
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Figure S6. MTBC dataset maximum parsimony tree. The maximum parsimony tree was
configured using MEGA-Proto and generated with MEGA-CC, with 500 bootstrap replicates.
The red stars indicate the ancient genomes.
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Figure S7. L4 dataset maximum parsimony tree. The maximum parsimony tree was
configured using MEGA-Proto and generated with MEGA-CC, with 500 bootstrap replicates.
The red stars indicate the ancient genomes.
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Figure S8. TempEst plot for full MTBC dataset. Plot generated from root-to-tip distances
calculated in TempEst. R2 = 0.27.
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Figure S9. TempEst plot for Lineage 4 dataset. Plot generated from root-to-tip distances
calculated in TempEst. R2 = 0.11.
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Figure S10. TempEst plot for full MTBC excluding animal lineages. Plot generated from
root-to-tip distances calculated in TempEst. Input was a maximum likelihood tree generated
with RAxML based on a SNP alignment excluding animal lineages of the MTBC, and
consequently excluding the ancient M. pinnipedii genomes. R2 = 0.06.

Figure S11. Heterozygosity plots for body92 and body80. A) The grey bars represent the
quantity of sites at which between 10-99% of the reads represent an alternative derived allele
(the allele must have coverage of 5-fold or greater to be counted). Body92 has 206 of these
sites in total, though most of them have >90% representation, making them dominant alleles.
71

The minority alleles, falling between 10-90% of the reads representing a given site (within the
red bracket), are 70 in total. B) The grey bars represent the quantity of sites at which
between 10-99% of the reads represent an alternative derived allele. Body80 has only two
variant positions.
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Figure S12. MTBC BDSKY+UCLD maximum clade credibility tree. Branches of the tree
were colored according to median substitution rate.
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Figure S13. L4 BDSKY+UCLD maximum clade credibility tree. Branches of the tree were
colored according to median substitution rate.
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Figure S14. Full MTBC BDSKY plot. The central black line indicates mean R over time, the
shaded grey area represents the 95% HPD interval of R over time, and the dashed line
shows R=1.

Figure S15. L4 BDSKY plot. Birth-death skyline plot from the BDSKY+UCLD+noOrigin
model applied to the L4 dataset. The central black line indicates mean R over time, the
shaded grey area represents the 95% HPD interval of R over time, and the dashed line
shows R=1.
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Microbial preservation and population health inferred from metagenomic analyses of two
medieval latrines
Susanna Sabin, Marissa Ledger, Hui-Yuan Yeh, Piers Mitchell, Kirsten I. Bos
ABSTRACT
Ancient latrine sediments, containing the concentrated collective solid waste of whole human
communities, are theoretically ideal proxies for human health on the group level. They have
been heavily utilized in the past to detect the presence of gut-associated eukaryotic parasites
through microscopy, immunoassays, and genetics. However, there have been no exploratory
studies to date investigating the whole genetic content of ancient latrine sediments including
not only the presence of gastrointestinal parasites, but also the core community gut
microbiome of the group that used the latrine. Here, we present results from the
metagenomic analysis of bulk sediment from medieval latrines in Riga, Latvia and
Jerusalem. Our findings supplement and strengthen prior microscopic and chemical analyses
of these sediments, particularly regarding the presence of Ascaris lumbricoides at both sites.
Our findings also highlight the ways investigations of eukaryotic parasites in past human
populations will improve with the expansion of publicly available genomic references for
many species.
INTRODUCTION
Studies of ancient parasites and ancient human gut microbiota in paleofeces and
latrine sediments have provided a vivid window into past population health, dietary practices,
and movement. In the past, eukaryotic parasites have been identified through microscopy
(Fugassa et al., 2010; Han et al., 2003; Mitchell et al., 2011; Reinhard et al., 1987; Yeh et al.,
2015, 2014), immunoassays (Gonçalves et al., 2002; Le Bailly et al., 2008; Mitchell et al.,
2008; Yeh et al., 2015, 2014), and genetics (Côté et al., 2016; Guhl et al., 1999; Iñiguez et
al., 2006, 2003; Loreille et al., 2001; Maicher et al., 2017; Oh et al., 2010b, 2010b; Søe et al.,
2018). These studies have demonstrated the antiquity of many eukaryotic parasites in
human populations, and suggest co-evolutionary relationships in many cases (Araújo et al.,
2013, 2008; Araújo and Ferreira, 2000; Mitchell, 2013; Perry, 2014). Meanwhile,
investigations of the gut microbiome in paleofeces are limited to genetics, and comparatively
few papers have been released on this subject (Cano et al., 2014; Santiago-Rodriguez et al.,
2015). Genetic investigation of latrine sediments offers the best avenue to analyze these
human-associated microbes – commensal gut microbes and pathogenic eukaryotic parasites
– in tandem.
Here, we join ancient DNA with previously published paleoparasitology investigations
to elucidate human health at two archaeological sites in Jerusalem and Riga, Latvia.

Sediments from each site were microscopically screened in an earlier work for parasite eggs
and tested by Enzyme Linked Immunosorbent Assay (ELISA) for specific species of
protozoan eukaryotic parasite (Yeh et al., 2015, 2014), and the findings supported the sites’
reputations as hubs for travel and trade. Samples from these sites were provided for
metagenomic screening to generally explore the genetic composition of the samples and
more specifically seek to support and supplement the results of previous microscopy and
ELISA analyses. The Jerusalem latrine (MAM) was located in the Christian Quarter, and
archaeological and radiocarbon dating suggest a period of use during the fifteenth century.
Microscopic analyses of disaggregated sediment and twelve individual coprolites revealed
eggs from Trichuris trichiura (whipworm), Ascaris lumbricoides (roundworm), Taenia sp.
(tapeworm), and Diphyllobothrium sp. (fish tapeworm). The protozoans Entamoeba
histolytica and Giardia duodenalis were identified by ELISA. The latrine site in Riga was
discovered in the medieval “Liv quarter,” and dated to 1356 CE by dendrochronology. Eggs
belonging to Trichuris sp., Diphyllobothrium sp., Ascaris sp., and Oxyuris equi (equid
pinworm) were identified microscopically in the Riga sediments, and Entamoeba histolytica
was identified by ELISA analysis.
Here, we present metagenomic analyses of bulk latrine sediments from both sites.
We report library inhibition and the results of subsequent template reduction, alpha diversity
of the total metagenome from each site, estimated source contributions, and the preservation
of eukaryotic parasite DNA. We discuss similarities and differences between the findings
from the original paleoparasitological analyses and those from the genetic analysis, including
the benefits and limitations of our methodology.
RESULTS
Library inhibition
Two sediment samples from the Jerusalem (MAM) and Riga (RGA) latrine sites were
extracted. The eluate of the MAM extracts was observed to have a brown tinge, and
subsequently we decided to build one set of libraries for MAM using 10 μl of DNA extract (as
described in our standard library preparation protocol) and one set using 2 μl of DNA extract.
For extracts without inhibitory chemicals disabling the action of the polymerase in the
quantitative polymerase chain reaction (qPCR) assay (Wilson, 1997), we would expect the
libraries built with 10 μl of extract to contain approximately five times as many DNA
fragments as the libraries built with 2 μl of extract, as measured by qPCR after ligation and
fill-in of Illumina adapters, but prior to indexing and amplification. However, we found that all
MAM libraries, regardless of DNA input volume, had approximately the same number of DNA
fragments (Table 1). This suggested the libraries were inhibited, and we only took the low
template volume MAM libraries forward for further processing and analysis. We later
produced low template libraries for RGA as well, though the discoloration of those extracts
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was not as extreme. In the case of RGA, the low template libraries were both richer in DNA
fragments than the standard template libraries (Table 1). To replicate the complexity of a
standard 10 μl template library, we generated five libraries with 2 μl of template from each
MAM extract, and combined them after indexing. Their pre-indexing quantitation yielded
expected values.
Library ID

Library Type

Quant1

Quant2

Mean Copies/uL

MAM001.A1

10 µL template (standard)

1.22E+07

1.25E+07

1.24E+07

MAM001.A2

2 µL template

1.89E+07

1.78E+07

1.84E+07

MAM001.A3-1

2 µL template*

2.02E+07

1.95E+07

1.99E+07

MAM001.A3-2

2 µL template*

1.26E+07

1.48E+07

1.37E+07

MAM001.A3-3

2 µL template*

1.95E+07

2.10E+07

2.03E+07

MAM001.A3-4

2 µL template*

1.77E+07

1.95E+07

1.86E+07

MAM001.A3-5

2 µL template*

2.05E+07

2.32E+07

2.19E+07

MAM001.B1

10 µL template (standard)

3.26E+07

3.37E+07

3.32E+07

MAM001.B2

2 µL template

4.13E+07

5.10E+07

4.62E+07

MAM001.B3-1

2 µL template*

2.91E+07

3.25E+07

3.08E+07

MAM001.B3-2

2 µL template*

3.48E+07

2.92E+07

3.20E+07

MAM001.B3-3

2 µL template*

3.57E+07

3.12E+07

3.35E+07

MAM001.B3-4

2 µL template*

2.45E+07

2.24E+07

2.35E+07

MAM001.B3-5

2 µL template*

3.15E+07

2.63E+07

2.89E+07

RGA001.A1

10 µL template (standard)

2.76E+08

2.87E+08

2.82E+08

RGA001.A2

2 µL template

4.48E+08

5.42E+08

4.95E+08

RGA001.B1

10 µL template (standard)

2.80E+08

2.87E+08

2.84E+08

RGA001.B2

2 µL template

3.26E+08

4.21E+08

3.74E+08

Table 1. qPCR copy numbers for pre-indexed libraries. The libraries built on only 2 µL of
extract have as many or more DNA fragments as measured in a qPCR assay after the
attachment of Illumina adapters and prior to indexing and amplification. *The MAM001.A3
and MAM001.B3 libraries were constructed with 2 µL of template per library, then combined
after the indexing step.
Alpha diversity
We evaluated the species level alpha diversity of each library with species richness
(count of species) and Simpson’s diversity index (see METHODS). We assessed these
metrics for each individual sequenced library, and for computationally combined libraries
105

representative of each site. For the combined libraries, we calculated diversity including and
excluding human reads (see METHODS). We used MALT (Vågene et al., 2018), as
implemented in the HOPS pipeline (Huebler et al., 2019), to generate metagenomic profiles
for each library. MALT output was visually assessed with MEGAN6 (Huson et al., 2016),
which we then used to produce separate taxon tables with assigned read numbers for
species-level reads from all taxonomic groups, Bacteria, Archaea, Eukaryota, and Viruses.
Because alpha diversity is a within-sample metric, assigned read counts were not normalized
across the libraries.
The extract or quantity of extract used to construct each library does not appear to
have played a role in the total number of species identified in the metagenome or value of
the Simpson’s diversity index (Figure 1). As the read numbers were not normalized for the
alpha diversity calculations, the minor differences in species richness between the noncombined libraries may be due to differences in sequencing depth. The Simpson’s index
values for species of all taxonomic groups do not differ substantially between high template
and low template libraries, with the RGA libraries appearing slightly less diverse than the
MAM libraries.
We find the computationally combined libraries, while having increased species
richness, do not consistently lead to increased diversity across all taxa. As Simpson’s index
considers evenness, and values common or more abundant species over rare species (Xia
et al., 2018), we would likely not be missing the “core biome” of the sample by taking any one
of the non-combined libraries. We can infer that the species unaccounted for by a single noncombined library from either site are attracting few reads, and thus are difficult to validate in
downstream analyses. However, the possibility remains that by doing so, one would miss
potentially important genetic evidence of a historically or archaeologically relevant organism
(e.g. a pathogen or dietary item) that may be further investigated with a targeted enrichment
approach (Bos et al., 2014; Schuenemann et al., 2013, 2011).
Despite the overall consistency of the Simpson’s index values for all taxa, the
diversity of different libraries is surprisingly dynamic for eukaryotic species. For MAM,
eukaryotic diversity is stochastic across library type. For RGA, there appears to be a pattern
of increased diversity for eukaryotes in the low template libraries compared to the standard
template libraries. The RGA combined library with human reads removed spikes in diversity
compared to its counterpart that retains human reads. This is likely due to the high quantity
of Homo sapiens DNA present in the RGA combined library compared to other eukaryotic
organisms. Of the 76,531 reads summarized to the Eukaryota node in the RGA combined
library, 43,330, or approximately 57%, were assigned to H. sapiens. By removing all reads
that map to the HG19 human reference genome, we likely increased the evenness of
species representation among the eukaryotes.
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The main difference between sites in terms of alpha diversity is the reduction of
archaeal diversity in RGA compared to MAM libraries (Figure 1B).

Figure 1. Alpha diversity across all sequenced libraries. (a) Species richness (count of
total number of species) from metagenomic profile of each library. The bar chart is stacked
by taxonomic group. (b) Simpson’s diversity indices across all libraries for each site, divided
by taxonomic group. The Simpson’s index considers evenness in its formula. Indices closer
to 0 have lower diversity, and indices closer to 1 have higher diversity.
Estimated source contributions to MAM and RGA bacterial and archaeal diversity
107

Reads summarized to the genus level were exported to a taxon table from the
metagenomic profiles of the combined MAM and RGA libraries with human reads extracted
using MEGAN6 (Huson et al., 2016). The taxon table was modified for compatibility with
SourceTracker2 (Knights et al., 2011), a tool that produces Bayesian estimates of source
contribution to a given metagenome. We modeled source contribution using reference
datasets for rural human gut microbiome (Obregon-Tito et al., 2015; Rampelli et al., 2015),
urban human gut microbiome (Sankaranarayanan et al., 2015), human gingival plaque
(Consortium, 2012), human skin (Oh et al., 2016), and sediment (Slon et al., 2017). Human
reads were also removed from the source datasets.
Both MAM and RGA were estimated to have contributions from all sources we
modeled (Figure 2). However, SourceTracker2 could not estimate over 50% of contribution
source to either library. This could be due to either there being a large number of taxa in
MAM and RGA that are shared between multiple source models, or insufficient source
models for the two sites. The model source for sediment (Slon et al., 2017) is from one
location – Denisova cave – and regional differences in environmental microbiome could
explain the large proportion of unknown contribution. The gut contribution estimates are
almost identical, taken together. However, MAM and RGA differ in their relative proportions
of urban and rural gut contribution. This could indicate differences in the gut microbiota
between the two communities.
Though limited to cultured human gut bacteria, we more closely assessed the gut
microbiome signature by comparing the bacterial species in our metagenomic analysis with
the Human Gut Bacterial Genome and Culture Collection (HGBGCC) (Forster et al., 2019).
Of the 153 bacterial species from the list present in the MAM and RGA combined libraries,
125 were present in the metagenomes from both sites (Supplementary Table 1). Among the
28 species that only appeared in one of the combined libraries, none received greater than
15 assigned reads. In all cases, it is impossible to rule out the small quantity of reads as
misalignments from closely related bacteria. Of the species on the HGBGCC list,
Bifidobacterium angulatum has the highest representation in assigned reads for both MAM
and RGA. Bifidobacterium species constituted 6 out of the top 11 most highly represented
gut bacteria species in RGA. The top species in MAM represented more diverse genera,
including Micrococcus, Anaerostipes, Ruminococcus, and Escherichia.
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Figure 2. Estimated source contribution to MAM and RGA bacterial and archaeal
community. SourceTracker2 (Knights et al., 2011) was used to estimate contributions from
five model sources: rural human gut (Obregon-Tito et al., 2015; Rampelli et al., 2015), urban
human gut (Sankaranarayanan et al., 2015), human sub- and supra-gingival plaque
(Consortium, 2012), human skin (Oh et al., 2016), and sediment (Slon et al., 2017).
Contribution was estimated using combined libraries for each site with reads mapping to the
HG19 human reference genome removed. Human reads were also removed from the model
source metagenomes. Estimations are based on reads summarized to the genus level within
the Bacteria and Archaea nodes.
Eukaryotic pathogens
We screened MAM and RGA for eukaryotic pathogens through the HOPS pipeline,
using a customized list of target taxa. We included all taxa identified in samples from MAM
and RGA previously by microscopy and ELISA assay (Yeh et al., 2015, 2014), including
species within genera when identifications were made at the genus level, and close genetic
relatives of the identified taxa. We also included known human-infecting parasites as listed in
Ash and Orihel’s Atlas of Human Parasitology (2015). The list was curated such that all taxon
names matched those in NCBI. For each species, we included classifications on the
taxonomic path up to the phylum level (e.g. for Ascaris lumbricoides, we included Ascaris,
Ascarididae, Ascaridoidea, Ascaridomorpha, Spirurina, Rhabditida, Chromadorea, and
Nematoda). Thus far, no in silico testing has been published to establish the specificity of
simulated ancient DNA (aDNA) reads from eukaryotic pathogens as has been done for
bacterial pathogens (Huebler et al., 2019).

109

To have confidence in the authenticity of an ancient DNA alignment, one must
evaluate the sequencing read’s specificity to a reference sequence and the presence of
damage typical of aDNA (Huebler et al., 2019; Key et al., 2017). Though hydrolytic and
oxidative damage complicate the analysis of aDNA through fragmentation and nucleotide
misincorporation, cytosine-to-thymine (C>T) transitions occurring near the 5’ ends of
fragments (and guanine-to-adenine (G>A) transitions near the 3’ ends) create a consistent
pattern by which we may distinguish truly ancient DNA from modern contaminants (Briggs et
al., 2007; Jesse Dabney et al., 2013; Ginolhac et al., 2011; Hofreiter et al., 2001). HOPS
provides automated assessment of DNA authenticity by calculating the distribution of edit
distances of reads aligning to a given reference sequence or set of reference sequences (in
the case of reads being assigned to a taxonomic node above species-level) and detecting
the presence and distribution of cytosine deamination along the reads. Edit distance refers to
the number of mismatches between the aligned read and reference sequence. The results of
these assessments are communicated through three levels of criteria: 1) edit distance
distribution of all reads, 2) presence of C>T damage, and 3) edit distance distribution of all
reads with damage.
Yeh and colleagues identified the following taxa by microscopy or ELISA assay in
sediments and coprolites from MAM: Trichuris trichiura, Ascaris lumbricoides, Taenia sp.,
Diphyllobothrium (or Dibothriocephalus) sp., Entamoeba histolytica, and Giardia duodenalis
(2015). Of these, we found evidence of authentic aDNA for Trichuris trichiura and Ascaris
lumbricoides. Though T. trichiura passed the second threshold, only 21 reads were assigned
to the node, and nucleotide misincorporation lesions consistent with damage were present
only on 2 reads. The genus node of Trichuris has 37 assigned reads and also passed the
second level of criteria. There may be authentic T. trichiura DNA in the sample, and we
would expect to find it as it had been microscopically identified in disaggregated sediment
from MAM, but at such low numbers and spread across multiple taxonomic levels, it is
difficult to fully evaluate. A. lumbricoides passed the third level of criteria according to HOPS
at the species and genus levels, and several higher taxonomic levels had assigned reads
which passed level two or level one criteria (e.g. Chomadorea, Nematoda; Figure 3). This
node accumulated sufficient assigned reads (n=9389) to present a clear damage pattern.
Due to this convincing evidence for the presence of A. lumbricoides, we mapped the
metagenomic data of the combined library separately to a single reference genome
(International Helminth Genomes Consortium, 2019). Approximately 0.26% of the MAM
combined library aligned to the A. lumbricoides sequence (Figure 3b).
From the combined library for RGA, three species-level nodes passed the level two
criteria: Enterobius vermicularis, Dibothriocephalus latus (also known as Diphyllobothrium
latum), and A. lumbricoides. Ascaris and Diphyllobothrium had been identified previously to
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the genus level by microscopy in the RGA sediments (Yeh et al., 2014). We proceeded to
map the combined RGA libraries to single references for both A. lumbricoides and D. latus.
Approximately 0.09% of reads from the combined RGA library aligned to A. lumbricoides and
~0.08% of reads aligned to D. latus (Figures 3c and 3d, Table 2). Of the taxa identified by
Yeh and colleagues, there was no genetic evidence for Oxyuris equi. Reads aligning to T.
trichiura passed the first threshold. E. vermicularis, or human pinworm, had not been
identified morphologically in prior investigations. However, it passed the second threshold
with only 17 reads, limiting further authentication.

Figure 3. Eukaryotic parasite taxa with read alignments from latrine samples. (a) The
nodes labelled to the left of the heatmap correspond to taxa that are or contain eukaryotic
parasitic species. All taxon nodes listed here have at least one assigned read aligning to
associated sequences from the MALT results of the MAM and RGA combined libraries (with
reads aligning to the HG19 human reference genome removed). All taxa in this figure were
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assigned reads in at least one of the combined libraries, and the assigned read count (not
normalized) can be found in the respective cell in the heatmap. The level indicated by the
color of each cell refers to how many authentication criteria are reached by the alignment as
determined with HOPS. Level 0 – no criteria were passed, level 1 – edit distance criterion
was passed, level 2 – damage criterion was passed, level 3 – edit distance of damaged
reads criterion was passed. The blue and red microscope symbols indicate the taxon was
identified by microscopy in samples from RGA or MAM, respectively. The blue and red “E”
indicate the taxon was identified by ELISA assay. (b-d) Damage plots of combined library
data mapped to Ascaris lumbricoides and Dibothriocephalus latus. Reads indicate reads
mapped to the reference sequence after quality filtering (see METHODS).
Sample

Total

Mapped

Endogenous Cluster

Mean

Reads

Reads

DNA (%)

Coverage

Factor

A. lumbricoides

MAM

16463260

33863

0.264

1.068

0.0087

A. lumbricoides

RGA

21202878

1727

0.090

1.101

0.0004

D. latus

RGA

21202878

1336

0.082

1.113

0.0002

Table 2. Mapping statistics for Ascaris lumbricoides and Dibothriocephalus latus.
Mapping statistics were reported in the EAGER report table (Peltzer et al., 2016). Mapping
was performed in EAGER with BWA (see METHODS). Mapped reads indicate the number of
reads mapped to the reference sequence following quality filtering and the removal of
duplicates.
DISCUSSION
Template volume did not impact metagenomic alpha diversity
Despite the inhibition phenomenon we detected during our quantitation of copy
number in the pre-indexed libraries (Table 1), we did not observe an impact on the alpha
diversity measurements of the resulting metagenomes. We can infer that the standard library
preparation method for the RGA samples did not result in a meaningful decrease in diversity
(as calculated with the Simpson’s index) for all taxa together, Bacteria, Archaea, or Viruses.
However, we do see an increase in Eukaryotic diversity for the 2 µL libraries over the 10 µL
libraries. The mechanism behind this signature is unclear. No discernable pattern emerged
regarding the relationship between template volume and alpha diversity for the 2 µL and 2
µL*5 libraries. It is unclear whether this lack of relationship stems from inhibition or
sufficiency of the low template volume to produce a representative metagenome for the
sample. However, the relatively low cluster factors we see in the mapping statistics for A.
lumbricoides and D. latus, a measure of how many times one is likely to have seen a given
read based on the duplication rate of mapped reads, indicate the combined sequencing
depth for each site has not exhausted the complexity of the libraries (Table 2).
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Gut microbiome preservation and prospects for regional comparisons
The SourceTracker2 results presented here indicate a) a large proportion of bacterial
and archaeal DNA in MAM and RGA does not share an affinity with any of the source models
we used, and b) MAM and RGA contain approximately the same proportion of DNA from the
human gut, but share different proportions of the estimated human gut input between “rural”
and “urban” microbial profiles (Figure 2). The unknown contribution to MAM and RGA could
be due to our use of a single dataset from Denisova cave as the environmental “soil” source
(Slon et al., 2017). This may not be representative of bacterial and archaeal diversity in the
local soil at either site. The difference in estimated rural vs. urban gut contribution is
intriguing given the similarity in total gut contribution between MAM and RGA. Based on our
cross-referencing of taxa present in the libraries with the HGBGCC list, there is no major
bacterial gut species represented at one site but not the other. The SourceTracker2 analysis
was performed on genus-level summarized reads, so the difference between MAM and RGA
may stem from different levels of representation of certain genera. For instance,
Bifidobacterium species are more dominant in RGA than in MAM.
Recent efforts to characterize the unculturable component of the human gut
microbiome will likely soon lead to the expansion of databases to include a broader range of
taxa (Almeida et al., 2019; Pasolli et al., 2019). This could lead to better understanding not
only of what bacteria and archaea tend to naturally inhabit the human gut, but also of the
importance of community structure, and how it correlates with behavior (e.g. diet or lifestyle),
life stage, geography, or ancestry. In addition, further human microbiome studies among
non-industrialized populations, which we know tend to have different gut microbiome makeup
than populations from industrialized societies (Filippo et al., 2010; Obregon-Tito et al., 2015),
will offer datasets that would work as better references for analyzing ancient preindustrialization populations in the archaeological record. We could learn more from the
existing MAM and RGA shotgun sequences as greater understanding and characterization of
the human gut microbiome becomes available.
Eukaryotic parasites: the promise and limitations of ancient metagenomics
Of the eukaryotic parasites previously morphologically identified in sediment and
coprolites from MAM and RGA, we made confident identifications of Ascaris lumbricoides in
MAM and A. lumbricoides and Dibothriocephalus latus in RGA. A small quantity of reads
from each library was assigned to the other previously identified eukaryotic parasites (or
closely-related taxa) with the exception of Oxyuris equi, though these were not sufficient to
allow authentication (Figure 3). Enterobius vermicularis received assigned reads from MAM
and RGA, and the 17 reads from RGA passed the second threshold of authentication criteria
determined in HOPS, meaning the assigned reads sufficiently fit the preferred edit distance
distribution from the reference sequence, and some reads contained C>T damage we would
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expect to find in authentic aDNA (Huebler et al., 2019). This is the only organism that was
not previously identified for which assigned reads passed the second criteria. Its presence
would be expected in metagenomic datasets including human fecal material as E.
vermicularis and other species with Enterobius maintain reservoirs in humans and nonhuman primates (Araújo et al., 2013; Mitchell, 2013).
The low quantity of DNA from the previously identified eukaryotic parasites is likely
due in part to our approach to sample preparation and our non-targeted metagenomic
analysis. Prior genetic investigations into ancient eukaryotic parasites (largely dominated by
A. lumbricoides) have generally been targeted either through the direct extraction and
sequencing of identified and filtered parasite eggs, or through amplicon sequencing of
specific genes belonging to a single species or small selection of taxa (Côté et al., 2016;
Guhl et al., 1999; Iñiguez et al., 2006, 2003; Maicher et al., 2017; Oh et al., 2010b, 2010a;
Søe et al., 2018). Here, we aimed to avoid contamination of the sample by extracting aliquots
of the bulk sample directly, foregoing filtration of the sediments for eggs, and not limiting our
analyses by selective amplification. Given the extremely low coverage for even the most
strongly represented eukaryotic pathogens in this dataset, what is the benefit of a
metagenomics approach to paleoparasitology?
Though morphology is a valuable and reliable tool for establishing the presence of
parasites that leave eggs of sufficient size in the archaeological record, fine-grain taxonomic
identification is not possible for some groups (e.g. Entamoeba spp.) and taphonomic
processes may complicate identification (Côté et al., 2016; Mitchell, 2013). Genetic data may
offer such fine-grain taxonomic identification. In this case, a metagenomic sequencing
coupled with a lowest common ancestor taxonomic binning approach (Søe et al., 2018), as
opposed to a marker gene or amplicon approach (Anderson, 2001), may offer more robust
species identifications. Following relatively unbiased identification of an organism, coverage
may be increased through deeper sequencing or a genomic enrichment strategy may be
designed. The resulting data could be relevant for elucidating the evolutionary history of a
parasite. However, the full promise of paleoparasitology by metagenomics to answer high
resolution questions of parasite phylogeny and evolution cannot be fulfilled until more
complete and reliable modern reference databases are available. For instance, differentiating
between Dibothriocephalus latus and Diphyllobothrium dendriticum, two closely related but
distinct species of fish tapeworm, with low coverage metagenomic data would likely bias for
Dibothriocephalus latus due to the increased volume of full genome data available. Groups
such as the International Helminth Genomes Consortium are working to fill existing database
gaps (International Helminth Genomes Consortium, 2019).
MATERIALS AND METHODS
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Sampling and DNA extraction
Un-sieved portions of bulk sediment (~3 g per site) from medieval latrines in Riga and
Jerusalem were sent from the University of Cambridge, where different portions of the
sediment had been microscopically and chemically analyzed (Yeh et al., 2015, 2014), to the
Max Planck Institute for Science of Human History (MPI-SHH) in Jena, Germany. Further
sample preparation, DNA extraction, Illumina library preparation, and sequencing were
conducted at the dedicated ancient DNA clean room (pre-PCR) and post-PCR facilities of the
MPI-SHH. Two spatially separate portions of approximately 50-80 mg of sediment were
taken from each sample, and a total of four extractions were performed. Extractions were
performed using a protocol optimized for use with archaeological bone (Jesse Dabney et al.,
2013), adapted for sediment after (Slon et al., 2017). Each sub-sample was immersed in 1
mL of 0.5 M EDTA and rotated overnight at room temperature. After decalcification, the
sample was centrifuged and the supernatant was purified using a High Pure Viral Nucleic
Acid Large Volume kit (Roche) and a 5 M guanidine-hydrochloride binding buffer. Elution
was performed using 100 μl of a 10 mM tris-hydrochloride, 1 mM EDTA (pH 8.0), and 0.05%
Tween-20 buffer (TET). The eluate from the MAM extracts had a dark-brown tinge, and that
of the RGA extracts had a very slight pale yellow-tinge, indicating impurities in the extract.
Two negative controls were included in the extraction batch to detect reagent- and processderived contamination.
Library preparation
Initial screening and inhibition test
Construction of double-stranded Illumina libraries was performed according to a
modified established protocol (Meyer and Kircher, 2010). DNA overhangs were removed and
filled-in with a 50 μl reaction including 5 μl of NEB Buffer 2 (New England Biolabs), 2 μl dNTP
mix (2.5 mM), 4 μl BSA (10 mg/mL), 5 μl ATP (10 mM), 2 μl T4 polynucleotide kinase, and
0.4 μl T4 polymerase. Four libraries (MAM001.A1, MAM001.B1, RGA001.A1, and
RGA001.B1) were constructed using 10 μl of DNA extract and 21.6 μl H2O. Two additional
libraries (MAM001.A2 and MAM001.B2) were constructed using 2 μl of DNA extract and 29.6
μl H2O in response to the coloring of the MAM extracts. We wished to test if chemicals
remaining in the MAM extracts would inhibit downstream PCR steps by lowering the template
volume and comparing copy number calculations after quantitating the non-indexed libraries
with a real-time qPCR assay (Lightcycler 480 Roche; see below). Following the incubation of
the initial overhang repair reactions, they were purified over MinElute columns (Qiagen) and
eluted in 18 μl TET. Universal Illumina adapters were ligated to the repaired fragments with a
reaction of 20 μl Quick Ligase Buffer, 1 μl Illumina adapter mix (0.25 μM), and 1 μl of Quick
Ligase. The reaction was then purified as described above and eluted in 20 μl of TET.
Adapter fill-in was performed in 40 μl reactions, including 4 μl Thermopol buffer, 2 μl dNTP
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mix (2.5 mM) and 2 μl Bst polymerase. Following incubation at 37°C for 20 minutes, the
enzyme was heat-deactivated with an additional 20-minute incubation at 80°C. Two negative
controls were included to the workflow to track contamination specifically in the library
preparation reagents and process. The resulting pre-indexed libraries were quantitated with
RT-qPCR, at which point inhibition in the MAM libraries was evaluated (see RESULTS). The
MAM libraries built with 2 μl of template (MAM001.A2 and MAM001.B2) were carried forward
for further processing.
Later, five pre-indexed libraries were constructed from each extract for MAM using 2
μl of template each (MAM001.A3-1, MAM001.A3-2, MAM001.A3-3, MAM001.A3-4,
MAM001.A3-5, MAM001.B3-1, MAM001.B3-2, MAM001.B3-3, MAM001.B3-4, MAM001.B35), and one pre-indexed library were constructed from each extract for RGA using 2 μl of
template to test whether we had an inhibition effect in the qPCR results for RGA as well.
Indexing, amplification, and sequencing
All pre-indexed libraries that were carried forward for sequencing were double
indexed with unique pairs of indices over 100 μl reactions containing less than 1.5E+10 DNA
fragments. All libraries referred to as MAM001.A3 were given the same indices. All libraries
referred to as MAM001.B3 were given the same indices. Each reaction included 10 μl
PfuTurbo buffer, 1 μl PfuTurbo (Agilent), 1 μl dNTP mix (25mM), 1.5 μl BSA (10 mg/ml), and
2 μl of each indexing primer (10 μM). The master mix was prepared in a pre-PCR clean room
and transported to a separate lab for amplification. All reactions belonging to the same library
were purified over MinElute columns. The indexed MAM001.A3 sub-libraries and
MAM001.B3 sub-libraries were combined during purification. Indexed libraries were eluted in
50 μl of TET. Indexing efficiency was assess using a qPCR assay targeting the IS5 and IS6
sequences in the indexing primers. Approximately one-third of each indexed library was
amplified with Herculase II Fusion DNA Polymerase (Agilent). The products were MinElute
purified and quantified using an Agilent Tape Station D1000 Screen Tape kit. MAM001.A2,
MAM001.B2, RGA001.A1, and RGA001.A2 were sequenced on an Illumina NextSeq 500
using a paired-end, 75-cycle high-output kit. MAM001.A3, MAM001.B3, RGA001.A2, and
RGA001.B2 were sequenced on an Illumina NextSeq 500 using a single-end, 75-cycle highoutput kit. Negative controls were sequenced separately to avoid index cross-talk.
Computational methods
Pre-processing and mapping to HG19
We pre-processed and mapped de-multiplexed reads for each library using the EAGER
pipeline (v (Peltzer et al., 2016). Preliminary adapter-removal and read filtering was
performed using AdapterRemoval, enforcing a minimum read length of 30 and a minimum
base quality of 20. Paired reads for MAM001.A0102, MAM001.B0102, RGA001.A0101, and
RGA001.B0101 were also merged. All reads were mapped to the HG19 human reference
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genome using BWA (Li and Durbin, 2009) (as implemented in EAGER) with a quality filter of
30, difference parameter (-n) of 0.01, and deactivated seed length filter (-l). We performed
this mapping as a standard exploratory analysis of human DNA preservation. In addition, we
concatenated the fastq files from libraries belonging to the same site and mapped these
combined files (MAM001.combined and RGA001.combined) to the HG19 reference genome
using BWA outside of the EAGER pipeline in order to generate a fastq file with all human
reads extracted. We did this to test the impact of removing human reads on the
metagenomic profile of the latrines, as we expect some genetic sequences from humanassociated parasites to be contaminated with human DNA. For this analysis, we applied -n
0.1 and -l 32.
HOPS
We executed a broad screening of the total genetic content of the shotgunsequenced libraries using the HOPS pipeline (Huebler et al., 2019) which joins the taxonomic
binning tool MALT (Vågene et al., 2018) with MaltExtract and a post-processing script which
produces a heat-map of putatively authentic taxon identifications based on edit distance from
a reference sequence and the presence of damaged reads. As input, we used fastq files
from the pre-processing step above, including the original fastq files representing individual
libraries, the combined fastq files, and the combined fastq files with human-mapped reads
extracted. For MALT (v 040), we used the NCBI full nucleotide database (‘nt’, October 2017)
with a 90% identity threshold. We curated a taxonomy list designed to target a) bacterial and
viral pathogens of broad interest, b) human-associated eukaryotic parasites (Ash and Orihel,
2015), and c) parasites previously identified by microscopy in the Jerusalem and Riga latrine
deposits (Yeh et al., 2015, 2014). The taxon names for the eukaryotic pathogens were
checked against the NCBI database to ensure nomenclature matched between the taxon list
and the database (Supplementary Table 1). Taxonomic levels up to phylum were included in
the list for Eukaryotic pathogens (e.g. for the target species Ascaris lumbricoides, we
included Ascaris, Ascarididae, Ascaridoidea, Ascaridomorpha, Spirurina, Rhabditida,
Chromadorea, Nematoda, Ecdysozoa, and Protostomia).
Mapping to Ascaris lumbricoides and Dibothriocephalus latus
Following HOPS analysis, we mapped the combined libraries for MAM and RGA to
genomic assemblies for Ascaris lumbricoides and Dibothriocephalus latus with BWA (Li and
Durbin, 2009) as implemented in the EAGER pipeline (v 1.92) (Peltzer et al., 2016). As the
reference for A. lumbricoides, we used the genome available from WormBase as of 13
February 2019 (“Ascaris lumbricoides - WormBase ParaSite,” n.d.; International Helminth
Genomes Consortium, 2019). As the reference for Dibothriocephalus latus we used the full
genomic assembly available under accession number PRJEB1206 (Park et al., 2007). For
both organisms we used the following mapping parameters: -l 16, -n 0.01, and -q 37.
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Duplicates were removed with MarkDuplicates, and damage profiling was performed with
mapDamage (Ginolhac et al., 2011).
Metagenomic Profiling
We generated interactive donut plots to explore the total metagenomic profile for the
combined libraries (excluding human reads) for MAM and RGA using Krona (Ondov et al.,
2011). For Figures 1 and 2, we limited visualization to a depth of four taxonomic levels to
ensure readability. Additionally, we used SourceTracker2 to estimate source contributions to
the sites’ metagenomes utilizing five model sources: rural human gut, urban human gut,
human sub- and supra-gingival plaque, human skin, and sediment (Slon et al., 2017). We
used MALT results (see specifications above) from human read-filtered fastq files of the
model sources and the combined MAM and RGA libraries. The quantity of reads summarized
to the genus level within the Bacteria and Archaea nodes were extracted into a taxon table
using MEGAN6 (Huson et al., 2016). The table was edited to be compatible with
SourceTracker2.
Community diversity
We calculated species richness and Simpson’s index of diversity for each library with
species-level taxon tables extracted using MEGAN6 (Huson et al., 2016). Alpha diversity
calculations were performed with the vegan package in R (Oksanen et al., 2019). The
following taxon tables were extracted: all terminal leaves (in all domains of life) at species
level, leaves below the bacteria and archaea nodes at species level, leaves below the
Eukaryota node at species level, leaves below the Viruses node at species level, all leaves at
genus level, leaves below the cellular organisms node at genus level, leaves below the
Bacteria and Archaea nodes at genus level, leaves below the Eukaryota node at genus level,
and leaves below the Viruses node at genus level. Here, we define Simpson’s index of
diversity as
*

𝐷 = 1 − & 𝑝()
(+,

where Pi is the proportion of individuals of species i in the community (He and Hu, 2005).
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SUPPLEMENTARY TABLE 1
Taxon

Level

NCBI_TaxonID

Acanthamoeba

genus

5754

Acanthocephala

phylum

10232

Aconoidasida

class

422676

Anatrichosoma

genus

119100

Ancylostoma

genus

29169

Ancylostoma duodenale

species

51022

Anisakidae

family

6267

Anisakis simplex

species

6269

Apansporoblastina

suborder

6032

Apicomplexa

phylum

5794

Archiacanthocephala

class

10233

Ascarididae

family

6250

Ascaridoidea

superfamily

Ascaridomorpha

infraorder

6249

Ascaris

genus

6251

Ascaris lumbricoides

species

6252

Ascomycota

phylum

4890

Babesia

genus

5864

Babesia divergens

species

32595

Babesia microti

species

5868

Babesiidae

family

32594

Balamuthia

genus

66526

Balamuthia mandrillaris

species

66527

Balamuthiidae

family

555408

Balantioides

genus

2038102

Balantidium coli

species

71585

Baylisascaris procyonis

species

6259

Blastocystis

genus

12967

Blastocystis hominis

species

12968

Brugia malayi

species

6279

Brugia timori

species

42155

Capillaria

genus

Capillaria hepatica

species

1239592

Centramoebida

noRank

555407

Cestoda

class

6199

Chabertiidae

family

52651

Chilomastix mesnili

species

472572

Chromadorea

class

119089

Cloacinidae

family

63235

Clonorchis

genus

79922

33256

119095

Manuscript C
Clonorchis sinensis

species

79923

Coccidia

subclass

5796

Conoidasida

class

Cryptosporidiidae

family

35082

Cryptosporidium

genus

5806

Cryptosporidium hominis

species

237895

Cryptosporidium parvum

species

5807

Cyclophyllidea

order

6201

Cystoisospora

genus

242060

Isospora belli

species

482538

Dibothriocephalus

genus

Dibothriocephalus latus

species

60516

Diphyllobothrium latum

species

60516

Dicrocoeliidae

family

73421

Dicrocoelium

genus

57077

Dicrocoelium dendriticum

species

57078

Dientamoeba

genus

43351

Dientamoeba fragilis

species

43352

Dientamoebidae

family

Digenea

subclass

Digenea incertae sedis

noRank

757223

Dioctophymatidae

family

513040

Dioctophyme

genus

513042

Dioctophyme renale

species

513045

Diphyllobothriidae

family

28843

Diphyllobothriidea

order

1224679

Diphyllobothrium

genus

28844

Diplomonadida

order

5738

Dipylidiidae

family

109303

Dipylidium

genus

66786

Dipylidium caninum

species

66787

Dirofilaria

genus

Discosea

noRank

555280

Dorylaimia

subclass

1457286

Dracunculidae

family

Dracunculoidea

superfamily

Dracunculus

genus

318478

Dracunculus medinensis

species

318479

Ecdysozoa

noRank

1206794

Echinococcus

genus

6209

Echinococcus granulosus

species

6210

Echinococcus granulosus granulosus

subspecies

1537665

Echinococcus granulosus group

species group

2212966

1280412

2267273

740973
6179

6286

318477
55872
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Echinostoma

genus

27847

Echinostoma hortense

species

48216

Echinostomata

suborder

27841

Echinostomatidae

family

99737

Echinostomatoidea

superfamily

404429

Eimeriorina

suborder

423054

Encephalitozoon

genus

6033

Encephalitozoon cuniculi

species

6035

Encephalitozoon hellem

species

27973

Encephalitozoon intestinalis

species

58839

Entamoeba nana

species

110788

Enoplea

class

119088

Entamoeba

genus

Entamoeba coli

species

110766

Entamoeba dispar

species

46681

Entamoeba gingivitis

species

38877

Entamoeba hartmanni

species

110767

Entamoeba histolytica

species

5759

Entamoeba polecki

species

110769

Entamoebidae

family

33084

Enterobius

genus

51027

Enterobius vermicularis

species

51028

Enterocytozoon

genus

27971

Enterocytozoon bieneusi

species

31281

Enterocytozoonidae

family

27970

Enteromonadidae

family

306054

Enteromonas

genus

460188

Enteromonas hominis

species

460189

Eucestoda

subclass

Eucoccidiorida

order

75739

Euglenozoa

noRank

33682

Eustrongylides

genus

513041

Fasciola

genus

6191

Fasciola hepatica

species

6192

Fasciolidae

family

27843

Fasciolopsis buski

species

27845

Filarioidea

superfamily

Fornicata

noRank

207245

Fungi incertae sedis

noRank

112252

Gastrodiscoides

genus

408851

Gastrodiscoides hominis

species

408852

Giardia

genus

5740

Giardia ardeae

species

5743

5758

6200

6295
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Giardia cati

species

1631188

Giardia duodenalis

species

5741

Giardia intestinalis

species

5741

Giardia lamblia

species

5741

Giardia microti

species

61965

Giardia muris

species

5742

Giardia peramelis

species

1822422

Giardia psittaci

species

187323

Giardiinae

subfamily

Gongylonema

genus

Gorgoderoidea

superfamily

Haemosporida

order

5819

Heterolobosea

class

5752

Heterophyes

genus

Heterophyes heterophyes

species

Heterophyidae

family

84526

Hexamitidae

family

5739

Hymenolepididae

family

6214

Hymenolepis

genus

6215

Hymenolepis diminuta

species

6216

Hymenolepis nana

species

102285

Iodamoeba

genus

1089792

Iodamoeba sp. RL1

species

1089794

Iodamoeba sp. RL2

species

1089793

Kinetoplastida

order

Leishmania

subgenus

Leishmania

genus

5658

Leishmania aethiopica

species

5667

Leishmania aethiopica species complex

species group

Leishmania amazonensis

species

5659

Leishmania braziliensis

species

5660

Leishmania chagasi

species

44271

Leishmania donovani

species

5661

Leishmania donovani species complex

species group

Leishmania guyanensis

species

Leishmania guyanensis species complex

species group

Leishmania infantum

species

5671

Leishmania major

species

5664

Leishmania mexicana

species

5665

Leishmania mexicana species complex

species group

Leishmania mexicana venezuelensis

subspecies

Leishmania panamensis

species

5679

Leishmania tropica

species

5666

68459
637852
1776223

104454
1849833

5653
38568

38570

38574
5670
38579

38582
155283
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Leishmania peruviana

species

5681

Leishmaniinae

subfamily

Loa

genus

7208

Loa loa

species

7209

Longamoebia

order

Macracanthorhynchus

genus

Macracanthorhynchus hirudinaceus

species

1032456

Mammomonogamus

genus

1968513

Mammomonogamus laryngeus

species

2100468

Mansonella

genus

Mansonella ozzardi

species

122354

Mansonella perstans

species

42231

Mansonella streptocerca

species

1761664

Metagonimus

genus

84527

Metagonimus yokogawai

species

84529

Microsporidia

phylum

6029

Moniliformida

order

10234

Moniliformidae

family

10235

Moniliformis

genus

10236

Moniliformis moniliformis

species

10237

Naegleria

genus

5761

Naegleria fowleri

species

5763

Nanophyetidae

family

138579

Nanophyetus

genus

197560

Nanophyetus salmincola

species

240278

Nematoda

phylum

6231

Neodiplostomidae

family

84100

Neodiplostomum

genus

84101

Neodiplostomum seoulense

species

84102

Oesophagostomum

genus

52564

Oligacanthorhynchida

order

60527

Oligacanthorhynchidae

family

60528

Onchocerca

genus

6281

Onchocerca volvulus

species

6282

Onchocercidae

family

6296

Opisthorchiata

suborder

6194

Opisthorchiida

order

6193

Opisthorchiidae

family

6196

Opisthorchis

genus

6197

Oxyuridae

family

51026

Oxyuridomorpha

infraorder

70426

Oxyuris

genus

132388

Oxyuris equi

species

132389

1286322

1485168
60533

42230
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Oxyuroidea

superfamily

51025

Parabasalia

noRank

Paracapillaria

genus

1457283

Capillaria philippinensis

species

1457282

Paragonimus

genus

34503

Paragonimus westermani

species

34504

Paramphistomidae

family

27852

Paramphistomoidea

superfamily

27850

Pentatrichomonas

genus

5727

Pentatrichomonas hominis

species

5728

Phaneropsolus

genus

1550885

Physaloptera

genus

75558

Physalopteridae

family

75557

Physalopteroidea

superfamily

Piroplasmida

order

5863

Plagiorchiida

order

27871

Plasmodiidae

family

1639119

Plasmodium

genus

5820

Plasmodium falciparum

species

5833

Plasmodium malariae

species

5858

Plasmodium ovale

species

36330

Plasmodium vivax

species

5855

Platyhelminthes

phylum

6157

Pneumocystidaceae

family

44281

Pneumocystidales

order

37987

Pneumocystidomycetes

class

147553

Pneumocystis

genus

4753

Pneumocystis carinii

species

4754

Pronocephalata

suborder

Protostomia

noRank

Pseudoterranova

genus

6270

Pseudoterranova decipiens

species

6271

Pygidiopsis

genus

104471

Pygidiopsis summa

species

104472

Retortamonadidae

family

193075

Retortamonas

genus

193076

Rhabditida

order

Rhabditomorpha

infraorder

Sappinia

genus

343528

Sappinia diploidea

species

343529

Sarcocystidae

family

5809

Sarcocystis

genus

5812

Sarcocystis cruzi

species

5817

5719

331417

1269772
33317

6236
2301119
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Schistosoma

genus

6181

Schistosoma bovis

species

6184

Schistosoma haematobium

species

6185

Schistosoma intercalatum

species

6187

Schistosoma japonicum

species

6182

Schistosoma mansoni

species

6183

Schistosoma mekongi

species

38744

Schistosomatidae

family

31245

Schistosomatoidea

superfamily

31244

Schizopyrenida

order

41165

Spirometra

genus

46580

Spirometra mansonoides

species

46899

Spirurina

suborder

6274

Spiruromorpha

infraorder

Strongyloidea

superfamily

Strongyloides

genus

Strongyloides fuelleborni

species

44441

Strongyloides stercoralis

species

6248

Strongyloididae

family

6246

Syngamidae

family

120855

Taenia

genus

6202

Taenia asiatica

species

60517

Taenia saginata

species

6206

Taenia solium

species

6204

Taeniidae

family

6208

Taphrinomycotina

sybphylum

451866

Ternidens

genus

317881

Ternidens deminutus

species

317882

Thecamoebida

family

242543

Theileria

genus

5873

Theileria equi

species

5872

Theileriidae

family

27994

Toxascaris

genus

59263

Toxascaris leonina

species

59264

Toxocara

genus

6264

Toxocara canis

species

6265

Toxocara cati

species

6266

Toxocaridae

family

33259

Toxoplasma

genus

5810

Toxoplasma gondii

species

5811

Trematoda

class

6178

Trichinella

genus

6333

Trichinella pseudospiralis

species

6337

2072716
27829
6247
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Trichinella spiralis

species

6334

Trichinellida

order

6329

Trichinellidae

family

6332

Trichomonadida

order

37104

Trichomonadidae

family

181550

Trichomonas

genus

5721

Trichomonas vaginalis

species

5722

Trichostrongylus

genus

6318

Trichuridae

family

119093

Trichuris

genus

36086

Trichuris muris

species

70415

Trichuris ovis

species

93034

Trichuris suis

species

68888

Trichuris trichiura

species

36087

Trichuris vulpis

species

219738

Tritrichomonadida

order

740972

Troglotremata

suborder

116925

Troglotrematidae

family

34502

Trypanosoma

genus

5690

Trypanosoma brucei gambiense

subspecies

31285

Trypanosoma brucei rhodesiense

subspecies

31286

Trypanosoma cruzi

species

5693

Trypanosoma rangeli

species

5698

Trypanosomatidae

family

5654

Unikaryonidae

family

36734

Vahlkampfiidae

family

5765

Viannia

subgenus

Wuchereria

genus

6292

Wuchereria bancrofti

species

6293

Xiphidiata

suborder

27872

37616

131

7. Discussion
NGS technologies have provided unprecedented access and flexibility to
archaeogeneticists, and this is exemplified by the projects included in this dissertation. A
ubiquitous problem when such wealth of data is made available is determining how best to
use it. As archaeogenetics develops as a discipline, and the pace of “first discoveries” slows,
deeper explorations of existing datasets will be a rich source of information that can be used
to, for example, develop the evolutionary stories of single species or complexes of bacteria,
or refine our understanding of how microbiota preserve. Below, the ways in which the
projects presented in this dissertation advance disciplinary understanding on multiple levels –
both topical and methodological – are discussed. The existing limitations to further
development and knowledge growth in microbial archaeogenetics are also discussed.

7.1 Challenges in uncovering the origins of tuberculosis
In Manuscript A, we report the successful recovery of MTBC DNA from a calcified lung
nodule from the mummified remains of Bishop Peder Winstrup of Lund, the efficient
enrichment of that DNA, and the utilization of the resulting genome as a calibration point with
which to date the MTBC. We confirmed the previous findings of Bos and colleagues (Bos et
al., 2014) that the extant MTBC is likely less than 6000 years old using a variety of models,
including the birth-death skyline multi-rho tree prior (Stadler et al., 2013), which had the most
favorable likelihood when compared with all other models we tried. Our results are
fundamentally due to the excellent preservation of DNA in Bishop Winstrup’s calcified lung
nodule as a preservation environment for DNA, which allowed us to bypass many of the
complications inherent in studying tuberculosis from archaeological contexts. To take the
next steps in uncovering the origins of tuberculosis and reconciling the disparities between
different lines of evidence for the disease’s antiquity (or lack thereof) there are many
challenges to consider and prepare for.
7.1.1

Archaeological sources of MTBC DNA
Dental pulp chambers are the most systematically targeted sampling areas in ancient

pathogen research due to their high vascularization. The chamber is protected from excess
degradation by dental enamel, and would have likely been exposed to any pathogen present
in high volume in the blood stream at the individual’s time of death. For example, pulp
chambers have been shown to be excellent harbors of Yersinia pestis (Bos et al., 2011;
Drancourt et al., 1998; Feldman et al., 2016; Spyrou et al., 2018b). However, no publications
have reported ancient and verifiable MTBC DNA from the pulp chamber. This is not
surprising, as tuberculosis rarely manifests as a septic condition (Landouzy septicemia), and
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usually does so among immunocompromised patients or infants with congenital tuberculosis
(Angoulvant et al., 1999; Geiss et al., 2005; Mazade et al., 2001; Michel et al., 2002; Pène et
al., 2001). The most traditional and infectious manifestation of tuberculosis is pulmonary, and
DNA from MTBC organisms has been detected by shotgun sequencing in modern sputum
samples (Doughty et al., 2014). Intuitively, we would then turn to dental calculus as a
promising preservation environment for tuberculosis due to its excellence as a proxy for
saliva-borne bacteria and the human oral microbiome (Warinner et al., 2014, 2014).
However, no study has presented convincing evidence of DNA from the Mycobacterium
tuberculosis complex (MTBC) trapped in ancient dental calculus.
Ancient MTBC DNA has been identified with next generation sequencing (NGS)
techniques from samples from vertebral bodies, ribs, mummified lung tissue and a calcified
lung nodule (Bos et al., 2014; Chan et al., 2013; Kay et al., 2015; Warinner et al., 2014).
Calcified nodules from human remains, frequently indicative of an infective process (Brown
et al., 1994), based on the results presented in Manuscript A and two other studies appear to
be excellent sources of DNA for the infecting pathogen and the host (Devault et al., 2017;
Kay et al., 2014). In the case of tuberculosis, the exceptionally high proportion of host DNA
could be in part due to the immune reaction that contributes to granuloma formation, in which
non-infected macrophages and lymphocytes surround macrophages that have been invaded
by bacilli (Brown et al., 1994; Russell, 2007). The size of calcified nodules implicated in
tuberculosis infections complicate their recovery from archaeological contexts. In their
Brucella melitensis study, Kay and colleagues extracted DNA from one of thirty-two calcified
nodules ranging from ~0.6 to 2.2 cm in diameter collected from the pelvic girdle of
skeletonized remains (2014). Devault and colleagues extracted DNA from Staphylococcus
saprophyticus and Gardnerella vaginalis from two calcified nodules between 2 and 3 cm in
diameter recovered from a single, stone-lined grave (2017). To my knowledge, nodules
diagnosed as resulting from tuberculosis in archaeological remains have only come from
mummified remains (Kim et al., 2016; Lunardini et al., 2012; Salo et al., 1994). Calcifications
comparable in size to the one presented in Manuscript A (~5 mm) may easily be missed
during excavations of skeletonized remains depending on the depositional context. Vertebral
bodies and ribs, which often bear skeletal changes indicative of tuberculosis and are popular
sites for lesion development due to their high oxygenation (Roberts and Buikstra, 2003), do
not always lead to successful identification of MTBC DNA even when signs are visible.
However, they are far more accessible and likely to preserve in and be recovered from
common burial contexts. The literature thus far does not suggest a universally reliable source
of ancient tuberculosis DNA.
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7.1.2

Authentication and environmental mycobacteria
A relatively unexplored complication of any study of ancient MTBC biomolecules is

the seeming omnipresence of environmental mycobacteria, which share close phylogenetic
relationships with MTBC species. Environmental mycobacteria have previously been
discussed as a complication of genetic studies of the MTBC (Warinner et al., 2017; Wilbur et
al., 2009). The commonly used genetic markers for PCR amplification of tuberculous
mycobacteria, IS6110 and IS1081, were tested for modern clinical and epidemiological
contexts (Behr and Small, 1997; Mathuria et al., 2008). To my knowledge, no systematic
testing has been performed evaluating the specificity of IS6110 and IS1081 amplifications in
archaeological contexts or non-archaeological soils in which non-tuberculous mycobacteria
are abundant (Falkinham, 2015; Hruska and Kaevska, 2013), though one study reported the
amplification of sequences that were highly similar, but not identical, to IS6110 from
archaeological bone (Müller et al., 2015). Thus, identification of MTBC DNA at the genomic
level is preferable not only for downstream utilization of the data to answer questions about
MTBC evolution, but also for authenticating the DNA as being ancient and from a
tuberculosis-causing organism. Preliminary identification and authentication using a lowest
common ancestor (LCA) taxonomic binning algorithm as presented in Manuscript A, or a
competitive mapping approach (e.g. Andrades Valtueña et al., 2017), in which environmental
mycobacteria and the presence, absence, and degree of damage can be considered through
nucleotide misincorporation plots, provides greater confidence and decreases the likelihood
of making a false or unverifiable claim.
7.1.3

Challenges of demographic inference and molecular dating using ancient DNA
The impact of the tree prior on posterior estimates in Bayesian phylogenies has been

demonstrated with empirical and in silico data (Boskova et al., 2018; Möller et al., 2018).
Past estimates of the time to the MRCA and population dynamics of the MTBC have
depended on models built on the Kingman coalescent (Bos et al., 2014; Brynildsrud et al.,
2018; Kay et al., 2015; O’Neill et al., 2019), which describes the relationship of lineages
moving backwards through time. However, the appropriateness of the Kingman coalescent
for inferring the population dynamics of tuberculosis from time-series data is questionable. In
Manuscript A, multiple models are used for Bayesian estimation of the time to the MRCA
including those based on the coalescent and an alternative model base: the forward-in-time
birth-death process.
Where phylodynamics are concerned, the coalescent-based Bayesian skyline does not
take into account epidemiological parameters such as incidence and prevalence, and the
coalescent approaches currently available in BEAST2 assume a random sample of uniform
proportion from a much larger population (Stadler et al., 2013). Though the birth-death
skyline model was developed with pathogen outbreak circumstances in mind, in which
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researchers could confidently estimate the proportion of cases represented in the analysis
due to near-complete sampling in emergent situations, it allows for the parameterization of
different sampling proportions or rho priors (sampling events with a given proportion that
occur at distinct time points) over time. In theory, this makes birth-death skyline models ideal
for MRCA and phylodynamic estimates using ancient pathogen DNA, as the sampling rate of
genomes is uneven over time. However, the flexibility of birth-death skyline models also
makes them more complicated to parameterize correctly. In Manuscript A, we select
relatively arbitrary rho priors, as we could not at the time of the study develop a methodology
to estimate a reasonable rho prior for our ancient samples. This would require estimation of
the total MTBC population (or lineage diversity) at the sampling time of each ancient genome
utilized. The development of a model or methodology for approximating total diversity for
ancient samples (not only for tuberculosis, but also for other pathogens), that preferably is
not circular and does not depend solely on previous skyline estimates, would be useful for
increasing the accuracy of phylodynamic estimates utilizing ancient DNA in the future. This
issue will increase in relevance as more ancient pathogen genomes are discovered and
made publicly available.
Another limitation of existing phylodynamic methodologies is the assumption of
bifurcating trees. For instance, the Kingman coalescent assumes only two lineages can
coalesce at a time (Irwin et al., 2016), and many types of organism violate this assumption
(Tellier and Lemaire, 2014). The MTBC and Lineage 4 phylogenies appear to present highly
clonal, “starburst” topologies that also violate the pairwise coalescence assumption.
Development and testing of a package for BEAST2 that explicitly accommodates
phylogenies with polytomies warrants further investigation.
In Manuscript A, we used multiple tree priors to estimate the most recent common
ancestor of the MTBC and Lineage 4 of the MTBC using all available ancient complex
genomes of sufficient quality for calibration of tips. Our experimentation with multiple models
and our model selection by stepping-stone sampling sought to provide the best estimates
possible given our data and the packages and models currently available in BEAST2
(Bouckaert et al., 2014; Xie et al., 2011). Of the models in our study, the birth death skyline
model performs best for both datasets (Stadler et al., 2013).
The temporal structure in our datasets as calculated with TempEst (Rambaut et al.,
2016) is present but not particularly strong, especially for the L4 dataset. The root-to-tip
distance of each genome is largely determined by the lineage or sublineage to which the
isolate belongs. The strength of our MRCA estimates is bolstered by the relative agreement
between all tested models. However, our analysis would be further strengthened by a date
randomization test, in which the calibrated tip dates for ancient genomes are randomly mixed
among the modern genomes (Ramsden et al., 2009). This aids in supporting or rebuking the

135

clock-like behavior of the data within the model, and has been used with ancient calibration
points in prior publications (Ross et al., 2018; Wagner et al., 2014). Meaningfulness of the
data is evaluated by whether or not the mean substitution rate estimates of the
randomizations lie within the 95% highest posterior density (HPD) interval of a true model or
whether the 95% HPD intervals of the randomizations overlap at all with that of the true
model, depending on the desired level of stringency (Duchêne et al., 2015).
7.1.4

Where to aim for future studies
Though almost any ancient MTBC genome non-identical to those already sequenced

would add to our body of knowledge about the history of tuberculosis, the most compelling
and informative genomes would be those that are basal to one or more lineages of the
MTBC. All published ancient genomes sit firmly within known diversity of extant strains, and
though they offer temporal calibration, their phylogenetic positions do not offer revelations
regarding the movement or evolution of tuberculosis over space and time. Where and for
what types of samples could one look to uncover more basal strains of the MTBC?
As discussed in Manuscript A, ancient individuals with signs of tuberculosis from subSaharan Africa pre-dating 1000 years BP would offer the best chance of uncovering a basal
genome. Until recently, sampling human remains for preserved pathogens would have
seemed like a fool’s errand given the unfavorable climates for DNA preservation over most of
the continent. However, recent studies have proven that sub-Saharan African (Llorente et al.,
2015), extremely arid environments (Loosdrecht et al., 2018), and tropical environments
(Posth et al., 2018) in general do not preclude the recovery of ancient DNA. Thus far,
mummified or partially mummified remains have seemed to be the best preservation
environments for MTBC DNA. As demonstrated by Manuscript A, the best burial context for
the preservation of ancient MTBC DNA is a crypt interment, or one otherwise removed from
direct contact with soil. Among analyses using NGS techniques to identify MTBC DNA, all
samples came from individuals with indications of tuberculosis infection present in the
remains. In the case of the Hungarian mummies analyzed by Chan and colleagues (Chan et
al., 2013) and Kay and colleagues (Kay et al., 2015), and in the case of Manuscript A, there
were also historical records supporting a diagnosis of tuberculosis. Similar historical
situations would be the most promising contexts for investigating ancient tuberculosis, but
this would likely not yield the basal sequences that would be most informative for the history
of the disease.
Though increasing the risk of great expenditure for negative results, continued shotgun
screening of remains with skeletal indicators of tuberculosis is likely the best avenue forward
for uncovering more basal ancient strains. Archaeogeneticists may form alternative
hypotheses pertaining to the human DNA or other microbial DNA from the remains they
choose to test to mitigate the financial and professional burden of negative results. As shown
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by the projects in this dissertation, NGS data can be used in many valuable ways. Also, a
tool such as HOPS (Huebler et al., 2019) makes it easier to screen shotgun sequencing data
for a plethora of pathogens, and if utilized regularly by researchers producing such data, will
reduce the likelihood that an ancient genetic MTBC signal will be missed when the DNA of
the host or a different microbe is the target. For this reason, it would be beneficial to the field
of archaeogenetics as a whole if shotgun sequencing were the standard course of action, as
opposed to targeted amplification or enrichment prior to generalized screening. The next
paradigm-shifting discovery pertaining to the evolutionary history of tuberculosis may be
opportunistic, and stem from a completely unexpected context.

7.2 Characterizing ancient human microbiota
In Manuscripts B and C, we explore genetic preservation potential in three types of
archaeological material – dentin, calculus, and latrine sediment – using shotgun-sequenced
data. The calculus and latrine sediments analyzed in this thesis consistently preserve traces
of the individual oral and collective gut microbiota, respectively, and we found a subset of our
dentin samples preserved an oral microbiome signal as well.
7.2.1

Facilitating qualitative interpretability of large metagenomic datasets
A forefront challenge in characterizing ancient human microbiota (or any ancient

microbial community surpassing a dozen or so taxa) is efficiently and simultaneously
authenticating and sorting the genetic information from the noisy, taxonomically diverse
background of most archaeological specimens. Manuscript B made great strides in testing
the assumptions regarding and limitations on DNA preservation in dental calculus, the most
dependable known proxy for any ancient endogenous human microbiome. However, our two
methods of summarizing the oral microbiome content of the dentin and calculus samples
included in our study did not offer a means of ancient DNA authentication by assessing
damage or to identify oral microbiome content on a species-by-species basis in an efficient
manner. The bottom-up approach we employed (as opposed to the top-down Bayesian
SourceTracker2 approach) consisted of grouping identified species in each sample by their
most common environment and manifestation based on literature surveys. It is not scalable
to larger datasets, barring the development and curation of a meta-database specifically
designed for this purpose, and would still require additional manual assessment of DNA
damage for alignments to each species. HOPS, which was still under development at the
time Manuscript B was published, offers a partial solution to the scalability problem in its
automated detection of damaged reads (Huebler et al., 2019). However, HOPS was
designed to help automate the detection and authentication of individual pathogen species,
and tested with a specific set of bacterial pathogens. The approach employed in Manuscript
B, in which individual species are sorted into layered metadata categories is currently, to my
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knowledge, not possible to replicate in an automated fashion with an existing tool or
database.
7.2.2

Limitations of modern databases and taxonomic classifiers
There are additional problems that affect both modern and ancient microbiome

characterization. A central problem is the scope of modern databases. Characterization of
modern human microbiota, especially prior to the implementation of NGS techniques, has
been hampered by difficulties in identifying unculturable microbes (Verma et al., 2018). The
expanded Human Oral Microbiome Database currently contains 770 species, 57% of which
are named, 13% of which are unnamed and cultivated, and 30% of which are uncultivated,
unnamed phylotypes (Escapa et al., 2018). Similarly, the database we used to summarize
the gut microbiome signal from the latrine sediments presented in Manuscript C is limited to
cultured gut bacteria (Forster et al., 2019). Recent metagenomics efforts have dramatically
increased representation of uncultured bacteria from human microbiota (Almeida et al., 2019;
Pasolli et al., 2019), but the curation and classification pipeline for the new metagenomically
assembled genomes may slow our ability to use them.
The study of ancient microbiomes is also hindered by the limitations of available
taxonomic classifiers. Velsko and colleagues explored this issue specifically for ancient data
by simulating an ancient metagenomic dataset with known composition and testing the ability
of multiple taxonomic classifiers to identify all taxa correctly (Velsko et al., 2018). There was
no obvious choice, and the authors concluded that the best taxonomic classifier for any
project depended on the specific questions being asked.
All manuscripts included in this thesis use MALT (Vågene et al., 2018). MALT was
used as the taxonomic classifier for the manuscripts for multiple reasons. MALT, when used
in conjunction with the full nucleotide database from NCBI, is as close to a truly metagenomic
tool as one can get, in the sense that it aligns the whole genetic content of a file with all
sequences and regions available in the database instead of depending on marker genes for
classification. In addition, it can resolve reads to the species or subspecies level if the reads
are sufficiently specific. There is also a level of convenience to the use of MALT, as it is now
integrated with HOPS, which automates the identification of organisms of interest and can
extract important linked information, such as the fragment lengths of reads aligning to a given
taxa, or signs of DNA damage in the form of nucleotide misincorporation (Huebler et al.,
2019). A prototypical part of what has become HOPS was used for exactly that purpose in
Manuscript B, and the HOPS pipeline was used in its full, current form for Manuscript C.
7.2.3

Inferring microbiome dynamics and “normal” microbiomes
After overcoming the hurdle of accurately identifying microbes known to be part of

human microbiota, there comes the next level of interpreting microbial community dynamics
from what species are present and absent and perhaps, if datasets can be properly
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normalized, the abundances of different species. Making accurate associations between
health states and the presence or absence of particular taxa is challenging and misleading in
modern populations (Menon et al., 2018). Efforts to characterize “normal,” healthy human
microbiomes like the Human Microbiome Project (Consortium, 2012; Group et al., 2009) are
limited by geographical and temporal reach. Ancient microbiome data can provide nuance to
what is considered healthy and not. For example, the “Red Complex” of oral bacteria was
named such for its association with severe periodontal disease (Socransky et al., 1998).
However, all three members of the “Red Complex” (Tannerella forsythia, Treponema
denticola, and Porphyromonas gingivalis) were found in all individuals in the regional dataset
presented in Manuscript B. Severe periodontitis, which can be identified in skeletonized
human remains, was not identified in all individuals in the dataset. All three were also found
in the study of medieval calculus from Germany by Warinner and colleagues (2014). This
leads us to rethink what we mean when we call certain microbes “pathogens.” Perhaps it is
not the presence or absence of the “Red Complex” that determines oral health, but the
dynamic relationship of those organisms to other microbes in the oral cavity.
Microbial archaeogenetics can also provide temporal context to the human gut
microbiome. Studies in modern individuals have scratched the surface of the effects of
industrialized life on the microbial composition of the gut, discovering for instance, that the
gut microbiota of people living more traditional or non-industrialized lifestyles (e.g. not using
antibiotics or consuming processed foods) contain Treponema diversity, while those of more
industrialized people do not (Angelakis et al., 2019; Obregon-Tito et al., 2015). As further
similar studies are released, making use of metagenomics to detect unculturable microbes
(Almeida et al., 2019; Pasolli et al., 2019), the resulting information can be used to interpret
ancient gut microbiota and recursively reinterpret modern gut microbiota. It is important to
remember that modern non-industrialized populations are not fossils. Though it would be
extremely difficult to detect and authenticate any microbes unique to ancient gut microbiota,
we would be able to detect shifts in community composition among known gut-associated
microbes, and perform in-depth analyses of gut-associated microbes we find in the past to
trace organism evolution. As we learn more about modern microbes, we will learn more
about ancient microbes, which will then allow us to reframe what we consider to be “normal”
microbiota.
7.2.4

Dentin as a potential source for oral microbes
One of the unexpected findings presented in Manuscript B was the presence of an oral

microbiome signal in DNA from pulp chamber dentin. Though the majority of microbial DNA
was environmental, a portion in some dentin samples was from oral microbes (up to 20%).
As discussed in the manuscript, this presents an opportunity to investigate individual oral
microbes in cases when dental calculus may be scarce or unavailable, such as with early or
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archaic humans (Warinner et al., 2014). The stochasticity of oral microbe preservation in
dentin could be due to individual circumstances of decomposition. To my knowledge, there
has been no metagenomic exploration of post-mortem microbial communities inside teeth,
though there has been at least one project investigating the post-mortem metagenomics of
the human oral cavity (Hyde et al., 2013).

7.3 Challenges in studying ancient eukaryotic parasites with ancient
DNA
Human-infecting eukaryotic parasites offer a proxy for studying human behavioral and
biological evolution (Mitchell, 2013; Perry, 2014). As stated in the introduction and
Manuscript C, such ancient pathogens have been mostly studied using microscopy to identify
parasite eggs. In the two studies on the bulk latrine sediments from Riga and Jerusalem,
microscopy and immunoassays were used in tandem (Yeh et al., 2015, 2014). Those two
methodologies are sufficient for identifying the presence of parasites at the genus or species
level, but ideally, genetics could offer more.
In Manuscript C, DNA was extracted and analyzed differently than in prior publications
presenting genetic evidence of parasites from latrine sediments or paleofeces. Instead of
extracting DNA from sieved, concentrated parasite eggs, the DNA was extracted from
relatively unadulterated portions of the bulk sediment from each site, without any knowledge
of whether or not eggs were included directly in the extracted aliquots. Though further
studies are required to test this, it is possible archaeogenetics can provide evidence of
eukaryotic parasites abundant in a deposit without directly extracting an egg or the organism
itself in the case of protozoa. As the egg decomposes, DNA may be released into the
surrounding sediments and bind to them (Slon et al., 2017; Vandeventer et al., 2012). If this
is can be shown to be the case, genetics would provide a possibly more representative view
than microscopy of what parasites were present in a latrine pit if sufficiently-spaced samples
were taken. In theory, genetics would also offer information that would allow researchers to
identify parasites to the species, subspecies, or lineage level, and perhaps when enough
ancient data is available, perform population genetics analyses on the parasites in question,
such as when Søe and colleagues analyzed mitochondrial haplotypes of Ascaris
lumbricoides and Trichuris trichiura (2018). However, barriers to making full use of our
access to genetic sequences from ancient parasites remain.
Genome sizes among eukaryotic parasites vary considerably. Though eukaryotic
parasites fall under the same thematic category, they are a taxonomically diverse group,
including macroscopic worms and single-celled protozoans. For example, nematode and
platyhelminth parasites range in genome size from 42 to 1,295 Mb (International Helminth
Genomes Consortium, 2019). These large sizes (as compared to bacterial and archaeal
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genomes) contribute to difficulties in the reconstruction of complete genomes from ancient
data. Thus far, researchers have only been able to reassemble mitochondrial genomes of
three ancient parasites, and not always completely (Marciniak et al., 2016; Søe et al., 2018).
To effectively move past the presence-absence stage of analysis, it is likely a capture assay
will be necessary to extract meaningful data out of any ancient dataset. However, to properly
design such an assay and evaluate its results, high-quality reference sequences must be
available.
As discussed in Manuscript C, the paucity of modern reference data for many
important species (e.g. Ascaris lumbricoides) currently limits the ability of researchers to
study ancient genomes from these organisms. A recent publication from the International
Helminth Consortium has greatly expanded the number of publicly available genome-level
assemblies, specifically for helminths. One such assembly acted as the reference genome
for the Ascaris lumbricoides sequences presented in Manuscript C, but the lack of genomewide sequence data for organisms such as Oxyuris equi (the equid pinworm, previously
identified via microscopy in the Riga latrine) and Diphyllobothrium dendriticum (a close
relative of Dibothriocephalus latus, and one which may be confused for D. latus in
microscopy investigations) limited the questions Manuscript C was able to address.
Moving forward, it would be valuable to researchers studying ancient eukaryotic
parasites for there to be more abundant reference data. In addition, however, it would be
valuable to test how the genomic sequences that are currently available behave as simulated
ancient DNA. An analysis of what taxonomic categorization tools work best with simulated
ancient eukaryotic parasite data, such as that presented by Velsko and colleagues for
bacterial studies (2018), or a replication of the experiment investigating simulated ancient
DNA read specificity on a taxon-by-taxon basis among bacterial pathogens presented in the
HOPS manuscript (Huebler et al., 2019), would set helpful standards for the future. ///

7.4 Conclusion
The projects presented in this thesis are focused on data extracted from diverse
archaeological materials that pose unique challenges and opportunities. Additionally, each
project advances the field of ancient microbial genomics in different ways. In Manuscript A,
an unprecedentedly clear signal for MTBC DNA was extracted from a calcified lung nodule.
Not only did this provide genetic confirmation that the individual in question had been
infected with tuberculosis, but it provided an example of the utility of calcified lung nodules in
studying ancient tuberculosis (and host genetics), a high quality genome to add to the
growing dataset of ancient MTBC sequences that aid us in describing past pathogen
diversity, a new calibration point with which to date the emergence of the MTBC, and an
opportunity to test new models for describing the phylogenetic history of the MTBC.
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Manuscript B broadens this dissertation in scope from a single pathogen to the whole
microbial communities found in dentin and dental calculus. In doing so it provides the first
systematic, large volume study evaluating the preservation potential of dental calculus in
comparison to dentin, the more traditional ancient DNA source. With the publication of
Manuscript B, it was established that dental calculus consistently provides more raw DNA
than paired dentin, and based on metagenomic analysis the microbial portion of DNA mostly
stems from the oral microbiome. Ecological measurements show this signal dominating any
environmental microbial signal. Based on Manuscript B, there now exists a baseline
reference dataset defining standard expectations for DNA preservation in dental calculus.
Manuscript C also takes a broad metagenomic approach to an archaeological proxy for
human microbiota and pathogens, as the first ancient DNA analysis of bulk latrine sediments
assessing not only the presence of eukaryotic parasites, but preservation of a community gut
microbiome signal. This is a first foray into metagenomic investigations of a highly abundant
archaeological material.
Microbial archaeogenetics as a field brings attention to neglected and re-emerging
diseases with long and potentially co-evolutionary histories with Homo sapiens, and
contextualizes human microbiota through the lens of time. Applying modern methodologies
to understand past health, including the epidemiology and genetic makeup of ancient
pathogens as well as commensal microbes, could offer valuable insights into modern health.
Research into ancient pathogens and microbiota is still young and developing, with new tools
streamlining the screening of ancient metagenomic data and opening doors to unexpected
findings.
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9. Summary
Ancient microbial DNA is a powerful source of information about past human health, and
our ability to effectively analyze and utilize this information is still nascent. Next generation
sequencing technologies have allowed us to extract complete bacterial genomes from the
large microbial communities that inhabit ancient human remains (or associated
archaeological materials) as well as access the communities themselves. This dissertation
illustrates the value in both approaches through the metagenomic analysis of diverse
archaeological materials: a calcified lung nodule from mummified remains, dentin, dental
calculus, and bulk latrine sediments. Over the three projects presented here, I utilize a 17th
century genome from the Mycobacterium tuberculosis complex (MTBC) to better calibrate
the emergence of the complex, present preservation dynamics of host and oral microbiome
DNA in a global dataset of paired dentin and dental calculus, and explore microbial DNA
preservation in bulk latrine samples in terms of both eukaryotic parasites and gut-associated
microbes.
Manuscript A presents the reconstruction of a high-coverage Mycobacterium
tuberculosis genome. The high quality of the genome and the precision of the year of death
for the deceased person allowed us to use the genome as a confident calibration point in
Bayesian phylogenetic analysis to date the time to the most recent common ancestor
(tMRCA) for the full MTBC and Lineage 4 of the MTBC. This project demonstrates that
calcified lung nodules are an excellent source for human and MTBC DNA, and supports the
narrative that tuberculosis as we know it today emerged during the spread of agriculture and
animal domestication at the earliest.
Manuscript B presents a comprehensive exploration of DNA preservation in dental
calculus (calcified dental plaque) when compared to dentin samples from the same tooth,
systematically confirming that dental calculus provides an excellent preservation environment
for DNA across different continents, time periods, and individuals. All calculus samples
provided strong genetic signals from oral microbes and low consistent levels of host DNA,
seemingly robust against environmental contamination. Intriguingly, dentin was also found to
stochastically harbor low levels of representation from oral microbes, indicating it may be
used as a proxy for individual oral taxa in lieu of dental calculus in some situations. This
project sets a standard for universal expectations of DNA preservation in dental calculus,
which had not been available prior to its publication.
Manuscript C presents a case study in interdisciplinary paleomicrobiology, in which bulk
latrine sediments from two medieval sites which had been previously analyzed by
microscopy are genetically analyzed. The metagenomic profiles of the two sites are
investigated for signals of eukaryotic parasites and community gut microbiome preservation.
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Summary
This project illustrates how metagenomic analysis can complement microscopy in
investigating community health in the past by offering in theory a more specific and finegrained view of not only what taxa were present in the latrine but their lineage and genomic
sequences, as well as the invisible world of gut-associated microbial taxa. However, this
project also highlights many limitations to analyses of this kind, most of which stem from a
paucity of modern genomic sequences for eukaryotic parasites and unculturable gut
microbes.
Overall, this dissertation explores the value and limitations of ancient microbial genetic
data in exploring human health and disease in the past.
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10. Zusammenfassung
Alte mikrobielle DNA ist eine ausgezeichnete Quelle um Informationen über die
Gesundheit der Menschen in der Vergangenheit zu gewinnen. Die Methoden zur effektiven
Analyse sind noch jung und müssen weiter präzisiert werden. Next-GenerationSequenzierungstechnologien machten es möglich, vollständige Bakteriengenome aus
großen mikrobiellen Gemeinschaften menschlicher Überreste zu isolieren sowie die
Gemeinschaften in ihrer Gesamtheit zu untersuchen. Die vorgelegte Dissertation
veranschaulicht den Wert dieser beiden Ansätze durch die metagenomische Analyse
verschiedener archäologischer Materialien: ein verkalkter Lungenknoten aus mumifizierten
menschlichen Überresten, Dentin, Zahnstein und Latrinensedimenten. Im Verlauf der drei
hier vorgestellten Projekte benutze ich das Genom eines Mycobacterium tuberculosis
complex (MTBC) aus dem 17. Jahrhundert um den Zeitpunkt der Entstehung des Komplexes
besser zu kalibrieren, untersuche anhand eines globalen Datensatzes die Dynamik in der
DNA Erhaltung von Wirt und oralem Mikrobiom in Zahnstein und Zahnbein und untersuche
die Konservierung microbieller DNA in zwei Latrinensedimentenproben für sowohl
eukaryotische Parasiten als auch im Darm angesiedelte Mikroben.
Manuskript A behandelt ein hochqualititives Mycobacterium tuberculosis-Genom. Die
hohe Qualität des Genoms und das genau bekannte Todesjahr des Verstorbenen
ermöglichen es uns, das Genom als sicheren Kalibrierungspunkt in der Bayesischen
phylogenetischen Analyse zu verwenden und so den letzten gemeinsamen Vorfahren
(tMRCA) für den gesamten MTBC und der Linie 4 des MTBC zu bestimmen. Diese Arbeit
zeigt, dass der verkalkte Lungenknoten eine ausgezeichnete Quelle für MTBC-DNA darstellt
und unterstützt die These der Verbindung zwischen der Entsehung der Tuberkulose und der
Ausbreitung der Landwirtschaft und Tierzucht.
Manuskript B bietet eine umfassende Untersuchung der DNA-Erhaltung in Zahnstein
im Vergleich zum Zahnbein desselben Zahns und bestätigt systematisch Zahnstein als eine
hervorragende Konservierungsumgebung für DNA über verschiedene Kontinente, Zeiträume
und Individuen hinweg. Alle Zahnsteinproben weisen einen hohen Gehalt an genetischem
Material der oralen Mikroben und geringen Mengen an Wirts DNA auf. Die Zahnsteinproben
enthielten außerdem weniger Verunreinigungen aus der Umgebung. Interessanterweise
enthielt auch das Zahnbein kleine Mengen von oralen Mikroben. Dies zeigt, dass Dentin in
einigen Situationen als Proxy für einzelne orale Taxa verwendet werden kann. Diese Arbeit
erhebt damit standartisiert die Erwartungen für die Erhaltung von DNA in Zahlstein.
In Manuskript C wird eine Fallstudie in der interdisziplinären Paläomikrobiologie
vorgestellt. Latrinensedimenteproben aus zwei mittelalterlichen Stätten, die zuvor bereits
mikroskopisch analysiert wurden werden genetisch analysiert. Die metagenomischen Profile
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Zusammenfassung
beider Proben wurden auf eukaryotischen Parasiten und Erhaltung des Darm- Mikrobioms
hin untersucht. Das Projekt zeigt, wie die Metagenomanalyse die Mikroskopie bei der
Untersuchung der Gesundheit vergangener Bevölkerungungen ergänzen kann, indem sie
einen genaueren Einblick in das Vorhandensein von Taxa, ihre Abstammungslinie und ihre
Genomsequenzen bietet. Genetische Analysen können auch die unsichtbare Welt der zum
Darmmikrobiom gehörenden Taxa aufdecken. Allerdings zeigt dieses Projekt auch viele
Einschränkungen bei Analysen dieser Art auf. Die meisten Einschränkungen ergeben sich
aus dem Mangel an modernen Genomsequenzen für eukaryotische Parasiten und nicht
kultivierbarer Darmmikroben.
Zusammenfassend untersucht diese Arbeit die Möglichkeiten und Grenzen alter
mikrobieller genetischer Daten bei der Erforschung der menschlichen Gesundheit und
Krankheiten der Vergangenheit.
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