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1 Introduction

1.1 Background

The �eld of metagenomics is a �tting example of the complexity and challenges that ‘big data’
is bringing to biological sciences in the 21st century. Rather than analysing the genome of just a
single organism, metagenomics endeavours to understand the genomic content of entire com-
munities of organisms simultaneously (Handelsman et al., 1998). Metagenomics has become
highly relevant in a wide-range of contexts, one such being medicine, where the human mi-
crobiome - most famously de�ned by Joshua Lederberg as the genetic material of the collection
of microorganisms that resides within and on the human body (Lederberg and McCray, 2001)
- has been shown to play a crucial role in the maintenance of health and disease (Cho and
Blaser, 2012). For example, rapid �uctuation in the types and abundance of the gut microbiota
has been correlated with incidents of In�ammatory Bowel Disease (Halfvarson et al., 2017), and
synergistic interactions of anaerobic ‘pathobionts’ (opportunistic pathogens) in the oral cavity
shown to accelerate instances of periodontitis (Tan et al., 2014).

This need to understand the many ways in which these microorganisms co-exist, interact,
and compete, and the subsequent e�ects on the host organism or environment, has subse-
quently led to a series of large consortium-level projects such as Metagenomics of the Human
Intestinal Tract (MetaHIT, Ehrlich, 2011) and the Human Microbiome Project (HMP, The NIH
HMP Working Group et al., 2009). The questions of ‘who, why, and how’ of the human mi-
crobiome generally require large-scale (and expensive) consortium projects, as the microbial
communities of each body site consist of a distinct, but diverse set of organisms, the inter-
actions between which must be disentangled (Human Microbiome Project Consortium, 2012;
Integrative HMP (iHMP) Research Network Consortium, 2014). The make-up and functioning
of these communities are furthermore sensitive to many di�erent environmental variables and
conditions, much like in ‘macro’-ecology (Relman, 2012; Costello et al., 2012; Barberán et al.,
2014), and requires large numbers of individuals, samples, and metadata to control for these
factors (Kelly et al., 2015; Casals-Pascual et al., 2020). This becomes particularly problematic
when trying to produce representative datasets of di�erent populations and societies. This was
exempli�ed by the HMP project, which only included university students from two locations
in the US as a representative population of humans (Human Microbiome Project Consortium,
2012; Integrative HMP (iHMP) Research Network Consortium, 2014). Thus, this data likely only
represents a tiny fraction of true microbiome diversity across the world (Blaser and Falkow,
2009; Yatsunenko et al., 2012; Schnorr et al., 2014; Pasolli et al., 2019).

A crucial development that has enabled intensive investigation of metagenomes is ‘culture-
independent’ high-throughput DNA sequencing (Chen and Pachter, 2005; Shendure and Ji,
2008). Circumventing the need for laborious optimisation of culturing conditions (to gener-
ate enough genetic material of only a single organism), these technologies instead allow for
the direct sequencing of the genetic content of entire communities of taxa at once. This re-
sults in fewer biases related to the varying particular and sometimes incompatible (mono-)
culturing conditions many organisms can have, allowing researchers to instead focus on ex-
ploring the relationships between di�erent taxa, and their subsequent e�ects on their envi-
ronment. However, it can be argued that initially, technological development outstripped the
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pace in which computational analysis methods could deal with this industrialised-level of data
production (Muir et al., 2016). This rate had been famously exempli�ed by the reduction of
costs of sequencing falling faster than expected from ‘Moore’s law’, at least until recently
(https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost, ac-
cessed Nov. 2020). Therefore, being able to e�ciently process these sizes of data, as well
as the sharing of these resources, remains of high interest.

A fortuitous by-product of the methods that ‘second-generation’ sequencing (SGS, colloqui-
ally known as next-generation sequencing or NGS) a�orded was that the methods were ideal
for the sequencing of ancient DNA (aDNA). DNA from long-dead and even extinct organisms
can survive for over 1 million years (van der Valk et al., 2021). However, these molecules are
often very fragmented, and samples contain large amounts of ‘contaminating’ nucleotide se-
quences from modern sources - including researchers themselves. Fortunately, these short
fragments are perfect for SGS machines, which generally take the approach of sequencing
millions of short fragments of DNA in parallel at high-accuracy. Retrieval of entire genomic
sequences can then be subsequently computationally reconstructed through the large amount
of data produced (van Dijk et al., 2014). Therefore aDNA fragments are highly compatible with
the sequencing mechanisms of the machines, and enough DNA can be sequenced to pick up
the trace amount of ancient fragments that exist amongst the often large amounts of contami-
nating biomass.

Despite these technological developments being simultaneously suited for both microbiome
metagenomics and aDNA studies, until relatively recently most palaeogenetic research fo-
cused on amplicon sequencing (targeted ampli�cation and sequencing of a single common
gene present in many organisms, or of a single species-speci�c sequence), or the analysis of
genomes or genome-wide data of single taxa (Slatkin and Racimo, 2016; Marciniak and Perry,
2017; Spyrou et al., 2019; Arning and Wilson, 2020). It is only in the last few years that metage-
nomic reconstruction of whole microbiome communities have started to become a research
focus in the �eld (e.g. Tito et al., 2008; Warinner et al., 2014b; Weyrich et al., 2017; Lugli et al.,
2017; Philips et al., 2017). In particular, the recent discovery of dental calculus - mineralised
dental plaque - as a prevalent but surprisingly well-preserved reservoir of ancient biomolecules
(de La Fuente et al., 2013; Adler et al., 2013; Warinner et al., 2014a,b; Weyrich et al., 2017) has
opened up the opportunity for su�ciently large-scale studies to address questions about the
microbiomes of ancient human societies, animals, and even food sources. However, the nature
and potential of this new type of data remains largely unexplored, with open questions regard-
ing the authentication of reconstructed ancient metagenomes, as well as how to e�ciently
process and interpret the data remaining unaddressed.

This thesis represents an intersection between aDNA, metagenomics, and microbiome re-
search. Manuscript A represents a formative step towards reconstructing the early evolu-
tionary states of the hominid oral microbiome that may be used to guide holistic approaches
to modern oral healthcare. In addition, Manuscript A develops novel tools and approaches
for improving palaeogenomic authentication of ancient microbiomes, as well as presenting a
framework to address anthropological questions regarding the co-evolution of humans and
their microorganisms. Manuscripts B and C address technical challenges that are currently
encountered in large-scale ancient microbiome studies. Manuscript B describes the creation
and curation of a novel and long-term resource of published metagenomic samples and their
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essential metadata - AncientMetagenomeDir. This resource allows for more e�cient explo-
ration and gathering of comparative datasets as well as meta-analyses. Manuscript C presents
nf-core/eager, an open-source bioinformatics pipeline designed speci�cally for the e�cient pro-
cessing of large palaeogenomic datasets using the latest bioinformatic practices. It also includes
a new suite of functionalities dedicated for metagenomics, in a framework that can scale to the
levels required for robust ancient microbiome analysis.

1.2 The human microbiome

1.2.1 Characterising the human microbiome

Microbes inhabit almost every environment on earth and are an essential part of the function-
ing of life (Stolp, 1988). The number of microbial cells living in and on the human body at any
one time is currently estimated to match the number of human host cells themselves (Sender
et al., 2016). These microbial communities are considered to be so important that theories such
as the ‘hologenome’ are being developed (Rosenberg et al., 2007). In this concept the evolution
and functioning of a given organism cannot be considered as the sole entity, but rather must
always be considered as a ‘super-organism’ (Bordenstein and Theis, 2015). Processes of selec-
tion pressure and adaptation applied to the microbial organisms coexisting with the host are
therefore as important to the survival of the host as those applied to the genes of the host - in
addition to the pressures and adaptations made by host themselves on their microbiome, and
vice versa (Rosenberg and Zilber-Rosenberg, 2018).

As in the macroecology of certain environments, microbes living in and on humans have
adapted to di�erent niches. This has led to a large amount of taxonomic diversity that inhabits
di�erent parts of the human body. In a foundational study, the HMP aimed to generate an
initial comprehensive survey of this diversity by sampling from di�erent parts of the body.
They selected sites that had been shown to have relatively rich microbial communities, such as
the oral cavity, gut, skin, and respiratory tract, across many individuals (Human Microbiome
Project Consortium, 2012). The results of the study con�rmed that while at higher taxonomic
levels the microbes that were present were similar, most body sites harbored an overall dis-
tinct site-speci�c taxonomic signature at lower taxonomic levels (Human Microbiome Project
Consortium, 2012). Furthermore, across this particular sample of healthy Americans adults, a
remarkable stability in the functional interactions of the di�erent microbiomes existed despite
a certain level of inter-individual taxonomic variability. This observation has subsequently
led to a shift in recent years in modern microbiome research to include functional reconstruc-
tions of di�erent microbial communities, using other techniques such as metatranscriptomics,
metaproteomics and high-throughput metabolomics (Integrative HMP (iHMP) Research Net-
work Consortium, 2014). However, surveying taxonomic diversity in microbes inhabiting hu-
man populations can still be considered important. As in macroecology, maintaining taxo-
nomic diversity is important to provide functional ‘redundancy’ when environmental condi-
tions change (Relman, 2012; Dorrestein et al., 2014; Jacobson et al., 2020). For example ‘backup’
taxa or pathways are needed to ensure that the production or breakdown of certain useful or
toxic metabolites still occurs, even if a particular taxon disappears (Tremaroli and Bäckhed,
2012).
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Given that the changes of bacterial diversity in the human microbiome have been clinically
shown to be associated with many chronic diseases in industrialised societies (e.g. Bisgaard
et al., 2011; Blaser, 2016; Claesson et al., 2012; Yang et al., 2012), understanding the wider di-
versity - and how to maintain this - has become an important area of research (Davenport
et al., 2017). Multiple studies of di�erent body sites have shown that populations from non-
industralised societies display a wider range of inter-individual and inter-population diversity
than those in industrialised societies (e.g. Nasidze et al., 2009, 2011; Lassalle et al., 2018; Yat-
sunenko et al., 2012; Obregon-Tito et al., 2015). Cataloging this diversity and understanding
the role of more rare taxa can therefore help further understand how to maintain more robust
functional states and thus reduce the incidence of chronic disease (e.g. Keohane et al., 2020).

1.2.2 The human oral microbiome

The oral cavity is one of the most diverse body sites in terms of microbial colonisation (Human
Microbiome Project Consortium, 2012) with nearly 700 di�erent species characterised (Chen
et al., 2010; Escapa et al., 2018), and between 100-300 di�erent known taxa being present in a
single individual at any one point (Lazarevic et al., 2010; Bik et al., 2010). The oral cavity consists
of multiple unique niches with distinct microbial pro�les, including the tongue, teeth, gingiva,
palate, lips, cheek, and saliva (Dewhirst et al., 2010; Eren et al., 2014; Proctor et al., 2020). These
di�erent sites provide di�erent environments, from stable mineralised surfaces to epithelial
tissues to �uids, all of which that allow for the colonisation of di�erent types of taxa (Dewhirst
et al., 2010; Mark Welch et al., 2016; Human Microbiome Project Consortium, 2012; Mark Welch
et al., 2019). Therefore the oral cavity is a dynamic environment, with various �uids, like saliva,
contributing to �uctuating factors such as pH, movement of sugars, amino acids, and other
potential nutrients, as well as the dispersal of cells (Proctor et al., 2020; Mark Welch et al.,
2020). Given the high taxonomic diversity of the oral cavity, understanding and characterising
the breadth of this diversity is likely important for developing improved oral healthcare across
the world.

1.2.3 The human oral microbiome in health and disease

Oral disease is a major global healthcare challenge, with an estimated 3.5 billion people su�er-
ing from some form of oral disorder in 2017 (GBD 2017 Disease and Injury Incidence and Preva-
lence Collaborators, 2018), and with prevalence and incidence of periodontal disease remaining
at consistent levels over the last few decades (Peres et al., 2019). Correspondingly, the global
economic impact is signi�cant, with estimates at $544.41 billion for 2015 (Righolt et al., 2018).
Due to its association with periodontal disease, but also chronic diseases such as cardiovascu-
lar in�ammation (Peres et al., 2019), one of the most studied microbiomes of the oral cavity is
dental plaque. This microbial bio�lm is attached to the surface of teeth, the only non-shedding
surface in the mouth, and resides both above and below the gingival margin (i.e., the gumline).
This type of microbial bio�lm is also present in a animals (Dent, 1979). Originally, it was be-
lieved that some types of diseased states in the oral cavity were caused just by the presence of or
amount of plaque (known as the ‘Nonspeci�c Plaque Hypothesis’; Rosier et al., 2014; Colombo
and Tanner, 2019). This changed in the 1970s when improvements in culturing and bacterial
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taxonomic identi�cation meant that researchers started associating caries or periodontal dis-
ease with the presence of speci�c pathogens, such as Streptococcus mutans, that directly isolated
from caries (originally proposed as the ‘Speci�c Plaque Hypothesis’ by Loesche, 1976). By the
1980s a series of alternative concepts were introduced that considered disease being caused
by a range of taxa (Rosier et al., 2014). Multi-taxa hypotheses, such as the ‘Ecological Plaque
Hypothesis’ by Marsh (1994) and later extended with the ‘Keystone Pathogen Hypothesis’ by
Hajishengallis et al. (2012), have since become widely accepted. These hypotheses suggest that
dysbiosis, i.e., changes of presence/absence, interactions, and abundance of both taxa or envi-
ronmental factors (Yost et al., 2015) away from a ‘healthy’ state, is the primary driver of oral
disease (Kilian et al., 2016).

In the case of oral bio�lms, ‘sub-gingival’ plaque is more di�cult to remove during daily
healthcare practices and thus can act as a reservoir of this bio�lm. The lack of removal then
leads to a concentration, and increasing diversity, of typically anaerobic taxa (Lamont et al.,
2018), which has been correlated with in�ammation of the gingiva and attachment loss between
a tooth and the surrounding gingiva (White, 1997; Lamont et al., 2018). Historically, and as
with the Keystone Pathogen Hypothesis, certain taxa have been more commonly associated
with the development and progression of disease. This was summarised in a seminal paper
by Socransky et al. (1998). In this paper, the authors de�ned di�erent ‘complexes’ of taxa that
were commonly associated with each other in di�erent states of health and disease using DNA-
DNA checkerboard hybridisation. Most famously, the ‘red’ complex consisted of taxa that were
more prevalent in individuals with clinical measurements indicating severe periodontal disease
- the current names of these taxa being Tannerella forsythia, Porphyromonas gingivalis, and
Treponema denticola.

1.2.4 Formation of the plaque bio�lm

The concepts of taxonomic strati�cation and succession of predictably associated taxa in the
form of ‘complexes’ have been widely used in oral microbiology. These were originally sum-
marised by Moore and Moore (1994), and more formally de�ned by Socransky et al. (1998), in
the context of statistically testing anecdotal observations of associations of groups of species
with periodontal disease. However, they have since acted as useful guides for describing the
formation of the dental bio�lm (particularly by ancient microbiome researchers). The original
de�nition of the complexes as per Socransky et al. (1998) consisted of three main layers: 1) blue,
purple, green, and yellow complexes of typically aerobic and saccharolytic taxa representing
‘early colonisers’, 2) co-aggregating anaerobic and more proteolytic orange complex taxa in
an intermediate layer as ‘bridging taxa’, and 3) in a �nal ‘mature’ layer, disease-associated red
complex species and other (facultative) anaerobic ‘late colonisers’. While the general concept
of this model still stands, more recent technological advances have been providing an increas-
ingly higher resolution to the understanding of the processes in the formation and structure of
the oral bio�lm.

The idea of ‘strict strati�cation’ of these layers has since become more fuzzy, and a more dy-
namic formation and functioning of the bio�lm is being observed. In particular, high-resolution
imaging techniques such as �uorescence in situ hybridization (FISH) have been developed and
repeatedly applied to oral bio�lms (Zijnge et al., 2010; Mark Welch et al., 2016; Palmer et al.,
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2017). Zijnge et al. (2010) developed and applied �uorescent probes of a wide range of well-
known oral microbiota to sectioned bio�lms of teeth from patients. Importantly, compared to
previous FISH work, these were based on bio�lms directly taken from teeth rather than arti�-
cial enamel plates placed in the mouth (e.g., Al-Ahmad et al., 2007). They identi�ed successive
layers within the subgingival plaque, de�ning these as: basal, intermediate, top, and ‘outside’
layers; whereas supragingival plaque only appeared to show two layers: basal and second (Zi-
jnge et al., 2010). This structuring is thought to be due to the way in which dental plaque forms
and develops.

The formation of dental plaque begins with the adsorption of saliva-derived small glyco-
proteins, proteins, lipids, and other biomolecules that have an a�nity to the hydroxyapatite
mineral of the surface of tooth enamel (see Siqueira et al., 2012; Jakubovics et al., 2021, for re-
views). The thin �lm of rich organic molecules (termed the ‘acquired enamel pellicle’ or ‘AEP’;
Hannig and Hannig, 2009) acts an ideal place for the adhesion of a set of (often saccharolytic)
early-colonising microbial taxa, via receptor-adhesin interactions. In particular, Streptococcus,
Actinomyces, Veillonella, and Haemophilus are routinely observed (Palmer et al., 2003; Diaz
et al., 2006; Mark Welch et al., 2016). When colonising a ‘fresh’ enamel surface, these early
colonisers are typically derived from the shedding of other surfaces in the mouth and move to
new locations via saliva �ow (Mark Welch et al., 2020)

Once the basal layer has formed, cell-to-cell co-aggregation interaction between di�erent
taxa is a critical mechanism for the continued development of the bio�lm (Kolenbrander et al.,
2006; Valm et al., 2011; Palmer et al., 2017). Such aggregations and subsequent growth result in
rounded structures termed ‘hedgehogs’, consisting of long �laments of taxa (such as Corynebac-
terium) that fan out from the basal layer, and span throughout the depth of the bio�lm to the
outer layer (Mark Welch et al., 2016). This intermediate layer typically consists of an anoxic
environment, and therefore is colonised with (facultative) anaerobic taxa, such as Capnocy-
tophaga, Leptotrichia, and Fusobacterium (Zijnge et al., 2010; Mark Welch et al., 2016). How-
ever there are many di�erent coaggregation clusters occurring involving many di�erent taxa
throughout this layer and the entire bio�lm, with many of the involved taxa being currently un-
derappreciated (Palmer et al., 2017). These clusters, as well as environmental micro-gradients
(von Ohle et al., 2010; Kim et al., 2020; Mark Welch et al., 2020), suggests a more dynamic
bio�lm than simple strati�cation, as is often depicted in the literature (e.g., Kolenbrander et al.,
2006). Indeed, recently it was observed that the motile Capnocytophaga gingivalis can act as a
‘transporter’ of non-motile taxa (Shrivastava et al., 2018). This suggests that this common in-
habitant of the oral bio�lm may play an important role in bio�lm formation by facilitating the
dynamic distribution of taxa. Furthermore, Fusobacterium, which historically was considered to
play a crucial role as a ‘promiscuous’ co-aggregator with multiple species (Kolenbrander et al.,
2006), has only recently been shown to possibly play a lesser role compared to other more pos-
sibly important but less-studied taxa (such as Cornyebacterium Valm et al., 2011; Mark Welch
et al., 2016; Palmer et al., 2017). That said, this remains debated (Diaz and Valm, 2020), and
highlights that many unexplored avenues in oral bio�lm research still exist for which high-
resolution techniques such as FISH will be in�uential.

The highly anoxic ‘top’ layer consists of Porphyromonas, Prevotella, and Tannerella (Zijnge
et al., 2010), many of which are considered disease-associated taxa (as originally reported by
Socransky et al., 1998). Finally, the ‘outer layer’, ‘perimeter’, or ‘outer shell’ of the bio�lm con-

6



sists of the tips of �laments of structural ‘pylon’ taxa, such as Corynebacterium (Zijnge et al.,
2010; Mark Welch et al., 2016). On these tips, co-aggregation with aerobic and microaerophilic
taxa, such as with Streptococcus and Haemophilus, are observed, but is also interspersed with
anaerobic taxa such as Porphyromonas and spirochetes such as treponemes (Zijnge et al., 2010).
Such structures of �laments with cocci at the ends have been termed ‘corncob‘ structures
(Jones, 1972; Mark Welch et al., 2016).

1.2.5 Plaque bio�lms, disease and diversity

Periodontal disease typically begins to manifest at locations where a bio�lm is at full maturity.
The strata-like formation described above is typical of the progression of supragingival plaque
- bio�lms that exist above the gum line. Supragingival locations on the enamel surface are ideal
for primarily aerobic, early-colonisers - given the ready access to oxygen and salivary carbo-
hydrate and proteins used for binding (Marquis, 1995; Hojo et al., 2009). These taxa types are
correspondingly re�ected in Zijnge et al. (2010)’s two layer description. In contrast, subgingival
plaque exists in the gingival crevice, which is an low-oxygen niche containing amino acid-rich
gingival crevicular �uid, which is a suitable energy source rather for primarily proteolytic
anaerobic taxa (Kolenbrander et al., 2010). Establishment and proliferation of these generally
anaerobic and gram-negative taxa in this gap between the tooth root and the gingiva leads to
in�ammation, and therefore has lead to the designation of these taxa as ‘periopathogens’ (Rupf
et al., 2000; Rylev and Kilian, 2008). Despite the more speci�c niche conditions, subgingival
plaque has actually been shown to be more diverse than supragingival plaque (Darveau et al.,
1998; Abusleme et al., 2013) and this is an important factor in hypotheses that dybiosis is what
leads to disease. Imbalances in the bio�lm environment can lead to ‘enrichment’ of certain taxa,
which, without correction from the remaining community, can lead to issues such as greater
chemical toxicity that a�ect host cells (Curtis et al., 2020).

For example, co-culturing of Fusobacterium nucleatum (Lee and Baek, 2013) and/or T. denti-
cola (Zhu et al., 2013; Tan et al., 2014) with P. gingivalis leads to rapidly improved growth of
the latter. The overgrowth of this species then inhibits accumulation of host immune-system
Interleukin-8 chemokines (IL-8). The suppression of IL-8 by P. gingivalis allows other taxa to
proliferate, resulting in a more aggressive host immune-system response, and ultimately leads
to bone-loss and subsequently periodontal disease (Darveau et al., 1998). Another example of
the multi-microbial nature of periodontitis is the relationship between streptococci species and
Aggregatibacter actinomycetemcomitans. A. actinomycetemcomitans has adapted to up-regulate
certain genes that protect it from the human immune responses, but only when in the pres-
ence of lactic acid and hydrogen peroxide rich environment produced by various streptococci
species. At the same time, the acidic environment inhibits the growth of other taxa (Ramsey
and Whiteley, 2009). This mechanism then leads to the increased growth of A. actinomycetem-
comitans, which has the ability to degrade white blood cells and again further stimulate an
overaggressive host response - resulting in in�ammation-related disease (Åberg et al., 2015).

As the manifestation of some diseases can occur through disruption of the complex rela-
tionships between di�erent taxa in the plaque bio�lm, clinical solutions should also take into
consideration the maintenance of a healthy microbiome in any prescribed intervention. In
contrast to microbiota at other human body sites that can be more taxonomically dynamic
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(Lozupone et al., 2012; Greenbaum et al., 2019), the taxonomic stability of plaque bio�lm sug-
gests it should be more straightforward to de�ne what constitutes a ‘healthy’ oral microbiome
state (Utter et al., 2016).

1.3 Evolution of the oral microbiome

1.3.1 Why reconstruct the evolutionary history of the oral microbiome?

Despite the importance of taxonomic redundancy towards the maintenance of the equilibrium
of a healthy bio�lm, our knowledge of the global diversity of the oral microbiome remains lim-
ited. The vast majority of oral microbiome research has been performed on populations from
industrialised societies, particularly within the US (such as in the HMP), and has focused on
more socio-economically rich groups within these societies. This thesis will use the term of
‘industrialised’ societies following their de�nition in sociocultural and economic terms. These
groups have populations that overall typically rely on mechanised, mass production of food-
stu�s, and have established access to modern healthcare, including antibiotics and hygiene
practices (but access of which can vary within the society). These societies currently su�er the
least oral disease (Peres et al., 2019), likely due to the ability for greater �nancing of oral health
care and education. These sets of published microbiome data are thus likely poor representa-
tions of the global diversity of the oral microbiome.

Using such a limited subset of populations for analysing the oral microbiome further lim-
its our understanding of the likely highly complex relationship between taxonomic diversity
and the maintenance of health and disease. In clinical contexts, using currently characterised
oral bio�lm communities of heavily industrialised populations as reference material to develop
broader healthcare treatments is not ideal. Resulting treatments may not be suitable for the mi-
crobial diversity and interactions of populations in other sociocultural and economic contexts
(e.g. as noted for caries; Philip et al., 2018). For example, culturing studies have indicated
possible di�erences in the species present in patients su�ering from periodontal disease from
di�erent countries (Sanz et al., 2000; Herrera et al., 2008), although quantitative culturing stud-
ies have limitations due to qualitative morphological identi�cation of di�erent species. Di�er-
ent populations may require di�erent taxonomic and functional pro�les to maintain healthy
oral microbiomes, due to the di�erent environmental and cultural contexts in which each pop-
ulation lives. Without identifying all possible taxonomic or taxonomic-relationship contexts
that result in a given illness, a treatment may not be su�ciently e�ective for everyone. This
is because the data they are based on may only identify peripheral di�erences speci�c to the
cultural context of that population, rather than the actual underlying causes or mechanisms
that result in disease. Characterising this diversity will therefore also help improve our iden-
ti�cation of the critical functional pathways and taxonomic relationships that cause diseases
a�icting humans at global scales.

A range of studies have shown that in the gut and oral microbiome of diverse societies, there
are many widespread taxonomic and functional characteristics that are not found in industri-
alised societies. Additionally, even within these industrialised populations, such di�erences in
taxonomic presence and absence also exist in lower socio-economic classes, something which
has not been captured in keystone projects such as the HMP (e.g. Schnorr et al., 2014; Rampelli
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et al., 2015; Sankaranarayanan et al., 2015; Ozga et al., 2016; Li et al., 2014). Indeed it has been
argued that for the gut microbiome, industrialisation of a society results in the development of
a fundamentally dysbiotic microbiome across the population (e.g. Dominguez Bello et al., 2018;
Sonnenburg and Sonnenburg, 2019). However, some researchers have questioned whether in-
dustrialised microbiomes are indeed ‘fundamentally’ dysbiotic, or whether the microbiome is
rather just adapting to the environmental context of the industrialised culture (Broussard and
Devkota, 2016; Carmody et al., 2021). Rather than assuming industrialisation ‘automatically’
should be equated with health or disease, characterising the diversity of di�erent populations
within their anthropological contexts will allow us to test this hypothesis. By doing so, we will
be able to identify a wider of range environmental factors that can in�uence the oral micro-
biome and improve the contextualisation of disease in di�erent societies.

However, expanding characterisation of the oral microbiome in living populations and of
di�erent lifestyles only provides a contemporary perspective on the total diversity. Living
populations re�ect only a singular snapshot at a limited point of time in human history. If we
wish to understand how microbiomes adapt to di�erent contexts, we require a temporal axis
to understand how exactly microbiomes are adapting to di�erent environmental contexts. By
looking at the long-term evolution of microbiomes and comparing to long-term evolution of
human behavioural or cultural change, we will be able to assess the which, when, and how
much, and how adaptation occurred (Warinner et al., 2015). An important aspect of tracing
adaption through time is that researchers require a starting point to compare against. A logical
starting point would be the ancestors of all populations under study. Following evolutionary
principles, inferring the ancestral state of an organism or microbiome can be made by �nd-
ing common microbial taxa of related host species, such as, in this case, chimpanzees, gorillas
and other hominids. Correspondingly, the microbiota of these host species also require char-
acterisation before ancestral states can be reconstructed. Expanding diversity both in terms
of present-day but also from ancient societies and species, could allow us to further identify
whether diseases considered ‘modern’ are actually just certain mechanisms or responses of the
microbiome to speci�c contexts - possibly having also occurred in the past. Identifying what
factors resulted in certain changes could then potentially help allow predictions of ‘reactions
to certain changes, helping us more holistically manage oral health. Ultimately, by sampling
more populations - both living and ancient - we will be able to assess how well inferences on
the role of the microbiome in health and disease made from the current limited range of popu-
lations hold up both over short-, and long-term, evolution. Accessing such transects, however,
is not trivial.

1.3.2 Accessing the global diversity of the human oral microbiome

Assessing the wider global diversity of the human oral microbiome has typically been previ-
ously performed by sampling living humans today, typically by focusing on saliva, which is an
easily and non-invasively sampled substrate. Early work focused on analysis of terminal re-
striction fragment length polymorphism (T-RFLP), or amplicon sequencing of ribosomal RNA
(16S rRNA, a gene present in all microbial organisms), to e�ciently get broad surveys of the
taxonomic content of samples, when SGS was still in its infancy and still relatively expensive.
Studies such as Nasidze et al. (2009), Nasidze et al. (2011) and Li et al. (2013), sampled the saliva
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of individuals from every major continent and identi�ed a high diversity of taxa around the
world, with many potentially uncharacterised microbial genera. This initial work appeared to
suggest that between human populations there was no geographical partitioning of taxonomic
composition (Nasidze et al., 2009). However a later study argued that the salivary microbiome
pro�les could be used, to a limited extent, to di�erentiate populations (Li et al., 2014; Takeshita
et al., 2014). These studies found that less-industrialised hunter-gatherer societies in Western
Africa displayed a higher level of diversity than more industrialised individuals in the same re-
gion (Nasidze et al., 2011; Li et al., 2014). Furthermore, when comparing the saliva microbiome
between zoo and wild apes as a more extreme example of di�erences occurring from the result
of industrialisation-like processes, Li et al. (2013) showed that zoo counterparts also had much
less diversity.

However, saliva represents a transient and variable microbiome derived from multiple oral
sites due to constant �uid �ow in the oral cavity, and may not act as a good proxy for long-term
oral microbiome composition. This transience is much more likely to re�ect the environmen-
tal context of the individuals of di�erent populations. While other 16S rRNA work on plaque
samples reported possible di�erences between di�erent ethnicities within a single population
(African American versus Caucasian American; Mason et al., 2013), this has been strongly ques-
tioned due to a lack of control of these environmental di�erences (e.g., comments on the PLoS
One article by Mason et al., 2013, Accessed March 2021), and overly-simplistic de�nitions of
race (Benezra, 2020). Indeed, other studies of the plaque microbiome across industrialised
societies in di�erent geographic regions has been shown to be relatively similar, which em-
phasises that behaviour or environmental contexts, such oral health routines, is more likely to
in�uence microbiome pro�les than the genetics of the host themselves (Utter et al., 2016).

1.3.3 Reconstructing the ancestral oral microbiome

Identifying di�erences between living-day populations only gives a shallow view of the di-
versity of the human microbiome, however. Microbiomes will have been dynamic throughout
our past, but constructing such a transect requires a starting point to start measuring changes
from - such as from the microbiomes of our ancestors. Evolutionary concepts for reconstruct-
ing ancestral states of host genomes can also be applied to microbiomes through �nding shared
sequences between the (microbial) genomes of descendants of a common ancestor (Dunn et al.,
2020). These concepts have been previously applied to the comparison of gut microbiomes of
humans, chimpanzees, and other apes (e.g., Moeller et al., 2012, 2014). These studies broadly
found that the diversity of gut taxa was indeed higher in primates and has since become less
diverse in humans. Importantly, however, all primates analysed displayed a ‘core’ set of taxa.
This showed that these di�erent host species still share a set of common, and likely ancestrally-
derived, collection of microorganisms, and that earlier forms of Homo may have also held this
diversity. In addition, studies such as by Ochman et al. (2010) and Moeller et al. (2016) have
showed the continued presence of these microbes in the host species, despite strain-level co-
evolution during the diversi�cation of the hosts themselves. However, evolutionary change
(e.g., via inheritance, and microbial co-evolution with the host) is not the only factor that re-
sults in long-term changes, but ecological change (e.g., microbial species abundance �uctua-
tion due to di�erent environments) can also play a major role. Later studies including a wider
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range of humans and Old World monkeys have shown that human gut microbiota appear to be
taxonomically and functionally more similar to baboons and macaques, than to more closely
related chimpanzees and gorillas (Amato et al., 2019b), and post-host divergence transfer of
strains still occurred (Moeller et al., 2016). This re�ects the complexities of the human micro-
biome in ways that depart from typical phylogenetic evolutionary relationships, with Amato
et al. (2019b) arguing that dietary (Muegge et al., 2011), physiological, and behavioural (Gomez
et al., 2015) traits play an equally (or even more so) in�uential role in the on-going co-evolution
of host and their microbiota (Amato et al., 2019a). In both cases, humans were found to have
an unusual rate and pattern of divergence (Amato et al., 2019b; Moeller et al., 2014), and that
our relatively unique cultural and behavioural adaptability has in�uenced the evolution of our
own microbiota. While this approach has provided some insights, biases remain. Firstly, many
studies looking at nonhuman primates have used captive animals that have been shown, in a
variety of contexts, to have modi�ed microbiomes versus their wild counterparts (e.g. Clayton
et al., 2016; McKenzie et al., 2017; Youngblut et al., 2019).

Much like in humans, recording and maintaining the diversity of the microbiota in animal
species has been proposed to be an important extension of current host-genome focused con-
servation strategies (Redford et al., 2012; West et al., 2019; Trevelline et al., 2019; Ross et al.,
2019). In this context, the recording of the diversity of microbiomes in threatened species must
not only apply to simply microbial species, but also to the diversity of body sites that researchers
should study. As can be observed from the previously cited studies, the vast majority of evo-
lutionary research on host-associated microbiomes in animals (and also to a large extent, in
humans) has been primarily focused on the gut. This bias can be partly explained by the fact
that non-invasive sampling of the gut microbiota is relatively simple - through the sampling
of naturally deposited faecal material. Furthermore, the gut is a relatively ‘closed o�’ system
compared to more ‘exposed’ body sites like the skin, and oral cavity. Having to control for
the many more environmental variables that the latter sites encounter, makes studying these
types of microbiomes more di�cult. While physically sampling skin and saliva from humans is
relatively straightforward, the same cannot be said of animals that may not be as cooperative.
Therefore, the majority of these studies have relied heavily on zoo or domesticated animals
(Council et al., 2016; Ross et al., 2018), who may not be suitable for the reconstruction of the
potential wider biodiversity of the human ancestral microbiome, due to anthropological mod-
i�cation.

1.3.4 The oral microbiome outside clinical contexts

Microbiome research on the oral microbiome is primarily focused on health and disease. Given
that one aspect of the human microbiome is that it is in�uenced by human behaviour (Herd
et al., 2018), this concept could potentially be used to infer di�erent aspects of human life such
as diet, hygiene, and behaviour. For example, Shaw et al. (2017) demonstrated via 16S rRNA
analysis of saliva microbiomes that the primary driver of taxonomic similarity of the saliva
of related individuals was proximity. I.e., those who share long-term occupancy of the same
households (Blekhman et al., 2015; Demmitt et al., 2017; Gomez et al., 2017), rather than host
genetics. Interestingly, the particular taxa that drove the clustering of the di�erent households
only made up a small part of the overall saliva microbiome, and a consistent core microbiome
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remained across all populations (Shaw et al., 2017). Despite this, these small di�erences showed
that the saliva microbiome could in principle be used to test hypotheses of familial or household
relationships between individuals, as an alternative to the genetics of the hosts themselves.

In another example, Lassalle et al. (2018) performed metagenomic analysis of saliva of indi-
viduals from the Philippines. The peoples in the study practise di�erent subsistence strategies
(hunter-gathering and ‘traditional farming’), and the study found that some di�erences could
be observed that distinguished the two populations. They also noted (as with Nasidze et al.,
2009, 2011) that hunter-gatherer individuals from the Philippines showed higher variability and
diversity in the taxonomic composition of their saliva microbiomes. At the same time, they also
appeared to have a lower incidence of oral disease, an observation the authors hypothesised
to possibly be related to the diet of the hunter-gatherer population containing less starch and
sugar (Lassalle et al., 2018).

In both cases, while saliva is easier to access, the patterns observed in saliva may only re-
�ect relatively short periods of human behaviour due to the transient nature of the �uid (e.g.
Lazarevic et al., 2010; Jiang et al., 2015). A focus on saliva limits analysis of the oral micro-
biome to individuals living today and do not allow access to analyses of changes over long-
term behavioural trends. As well as trying to use the oral microbiome to address more evolu-
tionary questions, understanding the e�ects of long-term behavioural shifts can be considered
important for designing improved prevention and treatment strategies of disease - rather than
short-term ‘reactionary’ responses (e.g., an example of which could be the overuse of antibi-
otics; Ventola, 2015; Shallcross and Davies, 2014; Brealey et al., 2021). Instead, reconstruction
of ancestral states of the oral microbiome from past individuals, could be used to identify past
diversity and ‘calibration points’ at which certain changes occurred in recent and deep history.
In this context, Manuscript A describes the use of ancient dental calculus from both close and
distant primate relatives of humans to reconstruct deep-time ancestral states of the human oral
microbiome.

1.4 Reconstruction of ancient oral microbiomes

1.4.1 Dental calculus: fossilised dental plaque

This concept, however, raises the question of how can ‘deep-time’ ancestral states of oral mi-
crobiomes be accessed? If not removed, dental plaque undergoes periodic ‘fossilisation’ events
during the lifetime of an individual. For reasons that are still not fully understood, dental plaque
spontaneously mineralises, during which the bio�lm becomes supersaturated by minerals from
saliva and from the microbes themselves (Jin and Yip, 2002; White, 1997). The minerals involved
in this process primarily consists of calcium phosphates (Hayashizaki et al., 2008). During
mineralisation, the plaque bio�lm is ‘petri�ed’, killing a large proportion of the microbial cells
(White, 1991) - the remains of which are preserved within the deposit alongside a range of other
‘exogenous’ material that may be present in the oral cavity at the time. This mineralisation pro-
cess occurs unevenly throughout the bio�lm, resulting in crystal aggregates of di�erent ages
and mineral composition (White, 1997). Once the mineralisation of the bio�lm is complete, a
new layer of dental plaque bio�lm forms on the surface of the calculus, resulting in a layer-like
structure of the deposit (Akcalı and Lang, 2017). Dental calculus is regularly found on skeletal
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remains, as the hard mineral deposits protects against, and reduces the speed of postmortem
degradation. It has therefore have been investigated by archaeological researchers since the
1970s (see Warinner et al., 2015, for a review) for a wide range of purposes - primarily for in-
ferring diet from embedded plant microfossils (Klepinger et al., 1977; Middleton and Rovner,
1994; Fox et al., 1996; Cummings and Magennis, 1997; Henry and Piperno, 2008; Henry et al.,
2011; Hardy et al., 2017; Henry et al., 2012, 2014; Power et al., 2015; Cristiani et al., 2016; Geber
et al., 2019; Tromp et al., 2020) but also inferring self-treatment (Hardy et al., 2012, 2016), and
tool working (Radini et al., 2016; D’Agostino et al., 2019; Radini et al., 2019).

This fossilisation process is critical for accessing the ancestral states of the oral microbiome.
The maturation of minerals in dental calculus, after initial formation, results in the formation
of a primary mineral type of whitlockite and hydroxyapatite (White, 1997). Hydroxyapatite is
a calcium phosphate-based apatite that is one of the main inorganic substrates of bone, tooth,
and enamel, and therefore preserves well in the archaeological record. Importantly, hydroxya-
patite in bone and teeth has a physico-chemical a�nity to biomolecules such as DNA, causing
phosphate-based ionic adsorption of the biomolecules to the surface of the mineral and acts as
a stabilising mechanism against DNA degradation (Grunenwald et al., 2014). Mineral growth
can occur in a way that it replaces water present in the bone, something that improves preser-
vation, as the presence of water is a key component to the hydrolysis-based breakdown of
biomolecules, including DNA (Kendall et al., 2018). High density mineralisation further re-
duces microbial-based degradation as there are fewer ‘channels’ that allow microorganisms to
penetrate into the interior of a skeletal element (Turner-Walker, 2007). As empirical evidence,
more densely mineralised bone elements have been shown to more reliably yield higher levels
of endogenous host aDNA, versus more porous or less hard elements (Gamba et al., 2014). Due
to the similar mineral composition of bone and dental calculus, it is therefore not so surprising
that dental calculus was recently shown to be not only a good reservoir for microfossils but
also for ancient biomolecules including DNA, proteins, and other organic substances (Hardy
et al., 2012; de La Fuente et al., 2013; Adler et al., 2013; Warinner et al., 2014a,b).

The presence of DNA in archaeological dental calculus was originally identi�ed when re-
searchers performed transmission electron microscopy (TEM) on sections of dental calculus
(Preus et al., 2011), and found evidence of both preserved bacterial cells and reactive DNA in
the centre of the cell impressions. Con�rmation that these cells could be from oral taxa (rather
than possible environmental contamination) later came from the successful targeted ampli�-
cation of species-speci�c genes of known oral pathobionts such as Streptococcus gordonii, F.
nucleatum, and P. gingivalis (de La Fuente et al., 2013). Since then, the possibility of extracting
su�cient DNA deriving from the wider oral bio�lm preserved in calculus has been repeatedly
and independently observed (e.g. de La Fuente et al., 2013; Adler et al., 2013; Warinner et al.,
2014b; Weyrich et al., 2017; Velsko et al., 2018; Brealey et al., 2020; Neukamm et al., 2020).
Dental calculus has been observed across many archaeological populations and ancient soci-
eties (Lieverse, 1999; Novak, 2015; Austin et al., 2019), as well as being present on the skeletal
remains of extinct hominid lineages as old as 12 million years (Fuss et al., 2018; Hershkovitz
et al., 1997). Therefore, given the preservation potential, it is an ideal potential substrate for
large-scale investigations into the historical diversity of the human microbiome.
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1.4.2 Key stages in the development of ancient oral microbiome research

Adler et al. (2013) presented the �rst study attempting to take a broader taxonomic approach
to analysing the oral microbiome of ancient individuals. They assessed the dental calculus of
34 archaeological individuals via 16S rRNA gene sequencing, dating in a time-transect from
the Mesolithic era (7,000 years ago) to plaque from present-day individuals. The authors de-
scribed shifts in the taxonomic pro�les of bacteria in dental calculus during two major cul-
tural shifts: adoption of farming and higher carbohydrate diets (around 8000-5000 years ago
in Europe), and industrialisation during the Industrial Revolution (around 200 years ago in
Northern Europe). In particular, they reported that the transition to agriculture resulted in
an increased presence of taxa associated with periodontal disease such as P. gingivalis, Tan-
nerella and Treponema. However, caries-associated taxa such as S. mutans only appeared with
increased highly-re�ned sugar intake during the Industrial Revolution. While pioneering, this
study su�ered a range of issues that weakened some of the interpretations made about the re-
sponse of the human oral microbiome to major archaeological transitions. Firstly, each tempo-
ral era was only represented by individuals from a single geographic region (Germany, Poland,
United Kingdom, Australia), meaning site-speci�c characteristic biases were not controlled for.
Secondly, while the study could con�rm that known oral taxa were present in the dental calcu-
lus (de La Fuente et al., 2013), the use of amplicon sequencing, while cost e�ective, restricted the
ability to authenticate that the ampli�ed DNA was actually ancient. Ampli�cation techniques
using primers prevent the ability to evaluate ancient DNA degradation that exist primarily at
DNA molecule termini (see section 1.5.3). A second factor in this was that the target regions
of species-speci�c genes, or 16S rRNA genes, are much longer (150-300 base pairs, [bp]) than
typical aDNA fragments (less than 100 bp) (Ziesemer et al., 2015), resulting in skews in taxo-
nomic pro�les. Thirdly, analytical processing reduced the number of sequences for assessing
abundance variation of taxa associated with disease to just 34 DNA fragments - a level so low
that is insu�cient to describe bio�lms consisting of hundreds of taxa - particularly when deal-
ing with such a small sample size. Solutions were therefore needed to increase sample size
and utilise techniques that allow less biased reconstruction and authentication of taxonomic
pro�les of the entire original endogenous microbial community in a calculus sample. Further-
more, these methods needed to be optimised to account for the short fragment lengths that
occur with aDNA.

It was only when shotgun SGS sequencing was applied to dental calculus that researchers
were able to demonstrate that the DNA associated with many di�erent identi�able oral taxa
were actually ancient. In two landmark papers, Warinner et al. (2014b) and Weyrich et al.
(2017) were able to successfully con�rm the presence of the large diversity of the oral micro-
biome preserved in ancient dental calculus - and in the case of Warinner et al. (2014b) - along
with palaeoproteomic evidence. Both papers showed the long-term existence of the ‘red com-
plex’ and more recently identi�ed pathobionts, being possibly present as far back as 48 kya
(Weyrich et al., 2017), and seemingly at a greater abundance than in modern plaque (Warinner
et al., 2014b). Virulence factors, and more importantly some antibiotic resistance genes, were
likely already present since the European Medieval era - showing analysis of ancient sam-
ples can have possible implications upon future strategies for combating antibiotic resistance
(Warinner et al., 2014b). Both papers had su�cient preservation of the DNA in the dental cal-
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culus of ancient individuals to yield complete and partial genomes of well-known oral taxa (the
bacterium T. forsythia by Warinner et al. (2014b), and the archaeon Methanobrevibacter oralis by
Weyrich et al. (2017)). Reconstruction of the partial M. oralis genome was su�cient enough to
allow an attempt at molecular dating, which suggested that the taxon diverged from relatives
after the divergence of Neanderthals and modern humans genomes. The authors subsequently
proposed that oral strain sharing was still occurring after host divergence, emphasising evi-
dence of inter-species hominin interaction that is currently being uncovered in host genomic
studies (Hajdinjak et al., 2021; Prüfer et al., 2021).

Some aspects of these papers have since been criticised. For example, the molecular clock
analysis by Weyrich et al. (2017) of a single only-partial ancient genome of M. oralis, with only
a single modern relative and otherwise distantly related taxa, was noted to provide insu�cient
resolution to make interpretations of host interactions (Charlier et al., 2019). Indeed, sample
sizes in shotgun ancient dental calculus papers aiming to characterise taxonomic trends or
validating protocols, have either been small (e.g., less than 10 in Zhou et al., 2018c; Modi et al.,
2020) or had heterogeneous sampling strategies (e.g. Mann et al., 2018; Weyrich et al., 2017) -
although a handful of more recent studies have began to improve on this (e.g., ~50 in each of
Velsko et al., 2018; Neukamm et al., 2020; Brealey et al., 2021). To tackle fundamental questions
such as the development of the human microbiome and how this evolves in an entire species
across millennia, large and comprehensive datasets are required. In this thesis, Manuscript A
describes the largest shotgun-sequenced ancient dental calculus study to date (124 samples),
with a sampling strategy designed to account for challenges in generating balanced sample
sets in the context of palaeogenomics (see section 1.5.1). These issues in generating su�cient
sample sizes in many ways can be attributed to the complications and challenges derived from
the combination of metagenomics with aDNA.

1.5 Challenges in ancient metagenomics

1.5.1 Sample size

Generating su�cient and balanced sample sizes for robust metagenomic analysis often has
added challenges when working with ancient DNA compared to modern genetic studies. Sam-
ple size is particularly important for microbiome studies as microbiome studies are generally
focusing on the presence and abundance of particular taxa in dynamic ecosystem (when com-
pared to the genomic analyses of single hosts, which are common in palaeogenomics). As such,
the ecology of the microbiome can have many confounding and/or explanatory variables de-
riving from the di�erent environments of di�erent individuals. Such studies need su�cient
sample size, and therefore power, to con�rm any patterns or signatures that may be observed
in the taxonomic and functional compositional analysis of microbiomes; the importance of
which has been repeatedly emphasised (e.g. Casals-Pascual et al., 2020; Qian et al., 2020; De-
belius et al., 2016; Silverman et al., 2018; Kelly et al., 2015).

In contrast to modern studies where samples are generally readily available from living indi-
viduals, or even grown in a laboratory, the majority of samples in the �eld of archaeogenetics
are, as a whole, typically taken from archaeological and museum collections that are com-
piled from previous excavations and research. Sample availability is therefore reliant on the
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types of archaeological sites that have been uncovered during excavation. Furthermore, in
terms of geographical balance, regions such as Europe have had longer and more intensive
archaeological investigations than other regions of the world, something re�ected in the dis-
tribution of ancient human genomes (as demonstrated in Fig 1b., and Fig 5 of Marciniak and
Perry, 2017; Orlando et al., 2021, respectively). Finally, for analysis of ancient oral microbiomes
via dental calculus, museum curators historically have in some cases removed dental calculus
deposits from teeth (Austin et al., 2019), under the assumption that they were ‘dirt’ and were
not aesthetically pleasing and/or interfered with other dental morphology analyses . Gener-
ating su�cient sample sizes, while protecting the limited number of samples (representing
unique cultural heritage) from over-zealous destructive analysis, is therefore a challenge that
must be addressed in any microbiome study. Improving access to larger comparative datasets
is addressed in this thesis in Manuscript B.

1.5.2 Data processing

Although collection of large sample sets of ancient samples is arguably more di�cult than for
modern metagenomics, increasing interest in ancient metagenomics is resulting in the cre-
ation of dedicated ancient microbiome research groups. Furthermore, established ancient pop-
ulation genetics groups are attempting to include these techniques alongside other research
(typically added as ‘disease’ components to human population genetics studies). As this con-
tinues over time, sample and sequencing data sizes will naturally increase. However, these
types of larger datasets needed for robust metagenomic analysis pose two primary challenges.
Firstly, these analyses require heavy computational resources that are often performed on
High-Performance-Computing (HPC) clusters and servers, and often consist of many com-
plex linked steps. Secondly, given that archaeogenetics is a highly interdisciplinary research
area, many di�erent researchers come into the �eld with varying levels of computational back-
grounds; something that is often incompatible with the scale of analysis required. This is par-
ticularly important when aDNA has a range of characteristics that require specialised analysis
that ‘o�-the-shelf’ modern metagenomic tools are not designed for (see section 1.5.3). Indeed,
the only published metagenomics pipeline available at the beginning of this thesis that made
reference to aDNA was metabit (Louvel et al., 2016). This pipeline however, performed no
additional steps designed speci�cally for aDNA - such as characterisation of typical aDNA
damage patterns or short fragments - and therefore no pipeline dedicated to ancient metage-
nomics existed, forcing researchers to design and execute their own work�ows manually. In
particular, the fundamental steps of taxonomic pro�ling (i.e., comparison of sequenced DNA
molecules against thousands of genomes at once) and authentication (checking for aDNA dam-
age patterns, etc., see section 1.5.3), was not automated. Pipelines such as HOPS (Hübler et al.,
2019) have only recently started to be developed to automate some of these steps. However,
pipelines like HOPS are often only designed for a particular step of a whole ancient metage-
nomic data processing work�ow. Therefore, additional manual work linking with other steps
of such a work�ow (such as quality control and/or sequencing artefact removal) are required,
something that is not optimal for scalability.

The most common solution for making computationally-heavy analysis more e�cient is
through the use of pipelines - tools that string together a series of required steps and automate
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the execution of these commands. This reduces the amount of ‘hands-on’ work required of
the researcher, as well as reducing the risk of user error. Furthermore, automation adds a level
of standardisation in the analysis across the �eld. While aDNA pipelines to tackle this issue
have been published in the past (PALEOMIX, EAGER, metabit, Schubert et al., 2014; Peltzer
et al., 2016; Louvel et al., 2016), these do not follow current standards in software develop-
ment, nor include analyses representing the latest work�ows in ancient metagenomics. All
three pipelines could be considered ‘abandoned’, or at least have not had any major updates
in recent years. Such major updates would need to consist of either the addition of new tools
or updating parameters to the latest recommendations. Furthermore, they were designed to
only run on single machines (desktop, laptop, or single-node server), and therefore the level of
parallelisation of analysis of multiple samples is limited. This is not ideal when more recent
HPC clusters can have hundreds or thousands of nodes. Indeed, while the more recent HOPS
ancient metagenomics pipeline has some level of integration with the SLURM HPC scheduling
system, this only works for labs running this particular scheduler, and researchers on other
systems are unable to e�ciently run the pipeline.

While pipeline development is quite common in bioinformatics, this does not mean that they
are accessible. Many researchers entering palaeogenomics, including ancient metagenomics,
may often have little to no computational knowledge, such as for working on command-line in-
terfaces, let alone on working on HPC cluster infrastructures. More speci�cally, for the young
�eld of ancient metagenomics, routine practices are only just emerging, and therefore educa-
tional curricular or training courses in this area do not exist for the processing or interpretation
of such sequencing data. To ensure that research groups are able to analyse large-scale datasets
e�ciently, but also to a su�cient quality required for aDNA studies, tools and pipelines need
to be designed to be accessible to a wide range of labs in di�erent contexts. Supporting this will
correspondingly assist the increasing of sizes of datasets that can be used by other researchers.
Accessibility can be considered to be primarily aided by two main factors: well-designed soft-
ware for ease of use, and documentation. Looking at existing solutions, the metagenomics
pipeline Metabit (Louvel et al., 2016) had little to no documentation on usage, nor output in-
terpretation. While documentation was better with the ancient genomics pipeline PALEOMIX
(Schubert et al., 2014), con�guration of a pipeline run requires signi�cant editing of a �le format
that is not well known outside of computer science, and again, available output documentation
is limited. While PALEOMIX and Metabit o�ered command-line interfaces (CLI) - the preferred
method of executing pipelines for experienced bioinformaticians - these are not particularly
user-friendly for novices. The ancient genomics pipeline EAGER (Peltzer et al., 2016) took a
di�erent approach by developing a Graphical User Interface (GUI). GUIs are more familiar to
users that are used to point-and-click applications such as word processors or spreadsheet soft-
ware. However, as with the other pipelines, documentation is also relatively sparse, making it
more di�cult for most users to evaluate suitable parameters and expected results in the context
of aDNA.

Finally, given the complexity of modern SGS data analyses, reproducibility has recently be-
come a particular area of focus in the wider bioinformatics �eld (Sczyrba et al., 2017; Baker,
2016; Kim et al., 2018; Hothorn and Leisch, 2011; Gauthier et al., 2019). As well as for train-
ing purposes, being able to rerun analyses of other researchers and check that results are the
same as reported in a publication, such as during peer-review, can be very useful. Previous
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aDNA pipelines had not been designed to make this easy for users. The three pipelines re-
quired manual installation of all tools of the pipeline one by one, requiring system administra-
tor maintenance to ensure versions are kept up to date. This can be problematic, as changes to
a version of one tool can lead to incompatibilities with other tools in a pipeline. Latest bioin-
formatics practises nowadays promote the use of software containers, i.e., singular ‘image’ �les
that include an unmodi�able snapshot of all required tools and versions precon�gured for a
pipeline (Gruening et al., 2018). Other users therefore can download the same image and run
the same command as the original publication to successfully replicate the initial analysis. The
use of this technology therefore allows portability across di�erent computing infrastructures,
and therefore supports reproducibility.

These issues are addressed in Manuscript C by the development of a completely re-written
and extended ancient (meta-)genomic pipeline designed speci�cally for high-throughput pro-
cessing. The development of this pipeline, named nf-core/eager, speci�cally focuses on repro-
ducibility and accessibility.

1.5.3 DNA yield and quality

Next, even if su�cient ancient samples are collected and libraries are able to be generated and
analysed, there is no guarantee that the sample will yield enough usable DNA for analysis in
these pipelines. In the absence of repair mechanisms of living cells, all DNA molecules will
eventually undergo forms of postmortem chemical change that slowly degrade the molecule.
For aDNA, two main processes have been observed: fragmentation and nucleotide chemical
modi�cation (the latter often referred to as miscoding lesions or ‘damage’).

Fragmentation of DNA molecules comes most commonly following depurination. This con-
sists of hydrolysis of purine bases (with guanine [G] undergoing hydrolysis at a higher rate
than other bases) resulting in abasic sites, making the phosphate backbone also susceptible
to hydrolysis. This susceptibility then increases the occurrence of breakage of the phosphate
backbone at single sites on one of the strands, increasing the chance of the entire cleavage
of the molecule around this location (Lindahl, 1993). If two of these breakages occur close to
each other, the hydrogen bonds between the nucleotides are insu�cient to hold the stands to-
gether, resulting in the cleavage of the molecule, and single-stranded overhangs at the end of
the cleaved molecules. This is something that has been corroborated in observations of shot-
gun aDNA libraries, where it has been directly observed that when compared to a reference
genome, there is an increase in the frequency of Gs in the reference prior to the beginning of
sequenced molecules (Briggs et al., 2007). Over time this process thus results in shorter and
shorter molecules, typically observed in aDNA to be less than 100 bp. This factor was a critical
issue in early PCR-based aDNA studies that targeted single genes or sequences through am-
pli�cation, as longer modern DNA molecules are more amenable for ampli�cation than short
sequences due to the presence of both priming sites on the same DNA strand (as demonstrated
more recently in ancient microbiome studies by Ziesemer et al., 2015).

The second most well-characterised characteristic of aDNA is nucleotide misincorporations
caused by deamination. This process is where hydrolysis of an amino-group of a nucleotide is
modi�ed or removed. In the context of aDNA, the most common deamination is of Cytosine
(C) to Uracil (U) (Lindahl, 1993), which is subsequently read by non-proofreading polymerases
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as a Thymine (T); something often known as C-T miscoding lesions. Deamination occurs more
frequently on structurally less stable single-stranded molecules (e.g. Frederico et al., 1990). As
above, after fragmentation via depurination, molecules will often have uneven strand ends
where the backbone of each strand has been cleaved in di�erent places (also known as single-
stranded overhangs). This means that the exposed nucleotides of a longer-overhang strand
are more susceptible to deamination than internal regions of molecules (Briggs et al., 2007).
After the advent of SGS sequencing, it was observed that frequencies of T substitutions on
the reference genome were higher than usual on the �rst base of the 5’ end of sequenced
molecules (known as ‘reads’) and gradually decreased further internally into the molecule
(Briggs et al., 2007). C-T lesions on single-stranded overhangs are only typically observed
on double-stranded SGS libraries at 5’ ends. This is because library preparation protocols typ-
ically only repair via ‘�lling in’ at this end, whereas 3’ overhangs are enzymatically ‘clipped
o�’ (known as ‘blunt ending’). Thus, complementary G-A misincorporations are re�ected in
the �lled-in strand. Note that newer single-stranded library preparation retains C-T lesions at
both ends (e.g., Gansauge et al., 2017).

These two factors result in a variety of technical challenges when carrying out ancient
metagenomic studies. One of the initial steps of most metagenomic studies is to identify
which taxa sequenced DNA reads are derived from, by comparing each sequence against a
large database of reference sequences of known taxa (known as aligning or mapping; Quince
et al., 2017). The accuracy and sensitivity of these alignments depend on the amount of infor-
mative sequences that each read contains - the shorter the read, the less informative it is. For
example, low sequence complexity (i.e. a low diversity of nucleotides) in short reads means
they are more likely to align to the reference genomes of many more taxa (that may either
share stretches of a genome via relatedness, or by chance). The result of this is that aligners
are often unable to know which is the correct genome the read is originally derived from (as
demonstrated in Velsko et al., 2018). When dealing with strain-level analysis, short fragments
also pose an obstacle when trying to separate the genomes of two highly similar strains. Typi-
cally, strain separation is performed by identifying multiple single-nucleotide polymorphisms
(or SNPs) on a single read, which shows that these two genetic variations are derived from
a single strain. When partially overlapping with another read containing the same sequence,
this shows the genetic variation of the �rst read can be linked to another SNP on the new read.
By repeatedly linking reads with overlapping SNPs together, strains can thus be separated (an
approach called haplotyping). However, when fragments are short, this reduces the chance a
read has more than one SNP and haplotyping cannot occur, as the genetic variation that should
be associated together cannot be con�dently linked (Nicholls et al., 2020). Miscoding lesions
also complicates the con�dent calling of ‘true’ SNPs. In haploid organisms such as bacteria,
calling a SNP typically occurs with the assumption that all reads aligned to the same position
on a reference genome should have the same nucleotide. However, postmortem miscoding le-
sions adds uncertainty to SNP calling (e.g., as in Lindgreen et al., 2014), because in the presence
of damage, not all nucleotides at a given position will be the same. Furthermore, reads from
other very closely related species that are also present in a sample (see section 1.5.4) can also
align to the same position but include a di�erent SNP (Warinner et al., 2017), adding further
complexity for reliable SNP calling for downstream analyses. In all cases, special analytical
approaches are needed to account for the degraded nature of aDNA.
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It is important to note that both of these natural chemical degradation processes occur at
varying rates throughout existence of a sample. While the ‘embedding’ of DNA in mineral
substrates of archaeological material stabilises di�erent components of the DNA molecule ‘in-
place’, and thus slows the rate of degradation, certain environmental conditions can further
reduce (or accelerate) the rate of these processes (e.g., temperature, pH, and water content;
see Allentoft et al., 2012; Kistler et al., 2017). Suitable preservation conditions (e.g., permafrost
environments) can result in the preservation of DNA as old as 1.2 million years (van der Valk
et al., 2021). In general, cold and dry environments are preferential, with cold environments re-
ducing the kinetic energy available for chemical changes and desiccation reducing the amount
of water available for hydrolysis (Bollongino et al., 2008). However, the relationship of these
factors to aDNA preservation are still not well understood (Sawyer et al., 2012; Kistler et al.,
2017), with age being shown to be a less informative factor in the prediction of preservation
than previously thought (Smith et al., 2003; Sawyer et al., 2012). Increasing evidence of suc-
cessful aDNA retrieval is being presented from warmer and wetter environments, such as in
Africa or Polynesia (Gallego Llorente et al., 2015; Skoglund et al., 2016). This typically occurs
when burial environments di�er from the general climatic environment of the region (such as
in caves). Therefore, in addition to potentially limited sample sizes, the amount of degradation
and yield can vary highly within a sample set. This must therefore be accounted for when
preparing sample- and analytical strategies for ancient microbiome studies.

1.5.4 Contamination

Even though DNA can be preserved (albeit in a fragmented and damaged state), this does not
mean that the entire DNA present in an archaeological sample is from the original DNA of the
organism (Der Sarkissian et al., 2014; Philips et al., 2017). A major challenge for ancient micro-
biome research is the separation of the already complex microbial community of the original
microbiome from exogenous environmental biomass. Burial surroundings (e.g., sediment/soil)
of archaeological samples are dynamic environments, and more recent, less-fragmented and
undamaged ‘contaminating’ DNA often becomes more likely to be sequenced as the original
DNA degrades. This contaminating DNA can come from a variety of sources, including mi-
croorganisms present in the soil or sediment (Jans et al., 2004), percolating water (Haile et al.,
2007), and also in post-burial contexts such as handling by excavators (human DNA contam-
ination) or storage in archaeological collections (microorganism) (Llamas et al., 2017). In ad-
dition, despite (in)famously de�ned ultra-strict setups and guidelines for working with aDNA
(Cooper and Poinar, 2000; Llamas et al., 2017, e.g., dedicated laboratory for extraction, negative
pressure �ow, full body suits, face masks, regularly changed gloves, etc.), laboratory worker
handling, and laboratory reagents (Leonard et al., 2007; Weyrich et al., 2019) remain sources of
contamination in aDNA studies.

‘Non-endogenous’ taxa complicate downstream analysis in a variety of ways. Firstly, con-
taminating strains from modern sources can result in a false positive identi�cation of a given
taxa (i.e., that a taxon was not actually originally present in an ancient individual; Warinner
et al., 2017; Harkins et al., 2015; Müller et al., 2016). During taxonomic pro�ling via the align-
ing of reads against large databases of reference genomes, the presence of uncharacterised
environmental relatives of true (also present) endogenous taxa can result in the endogenous
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taxa displaying a greater abundance than it actually had. In other words, when the reference
genome of an environmental relative does not exist in a database, in lieu of the original genome,
reads will generally align against the most similar genome that is present in the database. This
arti�cial skewing of the abundance pro�les subsequently makes the identi�cation of impor-
tant taxa that may have changed in response to variables of interest di�cult to identify with
con�dence. Conversely, the presence of low-abundant ‘rare’ but informative taxa can become
indistinguishable from ‘noise’ when equally low abundance environmental contamination is
present (Davis et al., 2018). Additionally, as described above (section 1.5.3), cross-mapping from
contaminating environmental taxa makes downstream analysis involving SNPs (e.g., for phy-
logenetics) more complicated, as the contamination of closely related modern taxa means that
SNPs cannot be con�dently made at true SNP sites in the genome of the original taxon.

It is also important to mention that the analysis of ancient microbes is not a brand new �eld
of research (Spyrou et al., 2019). Ancient pathogen genomes were �rst reconstructed a decade
ago (Bos et al., 2011), and accordingly, some dedicated for tools and techniques have been devel-
oped for such contexts (Bos et al., 2014; Zhou et al., 2018b; Hübler et al., 2019; Dimopoulos et al.,
2020). While the challenges for ancient pathogen genome studies have a large overlap with the
challenges in ancient microbiome research, microbiome work has the additional challenge of
taxonomic scale. Ancient pathogen genomicists typically work on identifying and analysing a
single pathogen species, whereas ancient microbiome research aims to characterise hundreds
or even thousands of taxa at once. Pathogens that are typically studied are generally very
well characterised in modern contexts - with extensive reference databases, high-quality and
annotated genomes, and well researched diversity within the given genus. In contrast, many
species detected in microbiome studies are under- or even uncharacterised, and only have par-
tially assembled or draft genomes available. The high-quality reference genomes of pathogen
species and their relatives are therefore amenable for the development of techniques such as
DNA probe arrays. These allow for the ‘capture’ or ‘enrichment’ of the DNA of a given species
of interest from the metagenomic ‘soup’ of environmental DNA (see Furtwängler et al., 2020,
for a review). This improves the genomic coverage of ancient samples and increases con�-
dence in SNP based strain separation. Yet for ancient microbiome work, the lack of diversity
in databases or under-characterisation means that separating related species and even strains
makes developing e�cient captures more di�cult. While a suite of techniques and tools have
been developed for the assessment of preservation and separation of aDNA from contamination
in ancient human genomics (see Peyrégne and Prüfer, 2020, for a review), equivalent in silico
work�ows and tools dedicated to ancient metagenomics remain heterogeneous and scarce. In
this thesis, such a work�ow and related tools are presented in Manuscripts A and C.

1.6 Aims

The scope of the present work can be considered to have two parts:

• Use large-scale shotgun sequenced ancient dental calculus datasets to trace deep-time
evolutionary and anthropological histories of hominid oral microbiomes (Manuscript A)

• Address challenges currently present in the wider �eld of ancient metagenomics by pro-
ducing pertinent and useful resources for the community (Manuscript A, B and C).

21



The research objectives of these two parts are as follows:

Part One

• Generate a large dataset of ancient dental calculus from ancient and extinct humans, and
their close host-genomic relatives

• Develop a work�ow for robust data analysis of oral microbiomes derived from ancient
dental calculus

• Assess whether an ancestral state of the oral microbiome can be reconstructed

• Assess whether present-day understanding of healthy and diseased states of the oral
microbiome still applies deep into human evolutionary history

• Assess whether inferences about human behavioural or cultural evolution can be made
from large-scale shotgun ancient oral microbiome datasets

Part Two

• Develop new techniques and tools to assist in rapid assessment of ancient microbiome
preservation in archaeological samples

• Build a useful and high-quality resource for accessing previously published ancient metage-
nomic public datasets

• Update existing palaeogenomic pipelines to bring in line with current high-throughput
bioinformatic and software development practices

• Extend existing palaeogenomic pipelines to include tools and authentication speci�c to
ancient metagenomics

• Build these ancient metagenomics resources in a sustainable and maintainable manner
via community involvement
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2 Overview of the manuscripts

2.1 Manuscript A

Status Published

Reference

Fellows Yates, J. A., Velsko, I. M., Aron, F., Posth, C., Hofman, C. A., Austin, R. M., Parker, C.
E., Mann, A. E., Nägele, K., Weedman Arthur, K., Arthur, J. W., Bauer, C. C., Crevecoeur, I.,
Cupillard, C., Curtis, M. C., Dalén, L., Díaz-Zorita Bonilla, M., Carlos Díez Fernández-Lomana,
J. C., Drucker, D. G., Escribano Escrivá, E., Francken, M., Gibbon, V. E., Gonzalez Morales,
M., Grande Mateu, A., Harvati, K., Henry, A. G., Humphrey, L., Menéndez M., Mihailović,
D., Peresani, M., Rodríguez Moroder, S., Roksandic, M., Rougier, H., Sázelová, S., Stock, J. T.,
Straus, L. G., Svoboda, J., Teßemann, B., Walker, M. J., Power, R. C., Lewis, C. M., Sankara-
narayanan, K., Guschanski, K., Wrangham, R., Dewhirst, F. E., Salazar-García, D. C., Krause,
J., Herbig, A., & Warinner, C. (2021). The evolution and changing ecology of the African ho-
minid oral microbiome. Proceedings of the National Academy of Sciences. 118(20), e2021655118.
https://doi.org/10.1073/pnas.2021655118

Summary

In this study, I demonstrate the use of large-scale aDNA analysis of dental calculus (n = 124)
from howler monkeys, gorillas, chimpanzees, Neanderthals, and ancient and present-day hu-
man individuals to reconstruct ancestral states of the hominid oral microbiome. I develop a
novel and extensive work�ow dedicated for the assessment of preservation and authentication
of aDNA of ancient oral microbial communities. This study demonstrates how the power of
shotgun metagenomics coupled with large sample sets, ‘minimally-invasively’ collected from
ancient individuals, can add new perspectives to research into the health and disease states of
the human oral microbiome, as well as contribute evidence towards anthropological debates
regarding of the development of modern humans.

2.2 Manuscript B

Status Published

Reference

Fellows Yates, J. A., Andrades Valtueña, A., Vågene, Å. J., Cribdon, B., Velsko, I. M., Borry,
M., Bravo-Lopez, M. J., Fernandez-Guerra, A., Green, E. J., Ramachandran, S. L., Heintzman,
P. D., Spyrou, M. A., Hübner, A., Gancz, A. S., Hider, J., Allshouse, A. F., Zaro, V., & Warinner,
C. (2021). Community-curated and standardised metadata of published ancient metagenomic
samples with AncientMetagenomeDir. Scienti�c Data, 8(1), 31. https://doi.org/10.1038/
s41597-021-00816-y
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Summary

This manuscript describes an open-access repository of curated metadata of more than 1000
published ancient metagenomic samples. By providing a centralised but accessible database of
such samples, which includes dental calculus, the project will assist ancient metagenomics re-
searchers improve the statistical power of their studies through larger and more robust sample
sizes. In addition it aims to promote data reuse, therefore protecting the cultural heritage that
is �nite archaeological remains.

2.3 Manuscript C

Status Published

Reference

Fellows Yates, J. A., Lamnidis, T. C., Borry, M., Andrades Valtueña, A., Fagernäs, Z., Clayton,
S., Garcia, M. U., Neukamm, J., & Peltzer, A. (2021). Reproducible, portable, and e�cient an-
cient genome reconstruction with nf-core/eager. PeerJ, 9, e10947. https://doi.org/10.7717/
peerj.10947

Summary

This manuscript describes nf-core/eager, a cutting-edge bioinformatics pipeline for the pro-
cessing of ancient genomic data. Within this, I have expanded the functionality of a popular
but now undeveloped pipeline (EAGER) to include automated in-parallel taxonomic pro�ling
and authentication of metagenomic samples (such as microbiomes). The complete reimple-
mentation of this pipeline in the Next�ow programming framework allows for highly repro-
ducible, scalable, and time/resource/cost- e�cient processing and authentication of the large-
scale datasets required for robust ancient microbiome analysis - in addition to standard host
or pathogen genomic studies. Furthermore, through user-friendly usage and extensive docu-
mentation, nf-core/eager helps provide access to high-quality authentication and veri�cation
of aDNA datasets, allowing both new and established aDNA laboratories to more easily address
the challenges that come from working with aDNA.
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3 Manuscript A: The evolution and changing ecology of the
African hominid oral microbiome

3.1 Overview and contribution

Manuscript Nr.: A

Title of Manuscript The evolution and changing ecology of the African hominid oral micro-
biome.

Authors Fellows Yates, J. A., Velsko, I. M., Aron, F., Posth, C., Hofman, C. A., Austin, R.M.,
Parker, C. E., Mann, A. E., Nägele, K., Weedman Arthur, K., Arthur, J. W., Bauer, C. C., Creve-
coeur, I., Cupillard, C., Curtis, M. C., Dalén, L., Díaz-Zorita Bonilla, M., Díez Fernändez-Lomana,
J. C., Drucker, D. G., Escribano Escrivá, E., Francken, M., Gibbon, V. E., Gonzalez Morales, M.,
Grande Mateu, A., Harvati, K., Henry, A. G., Humphrey, L., Menéndez M., Mihailović, D., Pere-
sani, M., Rodríguez Moroder, S., Roksandic, M., Rougier, H., Sázelová, S., Stock, J. T., Straus, L.
G., Svoboda, J., Teßmann, B., Walker, M. J., Power, R. C., Lewis, C. M., Sankaranarayanan, K.,
Guschanski, K., Wrangham, R., Dewhirst, F. E., Salazar-García, D. C., Krause, J., Herbig, A., &
Warinner, C.

Citation Fellows Yates, J. A., Velsko, I. M., Aron, F., Posth, C., Hofman, C. A., Austin, R. M.,
Parker, C. E., Mann, A. E., Nägele, K., Weedman Arthur, K., Arthur, J. W., Bauer, C. C., Creve-
coeur, I., Cupillard, C., Curtis, M. C., Dalén, L., Díaz-Zorita Bonilla, M., Díez Fernändez-Lomana,
J. C., Drucker, D. G., Escribano Escrivá, E., Francken, M., Gibbon, V. E., Gonzalez Morales,
M., Grande Mateu, A., Harvati, K., Henry, A. G., Humphrey, L., Menéndez M., Mihailović,
D., Peresani, M., Rodríguez Moroder, S., Roksandic, M., Rougier, H., Sázelová, S., Stock, J. T.,
Straus, L. G., Svoboda, J., Teßmann, B., Walker, M. J., Power, R. C., Lewis, C. M., Sankara-
narayanan, K., Guschanski, K., Wrangham, R., Dewhirst, F. E., Salazar-García, D. C., Krause,
J., Herbig, A., & Warinner, C. (2021). The evolution and changing ecology of the African ho-
minid oral microbiome. Proceedings of the National Academy of Sciences. 118(20), e2021655118.
https://doi.org/10.1073/pnas.2021655118
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The oral microbiome plays key roles in human biology, health, and
disease, but little is known about the global diversity, variation, or
evolution of this microbial community. To better understand the
evolution and changing ecology of the human oral microbiome,
we analyzed 124 dental biofilm metagenomes from humans, includ-
ing Neanderthals and Late Pleistocene to present-day modern hu-
mans, chimpanzees, and gorillas, as well as New World howler
monkeys for comparison. We find that a core microbiome of primar-
ily biofilm structural taxa has been maintained throughout African
hominid evolution, and these microbial groups are also shared with
howler monkeys, suggesting that they have been important oral
members since before the catarrhine–platyrrhine split ca. 40 Mya.
However, community structure and individual microbial phylogenies
do not closely reflect host relationships, and the dental biofilms of
Homo and chimpanzees are distinguished by major taxonomic and
functional differences. Reconstructing oral metagenomes from up to
100 thousand years ago, we show that the microbial profiles of both
Neanderthals and modern humans are highly similar, sharing func-
tional adaptations in nutrient metabolism. These include an apparent
Homo-specific acquisition of salivary amylase-binding capability by
oral streptococci, suggesting microbial coadaptation with host diet.
We additionally find evidence of shared genetic diversity in the oral
bacteria of Neanderthal and Upper Paleolithic modern humans that
is not observed in later modern human populations. Differences in
the oral microbiomes of African hominids provide insights into hu-
man evolution, the ancestral state of the human microbiome, and a
temporal framework for understandingmicrobial health and disease.

dental calculus | microbiome | Neanderthal | primate | salivary amylase

The oral cavity is colonized by one of the most diverse sets of
microbial communities of the human body, currently estimated

at over 600 prevalent taxa (1). Dental diseases, such as caries and
periodontitis, remain health burdens in all human populations
despite hygiene interventions (2, 3), and oral microbes are often
implicated in extraoral inflammatory diseases (4, 5). To date, most
oral microbiome research has focused on clinical samples obtained
from industrialized populations that have daily oral hygiene rou-
tines and access to antibiotics (1, 6), but far less is known about the
global diversity of the oral microbiome, especially from diverse past
and present nonindustrialized societies (7). The oral cavity contains
at least six distinct habitats, but dental biofilms, including both
supra- and subgingival dental plaque, are among the most diverse
and clinically important (1, 6, 8). During life, these dental biofilms
naturally and repeatedly calcify, forming dental calculus (tooth
tartar) (9), a robust, long-term record of the oral microbiome
(10). Archaeological dental calculus has been shown to preserve

authentic oral bacterial metagenomes in a wide range of historic
and prehistoric populations and up to 50 thousand years ago (ka)
(10–13). As such, dental calculus presents an opportunity to di-
rectly investigate the evolution of the hominid microbiome and to
reconstruct ancestral states of the modern human oral microbiome.
In addition, because research has shown that evolutionary traits,
diet, and cultural behaviors shape modern human microbiome
structure and function at other body sites, such as the gut and skin
microbiomes (14–18), investigating ancient oral metagenomes has
the potential to reveal valuable information about major events in
modern human evolution and prehistory, such as predicted dietary
changes during the speciation of Homo (19–21) and the direct
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interaction of Neanderthals and modern humans during the Late
Pleistocene (22).
To better understand the evolutionary ecology of the African

hominid microbiome, we generated and analyzed 109 dental cal-
culus metagenomes from present-day modern humans (n = 8),
gorillas (Gorilla, n = 29), chimpanzees (Pan, n = 20), Neanderthals
(n = 13), and two groups of archaeological modern humans as-
sociated with major lifestyle transitions (preagricultural, n = 20;
preantibiotic, n = 14), as well as New World howler monkeys (n =
5) for comparison (SI Appendix, Fig. S1). To account for potential
sampling biases, we analyzed multiple subspecies and populations
of each African great ape genus, which were obtained from C20th

or C21st-collected museum collections, and for modern humans
we sampled multiple populations from both Africa and Europe.
To this, we added previously published microbiome data from
chimpanzees (n = 1) (13), Neanderthals (n = 4) (13), and present-
day modern humans (n = 10) (23), for a total dataset of 124 in-
dividuals (Fig. 1A, SI Appendix, Table S1, and Dataset S1). We
also generated eight new radiocarbon dates for archaeological
individuals, for a total of 44 directly or indirectly dated ancient
individuals in this study (Dataset S1).
Here, we investigate the structure, function, and core microbial

members of the human oral microbiome within an evolutionary
framework, seeking to determine whether a core microbiome can
be defined for each African hominid group, whether the core is
phylogenetically coherent, and whether some members of the core
are specific to certain host groups. We test whether the oral
microbiome of hominids reflects host phylogeny, finding that
African hominid oral microbiota are distinguished by major tax-
onomic and functional differences that only weakly reflect host
relationships and are likely influenced by other physiological, di-
etary, or behavioral factors. We compare the microbial profiles of
Neanderthals and modern humans and, contrary to expectations
(12, 13), find a high consistency of oral microbiome structure
within Homo, regardless of geography, time period, or diet/lifestyle.

We detect the persistence of shared genetic diversity in core taxa
between Neanderthals and Upper Paleolithic humans prior to 14
ka, supporting a growing body of evidence for earlier admixture
and interaction in Ice Age Europe (24, 25). Finally, we explore
possible implications of our findings on Homo-associated enceph-
alization (19, 26) and the role of dietary starch in human evolution
(20, 21) by investigating the evolutionary history of amylase-binding
capability by oral streptococci. We find that amylase binding is an
apparent Homo-specific trait, suggestive of microbial coadaptation
to starch-rich diets early in human evolution.

Results
Preservation of Oral Microbiota in Dental Calculus. Authenticating
ancient DNA (aDNA) preservation is a necessary and essential
step for all paleogenomic studies. However, these methods have
been underdeveloped for ancient microbiomes. Here, we apply a
multistep procedure of both conventional and new methods to
evaluate and validate oral microbiome preservation in our dataset
(SI Appendix, Fig. S2). First, we applied a reference-based meta-
genomic binning of reads to the National Center for Biotechnology
Information (NCBI) nucleotide (nt) database (27) (Dataset S2) and
then developed and applied a method to assess the decay of the
cumulative percentage of known oral taxa in samples compared to a
panel of oral and nonoral reference metagenomes (SI Appendix,
Fig. S3A and section S3.4.1). This allowed us to remove samples
that did not exhibit a taxonomic composition consistent with an oral
origin. We then cross validated these results using SourceTracker
(28) (SI Appendix, Fig. S3B) and inspection by principal coordinate
analysis (PCoA, SI Appendix, Fig. S5 A–D). To samples exhibiting
good oral microbiome preservation (Fig. 1B), we then applied the R
package decontam (29) to detect and remove putative laboratory
and environmental contaminants prior to downstream analysis (SI
Appendix, section S3.6). Next, we examined each dataset and con-
firmed the presence of DNA damage characteristics of ancient
samples, including short fragment lengths and elevated levels of

CBA

Fig. 1. Sample locations and oral microbiome authentication of ancient dental calculus. (A) Sample locations. (B) PCoA comparing euclidean distances of
microbial genera of well-preserved ancient and present-day dental calculus to environmental proxy controls (degraded archaeological bone) and present-day
dental plaque and feces. Ancient dental calculus is distinct from gut and archaeological bone but overlaps with present-day dental plaque. (C) Representative
DNA damage patterns for Neanderthals and ancient and present-day modern humans for four oral-specific bacterial species. The Neanderthal and upper
Paleolithic modern human individuals show expected damage patterns consistent with authentic aDNA, whereas the present-day individual does not. See also
SI Appendix, Fig. S4.
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cytosine to thymine deamination (Fig. 1C and SI Appendix, Fig.
S4) (30). Finally, to reduce potentially spurious assignments for
compositional analysis, we removed low-abundance taxa using
thresholds optimized at different taxonomic levels (SI Appendix,
Figs. S7 and S8 and sections S3.6 and S5.2). The resulting 89 well-
preserved dental calculus datasets consist of samples ranging
from the present day up to 100 ka.

The Core African Hominid Oral Microbiome. We performed PCoA
on our dataset of well-preserved samples and found considerable
overlap in the microbial composition of African hominid dental
calculus, as well as howler monkeys (Fig. 1B), suggesting the
existence of a core microbiome that has been maintained for
more than 8 My, based on fossil and molecular evidence of host
divergence among African hominids (31, 32), and possibly since
before the catarrhine–platyrrhine split ca. 40 Mya (33, 34). At
the same time, small but significant differences were indicated by
Permutational Multivariate Analysis of Variance (PERMANOVA)
(35) at both the microbial genus and species levels between each
hominid genus (100 bootstrap replicates, ɑ = 0.05; genus: F =
5.22 ± 1.42, df = 3, R2 = 0.27 ± 0.05, P = 0.001; species: F = 6.67 ±
2.52, df = 3, R2 = 0.32 ± 0.07, P = 0.001; SI Appendix, Fig. S5), and
this pattern remained robust after controlling for unequal sample
sizes (SI Appendix, section S4.2).
Dental plaque biofilms in humans form by the microbial suc-

cession of early, bridging, and late colonizers (36), and in con-
trast to the gut, which has high interindividual variability at the
microbial phylum level (37) and is sensitive to subsistence changes
over short and long timescales (15, 38, 39), oral microbial com-
munities have been found to be more stable and consistent, par-
ticularly at the genus level (40–42), and even when challenged by
antibiotics (43). Because of this, we sought to begin to define the
African hominid core oral microbiome as a group and for each
genus separately. For a microbial taxon to be considered “core”
(44, 45), we required it to be present in at least two-thirds of the
populations making up a given host genus, counting as present
only those populations in which it is found in at least half of in-
dividuals to account for variation in preservation (SI Appendix,
Fig. S9A and section S5.2). We then calculated the intersection of
each core microbial genus (Fig. 2A) and species (Fig. 2B) across
all host taxa (Dataset S3). Most “core” taxa are shared across all
three African hominid genera (Gorilla, Pan, and Homo) and
howler monkeys, whereas fewer are “core” only to African hom-
inids (Gorilla, Pan, and Homo), Pan and Homo, or Homo (Fig. 2
and SI Appendix, Fig. S1). Despite smaller sample sizes than
studies of present-day microbiomes, bootstrapping analysis to as-
sess consistency of calculations supported most core microbiome
assignments, with lower values possibly indicating taxa influenced
by factors such as biofilm maturity (SI Appendix, section S5.3).
This suggests a high degree of genus-level microbial taxonomic
conservation during African hominid, and possibly broader pri-
mate, host evolution and speciation.
Core taxa at both the genus and species levels include well-

known members of each stage of plaque biofilm formation (8, 36),
including the early colonizers Streptococcus and Actinomyces, the
bridging taxa Fusobacterium and Corynebacterium, and the late
colonizers Porphyromonas and Treponema, although the latter two
are “core” to only chimpanzees and Homo (Fig. 2C). Major per-
iopathogens, bacteria associated with periodontal disease, are
found among the different host core combinations, and, focusing
on Porphyromonas and Tannerella specifically because of their
clinical significance today, we find that their major virulence fac-
tors are shared across multiple primates and thus are not specific
to modern humans (SI Appendix, Fig. S9 B and C). The presence
of periopathogens within the core microbiome supports the hy-
pothesis that they are not pathogens in a conventional sense but
rather that their pathogenic character in present-day humans may
be related to an imbalance between the biofilm and the host, as

has been suggested by recent ecological studies (46). Although
some of the African hominid “core” taxa are periopathogens or
their close relatives, most core members are known today to play
important structural and functional roles in the formation and
maturation of plaque, implying deep coevolutionary relation-
ships between these taxa and their hosts.

African Hominid Oral Microbiome Structure Shows a Weak Relationship
with Host Phylogeny. Hierarchical clustering shows that calculus
metagenomes tend to cluster by host genus, confirming intragroup
similarity, but these relationships exhibit differences from host
phylogeny (Fig. 3). We find, for example, that howler monkeys
and gorillas fall together in a single clade and a subset of Homo
clusters with chimpanzees. With respect to the latter, available
metadata do not provide any clear associations with factors such
as geography, time period, or disease to explain this pattern (SI
Appendix, section S4.3). Overall, gorillas and howler monkeys are
characterized by a wide diversity of aerobic and facultatively an-
aerobic taxa, while chimpanzees have higher levels of obligately
anaerobic taxa, including many putative periopathogens (e.g.,
Porphyromonas gingivalis, Treponema denticola, Tannerella for-
sythia, Filifactor alocis, and Fretibacterium fastidosum). Neander-
thals consistently fall within the diversity of modern humans.
Homo is notable for its high abundance of Streptococcus spp.,
while this genus is found at substantially lower levels in Pan.
Many of the taxa identified in human and nonhuman primate

dental calculus are poorly characterized, making further exploration
difficult. Indeed, several species within the human core genera re-
main unnamed (Ottowia sp. oral taxon 894, Olsenella sp. oral taxon
807) or understudied (Pseudopropionibacterium propionicum, F.
fastidiosum) and some even lack genus designations ([Eubacterium]
minutum, TM7x, Anaerolinaceae bacterium oral taxon 439). Their
absence from most discussions of the modern human oral micro-
biome points to a major gap in current oral microbiology research,
and targeted investigation of these species is needed to identify
their functional and structural roles within plaque biofilms (47–49).
Host genus patterns in community structure may be influenced by
differences in salivary flow or composition (50), as well as differ-
ences in diet texture, quality, and nutrient content (51) (SI Ap-
pendix, sections S1, S5.1, and S5.6). We also investigated microbial
community structure within modern humans, but in contrast to
previous studies (13), we found no difference among broad dietary
patterns or time periods (SI Appendix, Fig. S6 and section S4.5).
These findings accord with the results of modern oral microbiome
studies, which also show minimal, if any, broad and sustained
compositional changes in response to diet (e.g., refs. 41, 52, and
53). The relative stability of the oral microbiome may be due in part
to the extensive community interdependencies (54, 55) that have
developed within these biofilms to metabolize complex host salivary
glycoproteins, which are the major nutrient source for most mem-
bers of the oral microbiota (56). This is in contrast to studies
demonstrating strong associations between diet and taxonomic/
functional composition in modern gut microbiomes (57, 58).

Evolutionary Histories of Oral Microbial Species Reflect Homo Interactions.
We next examined the phylogenies of individual microbial taxa to
determine if host evolutionary relationships are reflected at the mi-
crobial genome level. To improve genome coverage and reduce po-
tential noise from DNA damage, we selected a representative subset
of well-preserved calculus samples across all host genera (n = 19; SI
Appendix, Table S1 and Dataset S1) and constructed uracil-DNA
glycosylase-treated (UDG) libraries to remove deaminated cyto-
sines (59), which we then deeply sequenced and analyzed together
with a subset of four of the present-day modern humans. Genome-
level sequence reconstruction from diversity-rich ancient micro-
biomes is challenging due to both the highly fragmented nature of
aDNA and the low relative abundance of each species, which makes
strain separation difficult (SI Appendix, section S6). Furthermore, a
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lack of sufficient reference genomes for many commensal oral
microbes increases mismapping and noise artifacts when identifying
single-nucleotide polymorphisms (SNPs) (SI Appendix, Fig. S10).
Nevertheless, despite these challenges and using representative ge-
nomes from core taxa, we were able to reconstruct phylogenetic trees
with high bootstrap support on internal nodes for eight oral bacteria
(Fig. 4 and SI Appendix, Fig. S11).
As with compositional analysis, reconstructed genome-level

sequences tend to cluster with those from the same host genus
but do not closely reflect host phylogeny (Fig. 4 and SI Appendix,
Figs. S11 and S12). Overall, genome-level sequences recon-
structed from gorillas and chimpanzees fall closer to each other
than do those of chimpanzees and Homo. Biases from the use of
modern human-derived microbial reference genomes may in part
contribute to this pattern, but microbial exchange due to over-
lapping territorial ranges of gorillas and chimpanzees throughout
their evolution may also be a contributing factor. Within Homo,
Neanderthals consistently group together, indicating shared within-
species microbial diversity. However, we also note that the Upper
Paleolithic individual from El Mirón in Iberia (18.6 ka) clusters in
all trees with Neanderthals, rather than with other Pleistocene
hunter-gatherers of the African Later Stone Age or more recent
Holocene-era European or African populations. Recently pub-
lished human genomic data including this individual has revealed
that its associated genetic ancestry component was largely dis-
placed across Europe after 14 ka (24, 60) during postglacial
warming. Turning to our low-coverage metagenomic datasets, we
assessed additional European Upper Paleolithic and Mesolithic
groups (SI Appendix, section S6.6) and found that they show a
similar pattern (albeit at lower resolution), with the oral taxa of
individuals dated to before 14 ka mostly falling with Neanderthals

and those after 14 ka mostly clustering with present-day modern
humans (24, 60). This pattern suggests that the reconstructed
oral bacterial genomes from El Mirón reflect a standing microbial
diversity in Homo that was present in Europe during the Middle
and Upper Paleolithic, but which was later replaced following
subsequent migrations of modern human populations from else-
where. Because oral microbiota are primarily inherited through
caregivers (61, 62), additional sampling and ultradeep sequencing
of Paleolithic European and Asian dental calculus may prove in-
formative about the poorly understood interaction dynamics be-
tween archaic and modern humans.

Homo-Specific Shifts in Oral Biofilm Are Linked to Dietary Starch
Availability. The metabolic potential of a microbial community,
which is inferred from its total gene content, can offer insights
into biofilm ecology and function that cannot be understood from
taxonomy alone. To better characterize the metabolic and func-
tional differences among hominid oral biofilms, we compared the
gene content of dental calculus metagenomes from well-preserved
samples of the larger sequencing dataset using two different
methods of functional classification, HUMAnN2 (63) and AAD-
DER (64), and found moderate concordance in overall results.
Principal Components Analysis (PCA) of the protein-level func-
tional assignments cluster host genera distinctly with a high degree
of separation between hosts and functional content (Fig. 5A and
SI Appendix, Figs. S13 and S14), whereas we observe only a
moderate degree of separation in the taxonomic PCoA (Fig. 1B),
suggesting that gene content of the taxa shared by hominids is
more host-specific than taxonomic assignments, a pattern that has
also been seen for other microbial systems (65). The genes that
drive separation of Homo from nonhuman primates consistently

C

B

A

Fig. 2. Core oral microbiome of African hominids shows a deep evolutionary conservation of biofilm structure. UpSet plots showing the number of microbial
genera (A) and species (B) core to host groups and group combinations. (C) Core taxa of the human oral microbiome (inclusive of all African hominid and
howler monkey ranks). Human biofilm spatial organization based on refs. 8 and 100. Taxa are colored by the broadest host group for which they are core.
“Other” taxa are those that fall into paraphyletic host groupings (e.g., Alouatta:Homo). Dashed lines separate the biofilm into basal, intermediate, and
peripheral regions (100). Taxa with unknown spatial location are marked with an asterisk (*); taxa core to Homo with any combination of other host genera
at the species level but not at the genus level are marked with a dagger (†). Reference Dataset S3 for additional information.
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relate to carbohydrate processing (SI Appendix, Fig. S14), are
much more abundant in Homo, and largely derive from Strepto-
coccus (SI Appendix, Fig. S13), something also observed in primate

gut microbiomes (66). We therefore investigated the distribution
of Streptococcus across our samples (Fig. 5B) using a classification
system based on biochemical characteristics and genetic relatedness

Fig. 3. African hominid dental calculus microbiomes cluster by host genus and other factors. Hierarchical clustering of howler monkeys, chimpanzees, gorillas, Ne-
anderthals, and ancient and present-daymodern humans based on species-level prokaryotic taxonomic assignments. Bacterial oxygen tolerance is associatedwith biofilm
maturation stage in modern humans, and colored names indicate species corresponding to Socransky complexes (111) (reference SI Appendix section S5.1.1 for a
summary). Microaerophilic is defined based on the BacDive database and is roughly synonymous to facultative anaerobe. The tree is schematic, and bifurcations are
shown until all host genera are represented. Microbial species names are collapsed to genus level. Species and sample names can be located in SI Appendix, section S4.3.
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(67). We find that Streptococcus species belonging to the Mitis,
Sanguinis, and Salivarius groups are dominant in Homo, while
these same groups are effectively absent in chimpanzees, and non-
human primates in general are characterized by much higher pro-
portions of Streptococcus species in the Anginosus, Mutans, and
Pyogenic groups (Fig. 5B).
The Mitis, Sanguinis, and Salivarius groups are notable for

their ability to express amylase-binding proteins to capture salivary
ɑ-amylase (68, 69), which they use for their own nutrient acqui-
sition from dietary starch, as well as dental adhesion (70, 71).
Amylase-binding protein genes (e.g., abpA and abpB) share no
homology but rather confer a similar phenotype through convergent
evolution, and they are found almost exclusively in oral Streptococcus
species (68). Alpha-amylase is the most abundant enzyme in modern
human saliva and modern humans express it at higher levels than
any other hominid (50, 72). In contrast to most other nonhuman
primates, modern humans exhibit high salivary ɑ-amylase (AMY1)
copy number variation, with a reported range of up to 30 diploid
copies (16, 73, 74). This copy number expansion is estimated to have
occurred along the modern human lineage after the divergence from
Neanderthals in the Middle Pleistocene (75, 76). It has been argued
this increase relates to dietary shifts during the evolutionary history
of modern humans and specifically to an increased reliance on
starch-rich foods (20, 21).
We next calculated the ratio of reads aligning to abpA and

abpB sequences compared to all Streptococcus reads in the deep-
sequenced dataset. We find that abpA and abpB reads are nearly
absent in the nonhuman groups but are prevalent and significantly
more abundant in Homo (Mann–Whitney U test Homo versus

non-Homo: abpB, α = 0.05, U = 128, P = < 0.001, 95% CI =
0.686 to 0.851; abpA, α = 0.05, U = 112, P = < 0.001, 95% CI =
0.398 to 0.861). In particular, abpB is present in all deeply se-
quenced Homo individuals, and abpA is especially prevalent in
modern humans (Fig. 5C). This suggests that oral streptococci
evolved in association with changes in host diet and supports an
early importance of starch-rich foods in Homo evolution.

Discussion
Commensal microbes of the oral microbiome represent an underu-
tilized and independent source of information about host evolution-
ary and ecological differences (15, 77). With generation times
orders-of-magnitude shorter than their hosts and the ability to
acquire new functions through horizontal gene transfer across
distantly related groups, microbes are a particularly dynamic and
temporally resolved system for understanding human evolution.
After applying a rigorous strategy to identify, decontaminate, and
authenticate well-preserved dental calculus specimens up to 100
ka, we identify a core group of 10 bacterial genera within the
African hominid primate oral microbiome that are also shared
with howler monkeys, suggesting that these microbial groups
have played a key role in oral biofilms since before the catarrhine–
platyrrhine split ca. 40 Mya (33, 34). Today, these core taxa are
primarily involved in providing structural support within the dental
plaque biofilm, and their study holds promise for understanding
biofilm growth and maturation in the ancestral human microbiome
(78, 79). Identifying the role of such taxa is critical for the successful
long-term treatment, prevention, and control of dysbiotic biofilms,
such as those found in dental and periodontal diseases (80).

Fig. 4. African hominid oral taxa cluster phylogenetically by host genus. Selected neighbor-joining SNP-based phylogenetic cladograms of representative
core oral microbiome genomes from deep-sequenced calculus metagenomes (SI Appendix, section S6.6). Actinomyces and Tannerella trees are rooted on the
branch leading to howler monkeys (Alouatta, blue), Fretibacterium tree is midpoint rooted. Positions refer to non-N nucleotide calls in the alignment. Node
values represent node support out of 100 bootstrap replicates. Asterisk (*) represents the Upper Paleolithic individual from El Mirón (EMN001), which
consistently falls near Neanderthal individuals. The remaining eight trees, with tip labels, are provided in SI Appendix, Fig. S11.
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Further, we identify 27 genus-level members of the Homo core
oral microbiome, and these include many well-known and clini-
cally relevant taxa, such as Streptococcus and the periopathogens
P. gingivalis, T. forsythia, and T. denticola; however, nearly all of these
are also core microbiome members of other African hominids. Only
Veillonella parvula, a commensal species known to have a synergistic
relationship with the cariopathogen Streptococcus mutans (81), is
primarily found in humans. Surprisingly, not all members of the core
Homo oral microbiome are well-known—three have no genus des-
ignation and several lack species names, revealing a major gap in oral
microbiology research that in part relates to the difficulties in
growing and propagating these microbes.
Focusing on oral microbiome evolution within Homo, we re-

construct authentic oral metagenomes of Neanderthals dating up
to 100 ka and modern humans dating up to 30 ka, finding a high
degree of similarity in microbial community structure, while also
documenting indications of strain-level differences within core
taxa. Interestingly, we find that Neanderthal-associated strain-level
sequence variants are consistently present in Upper Paleolithic Eu-
ropeans but not afterward, which accords with a described modern
human genomic turnover around 14 ka (24, 60). Comparing human
and nonhuman primates, we show that within Streptococcus, amylase-
binding groups play a central role in the oral biofilms of Homo, likely

aided by both their enhanced ability to colonize the dentition and
their exclusive access to dietary starches. These Streptococcus groups
and abpB are a general feature of Homo, suggesting that starch-rich
foods, possibly modified by cooking (20) (SI Appendix, section S5.8),
first became important early in Homo evolution prior to the split
between Neanderthal and modern human lineages more than 600
ka (82, 83), a finding with potential implications for the energetics
of Homo-associated encephalization (19–21, 26). Subsequent copy
number expansion of AMY1 in the modern human genome and the
rise of abpA in oral streptococci may signal an even greater reliance
on starch-rich foods by modern humans.
Further research on the evolution of abpA, abpB, and other

amylase-binding proteins, including phylogenetic reconstruction
and demographic modeling, promises to refine questions regard-
ing biofilm formation and the nature and timing of dietary change
in Homo. In addition, future research on non-African hominids
(orangutans) and additional catarrhines, in particular cercopithe-
cenes with high or unusual salivary amylase expression, such as
gelada and hamadryas baboons (73, 84, 85), may yield further
insights into the diverse evolutionary trajectories of primate oral
microbiomes in response to habitat and dietary change. In addi-
tion, it is clear that more research on core genera is urgently
needed, as many of the highly conserved and potentially key

A

B

C

Fig. 5. Metabolic function and Streptococcus amylase-binding gene content is distinct between African hominid oral microbiomes. (A) PCA of microbial gene
functions (SEED classification) clusters well-preserved samples by host genus (PERMANOVA R2 = 0.345). Homo is functionally distinct from nonhuman African
hominids and howler monkeys, particularly with respect to carbohydrate metabolism (SI Appendix, Fig. S14). (B) Bar plot of proportion of alignments to
different Streptococcus groups show differences between host genera. Color of squares below bars corresponds to legend in C. Amylase-binding activity has
been observed among members of the Sanguinis, Mitis, and Salivarius groups (68). (C) Ratios of reads aligning to amylase-binding-protein annotated se-
quences versus a genus-wide Streptococcus “superreference” show higher values in Homo than nonhuman primates, based on a deep-sequenced subset of
samples and four present-day modern humans. Note the ratio on the y-axes of abpA and abpB are scaled differently.
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structural taxa in hominid oral biofilms are understudied and
even lack formal names. Furthermore, future sequencing projects
focusing on within-species genomic diversity will be critical to
understanding microbiome evolution and coadaptation within the
human lineage. This study demonstrates that integrating evolu-
tionary studies of the modern human microbiome with wild pri-
mate and ancient Homo metagenomic data provides valuable
insights into the ancestral states of the human oral microbiome,
the nature of microbial–host relationships, and major events in the
evolution of modern humans and Neanderthals.

Materials and Methods
Materials. Our sampling strategy aimed to collect dental calculus from a mini-
mum of two independent populations, each consisting of at least five individ-
uals, for each host genus and modern human lifestyle group (excepting
Alouatta) (SI Appendix, Table S1 and Dataset S1). Dental calculus was sampled
from twentieth-century skeletal remains of wild Alouatta (A. palliata), Gorilla
(G. berengei beringei; G. berengei graueri; G. gorilla gorilla), and Pan (P.
troglodytes schweinfurthii; P. troglodytes ellioti; P. troglodytes verus) and from
archaeological Neanderthals and modern humans using established protocols
(DOIs: 10.17504/protocols.io.7vrhn56 and 10.17504/protocols.io.7hphj5n). Al-
though many present-day human dental plaque datasets are publicly available,
they have been shown to not be directly comparable to dental calculus (23),
and consequently we generated dental calculus data for present-day humans.
The study of deidentified present-day dental calculus was approved by the In-
stitutional Review Board for Human Research Participant Protection at the
University of Oklahoma (IRB no. 4543). All samples were collected under in-
formed consent during routine dental cleaning procedures by practicing dental
odontologists. For additional sample context descriptions and additional ethical
approval information, reference SI Appendix, section S2.1.

Laboratory Methods. For all museum and field station samples, we performed
DNA extraction in dedicated cleanroom facilities using a protocol optimized for
the recovery of degraded and fragmentary DNA (86). Present-day calculus was
extracted as previously described (23). For all samples, DNA was built into dual-
indexed Illumina libraries (87) and shotgun sequenced. In addition, a subset of
samples were separately subjected to UDG treatment (88), followed by deep
sequencing. Negative controls were included in all extraction and library con-
struction batches. Sequencing was performed on either Illumina NextSeq. 500
or HiSeq. 4000 platforms. For details, reference SI Appendix, section S2.2–S2.4
and protocols.io under DOI: 10.17504/protocols.io.bq7wmzpe.

Data Processing and Quality Filtering. For detailed descriptions of preprocessing
and analysis procedures, including code, reference SI Appendix and external
data repository (GitHub repository: https://github.com/jfy133/Hominid_Calcu-
lus_Microbiome_Evolution; Archive DOI: 10.5281/zenodo.3740493). Additional
ancient (13) and present-day dental calculus (23) data from previous studies
were downloaded from the Online Ancient Genome Repository (OAGR) (https://
www.oagr.org.au/) and the European Bioinformatics Institute (EBI) European
Nucleotide Archive (ENA) (https://www.ebi.ac.uk/ena/) databases, respectively.
Comparative metagenomes from present-day modern human microbiome and
environmental sources were additionally downloaded from the National Center
for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database
(https://www.ncbi.nlm.nih.gov/sra/). Accession numbers and download instruc-
tions for all FASTQ files are provided in SI Appendix, section S3.1. The EAGER
pipeline (89) was used to perform initial preprocessing of sequencing data to
remove possible modern human DNA sequences that can interfere with taxo-
nomic profiling (due to present-day modern human DNA contamination in
microbial reference genomes). We used relaxed bwa aln (90) mapping pa-
rameters for aDNA (−n 0.01), and nonhuman reads from replicate samples and
libraries were then concatenated per individual. Human-mapped sequences
were then poly-G clipped prior to reporting of mapping statistics. Processing
statistics are provided in SI Appendix, section S3.2.

Taxonomic Binning and Preservation Assessment. For taxonomic binning, we
used the aDNA-optimized high-throughput aligner MALT (27, 91) together with
the NCBI nt database (October 2017; uploaded to Zenodo under DOI: 10.5281/
zenodo.4382154) and a custom NCBI RefSeq database (containing bacteria, ar-
chaea, andHomo sapiens, October 2018, SI Appendix, section S3.3) and employed
a relaxed percent identity parameter of 85% and a base tail cut off (“minimum
support”) of 0.01%. Resulting RMA6 files were loaded into MEGAN6 CE (64) and
prokaryotic Operational Taxonomic Unit (OTU) tables were exported (Dataset S2).
A comparison of the two databases is provided in SI Appendix, section S3.3. Given

the challenges of low preservation and contamination in ancient microbiome
studies, we performed a multistep procedure to screen for and remove poorly
preserved samples and contaminant OTUs from the non-UDG-treated dataset (SI
Appendix, Fig. S2). We developed a visualization for the identification of calculus
samples with weak oral microbiome signatures (SI Appendix, Fig. S3). This pro-
cedure involves comparing identified taxa to their previously reported isolation
source(s), ranking these taxa from most to least abundant, and tracking the cu-
mulative percentage of oral taxa along this rank (termed here as “decay”).
Samples with a low percentage of oral taxa after an initial “burn-in” based on
stabilization of curve fluctuation were removed from downstream analysis. Ref-
erence SI Appendix, section S3.4 for details. We compared this method to results
obtained using SourceTracker (28)—which was performed on 16S-mapped reads
filtered from shotgun data using EAGER (with comparative present-day modern
human and environmental metagenomes as sources), followed by closed-
reference clustering using QIIME (92)—and found concordance between the
twomethods (SI Appendix, Fig. S3). We next used the R package decontam (29) to
statistically detect putative laboratory and environmental contaminants (as pre-
sent in negative controls and a set of archaeological bone samples—SI Appendix,
section S3.6), which were then removed prior to downstream analysis. To au-
thenticate the remaining OTUs, we utilized the output of MaltExtract (93) in
the MaltExtract-Interactive Plotting App (MEx-IPA) tool (DOI: 10.5281/zenodo.
3380011), which we developed for rapid visualization of characteristic aDNA
patterns, such as cytosine to thymine deamination, short fragment lengths, and
edit distance from reference (SI Appendix, Fig. S4 and section S3.5). After
mapping with EAGER to well-known oral taxa, we also validated DNA damage
patterns using DamageProfiler (Fig. 1C) (94).

Microbial Compositional Analysis. To remove low-abundance environmental
contaminants or spurious hits, we selected a minimum abundance cutoff of
0.07% of alignments for genus-level and 0.04% of alignments for species-level
identifications (SI Appendix, Figs. S7 and S8 and section 5.2). We normalized
profiles through phylogenetic isometric-log-ratio transformation (95) of the
abundance-filtered OTU tables and then performed PCoA on the resulting
euclidean distances (SI Appendix Fig. S5 C and D and SI Appendix, section S4.1).
To statistically verify host genus clusters, we used the adonis function from the
R package vegan to perform PERMANOVA (35) analysis after controlling from
unequal sample sizes (SI Appendix, section S4.2). After removal of poorly pre-
served samples, oral communities show distinct centroids for each host genus
(bootstrapped PERMANOVA, ɑ = 0.05, P = 0.001, pseudo-F = 5.23, R2 = 0.28);
Alouatta was excluded due to small sample size. We performed bootstrapped
hierarchical clustering (96) on the euclidean distances of centered log ratio–
transformed OTU tables and visualized the results in the form of a heatmap
(Fig. 3 and SI Appendix section S4.3). Sample and taxon clustering was per-
formed with the McQuitty hierarchical clustering algorithm, and taxon blocks
within the heatmap were selected by visual inspection. Bootstrap values of
sample clusters were estimated through the R package pvclust (96). Species
oxygen-tolerance metadata was obtained from the BacDive database (97) via
the BacDiveR R package (DOI: 10.5281/zenodo.1308060). For validation of the
observations made on the heatmaps, we also performed grouped indicator
analysis (98) (SI Appendix, section S4.4). Clustering of human oral microbiomes
by variables such as time, geography, and dietary subsistence was assessed us-
ing PCoA, PERMANOVA, and hierarchical clustering (SI Appendix, section S4).

Core Microbiome Analysis. Using the contaminant-filtered OTU tables of well-
preserved samples, we converted all taxa above the minimum support threshold
to a presence/absence profile. Taxa were required to be present in at least half
(50%) of the members of a population for it to be considered core to the pop-
ulation and to be present in at least two-thirds (66%) of populations to be con-
sidered core to a host group (SI Appendix, Fig. S9; reference SI Appendix, section
S5.2 for parameter experimentation details). We then generated UpSet plots (99)
to visualize the microbial intersections of each host group at both the species and
genus levels (Fig. 2 A and B), and we also compared the results between both
databases. Further discussion on the exclusion of the common soil genus Myco-
bacterium from core genera is provided in SI Appendix, section S5.2. Validation of
results through smaller sample sizes was carried out by bootstrapping analysis,
which was performed by randomly subsampling (with replacement) individuals
from each host genus and rerunning the core calculation procedure to 1,000
replicates (SI Appendix, section S5.3).We created a diagram of the core human oral
microbiome (Fig. 2C) based on published fluorescence in situ hybridization (FISH)
images of human dental plaque (8, 100). For species/genera that were not ana-
lyzed in these publications, literature searches were performed to find evidence of
their localization within plaque based on immunohistochemistry, immunofluores-
cence, or FISH (SI Appendix, sections S5.1 and S5.4). All members of the human core
microbiome are shown, including those also shared with other African hominids
and howler monkeys. For further details, reference SI Appendix, section S5.3.
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Genomic Analysis.Weused EAGER tomap (see below formore details) the deep-
sequenced UDG-treated dataset and four samples from present-day individuals
(Alouatta, 3; Gorilla, 3; Pan, 4; Neanderthal, 3; ancient modern human, 6;
present-day modern human, 4; total: 23) against the reference genomes of
Tannerella forsythia and Porphyromonas gingivalis (SI Appendix, section S5.5).
We used bedtools (101) to calculate the breadth and depth coverage of a set of
known virulence factors for these two taxa. To reduce the risk of spurious
alignments (e.g., from cross mapping of conserved sequences), we filtered out
genes that had a breadth of coverage less than 70% and/or that appeared to
have strongly different coverage depths compared to the rest of the genome
(reference SI Appendix, section S5.5 for more details). The resulting genes were
visualized as a heatmap for comparison (SI Appendix, Fig. S9). We selected all
species-level Streptococcus alignments from the shallow sequenced dataset
minimum support filtered NCBI nt–MALT OTU tables and assigned them to one
of eight species groups based on the literature (67) (reference SI Appendix,
section S5.6 for group definitions). We then calculated the fraction of alignments
for each species group over all taxonomic alignments for each sample (Fig. 5B).
To further validate the results, we calculated a similar ratio but based on the
mapping of the deep-sequenced dataset against a superreference of 166 Strep-
tococcus genomes (see below). We identified abpA- and abpB-like gene coor-
dinates from the superreference using panX (102), then extracted the number of
reads mapping to these annotations and calculated the fraction of these reads
over all Streptococcus superreference mapped reads. We then applied a
Mann–Whitney U test to test the null hypothesis of no difference between the
distributions of ratios of Homo and nonhuman primates, as well as compared
these results to a distribution of P values of 100 randomly shuffled group as-
signments (reference SI Appendix, section S5.7 for more details). Reference se-
quences of abpA and abpB were extracted from Streptococcus genomes in
RefSeq and indexed for mapping. All shallow sequencing dataset samples were
mapped against all reference strains. For samples with a gene coverage of at
least 40% at 1×, a consensus sequence was exported from the Integrative Ge-
nome Viewer (IGV) (103). An input file of the consensus sequences and refer-
ences was generated in BEAUTi and used to run BEAST2 (104) for Bayesian
skyline plot analysis. For details, reference SI Appendix, section S5.9.

Microbial Phylogenetics. We first attempted a competitive-mapping strategy
against genus-wide superreferences of identified core taxa (reference SI Ap-
pendix, sections S6.1 and S6.2), but this approach yielded only limited results (SI
Appendix Fig. S10 and section S6.3). We then instead performed phylogenetic
reconstruction by mapping the same dataset to a single representative genome
for each genus, considered as representing a population of related taxa. To
account for challenges with low-coverage ancient data, we called SNPs using
MultiVCFAnalyzer and required each SNP call to have aminimum of 2× coverage
and a support of ≥70% of reads (SI Appendix, section S6.5). The resulting FASTA
alignments were loaded into R. Samples with fewer than 1,000 SNPs were re-
moved, and pairwise distances were calculated based on the JC69 model (105). A
bootstrapped neighbor-joining algorithm from the R package ape (106) was
applied to the distance matrices with 100 replicates (SI Appendix, section S6.6).
Trees were visualized with ggtree (107). Finally, we retained trees where the
basal internal nodes had bootstrap supports of ≥70% (SI Appendix, Fig. S11). The
same procedure was then applied to the shallow sequencing dataset with the
additional samples described above in the main text (SI Appendix, Fig. S12). To
test whether pre-14 ka individuals clustered with Neanderthals due to reference
bias, we calculated the median number of positions that were shared between
EMN001 and Neanderthals to a histogram of median pairwise comparisons be-
tween all modern human individuals (SI Appendix, section S6.6).

Functional and Metabolic Pathway Analysis. We took two approaches to charac-
terizing the functional profiles of the calculus metagenomes. First, we used
HUMANn2 (63) [with MetaPhlAn2 (108) generated taxonomic profiles] to gen-
erate functional profiles based on the UniRef90 (109) and ChocoPhlAn (July 2018)
(63) databases. Preservation was independently assessed for pathway abundance
and Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog functional
profiles, SI Appendix, section S7.1. We compared the functional profiles of well-
preserved calculus between host groups using pathway abundance (n = 94) and
gene families converted to KEGG orthologs (n = 109) using PCA (SI Appendix, Fig.
S13). Orthologs with the strongest loadings were visualized with biplots (SI Ap-
pendix, Fig. S13 A–C), and the species from which these orthologs were derived
were determined (SI Appendix, Fig. S13 B–D). The clustering of host genera in

PCAs using only orthologs in specific pathways (carbohydrates, amino acids, lipids)
was also explored (SI Appendix, Fig. S10 A–C). For details, reference SI Appendix,
section S7.1.4. Second, we used AADDER (included within MEGAN6 CE) (64) to
profile the number of alignments to annotations present in the custom RefSeq
database as aligned by MALT (see above). We then usedMEGAN6 to export SEED
category (110) profiles. Preservation was independently assessed for SEED protein
functional profiles, reference SI Appendix, section S7.2. We compared the func-
tional profiles of well-preserved calculus (n = 95) between host groups using
proteins but not higher-level pathways (SI Appendix, Fig. S13). The proteins with
the strongest loadings were visualized using biplots (SI Appendix, Fig. S13 E–G),
and the species from which these proteins were derived were determined (SI
Appendix, Fig. S13 F–H). The clustering of host genera in PCAs using only proteins
in specific pathways (carbohydrates, amino acids, lipids) was also explored (SI
Appendix, Fig. S14 D–F). For details, reference SI Appendix, section S7.2.3.

Data Availability. All newly generated sequencing data have been deposited in
the ENA repository (https://www.ebi.ac.uk/ena/browser/home) under project ac-
cession ID PRJEB34569. R notebooks, bioinformatic scripts, additional supporting
figures, and intermediate analysis files are provided in an external data reposi-
tory hosted on GitHub (http:/github.com/jfy133/Hominid_Calculus_Microbiome_
Evolution) and archived with Zenodo under DOI: 10.5281/zenodo.3740493.
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Community-curated and 
standardised metadata 
of published ancient 
metagenomic samples with 
AncientMetagenomeDir
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Ancient DNA and RNA are valuable data sources for a wide range of disciplines. Within the field of 
ancient metagenomics, the number of published genetic datasets has risen dramatically in recent years, 
and tracking this data for reuse is particularly important for large-scale ecological and evolutionary 
studies of individual taxa and communities of both microbes and eukaryotes. AncientMetagenomeDir 
(archived at https://doi.org/10.5281/zenodo.3980833) is a collection of annotated metagenomic sample 
lists derived from published studies that provide basic, standardised metadata and accession numbers 
to allow rapid data retrieval from online repositories. These tables are community-curated and span 
multiple sub-disciplines to ensure adequate breadth and consensus in metadata definitions, as well 
as longevity of the database. Internal guidelines and automated checks facilitate compatibility with 
established sequence-read archives and term-ontologies, and ensure consistency and interoperability 
for future meta-analyses. This collection will also assist in standardising metadata reporting for future 
ancient metagenomic studies.
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Background & Summary
A crucial, but sometimes overlooked, component of scienti
c reproducibility is the e�cient retrieval of sample 
metadata. While the 
eld of ancient DNA (aDNA) has been celebrated for its commitment to making sequencing 
data available through public archives1, this data is not necessarily ‘
ndable’ (as de
ned in the FAIR principles2) 
- making the retrieval of relevant metadata time-consuming and complex. Metagenomic studies typically require 
large sample sizes, which are integrated with previously published datasets for comparative analyses. However, the 
current absence of standards in basic metadata reporting within ancient metagenomics can make data retrieval 
tedious and laborious, leading to analysis bottlenecks.

Ancient metagenomics can be broadly de
ned as the study of the total genetic content of samples that have 
degraded over time3. Areas of study that fall under ancient metagenomics include studies of host-associated 
microbial communities (e.g., ancient microbiomes4), genome reconstruction and analysis of speci
c microbial 
taxa (e.g., ancient pathogens5), and environmental reconstructions using sedimentary aDNA (sedaDNA)06. 
Endogenous genetic material obtained from ancient samples has undergone a variety of degradation processes 
that can cause the original genetic signal to be overwhelmed by modern contamination. �erefore, to detect, 
quantify, and authenticate the remaining ‘true’ aDNA large DNA sequencing e�orts are required7,8. �ese stud-
ies have only become feasible since the development of massively parallel ‘next-generation sequencing’, which 
enables the generation of large amounts of genetic data that are mostly uploaded to and stored on large general-
ised archives such as the European Bioinformatic Institute’s (EBI) European Nucleotide Archive (ENA, https://
www.ebi.ac.uk/ena/) or the US National Center for Biotechnology Information (NCBI)’s Sequence Read Archive 
(SRA, https://www.ncbi.nlm.nih.gov/sra). However, as these are generalised databases used for many kinds of 
genetic studies, searching for and identifying ancient metagenomic samples can be di�cult and time consuming, 
partly because of the absence of standardised metadata reporting for ancient metagenomic data. Consequently, 
researchers must resort to repeated extensive literature searches of heterogeneously reported and inconsistently 
formatted publications to locate ancient metagenomic datasets. Overcoming the di�culty of 
nding previously 
published samples is particularly pertinent to studies of aDNA, as palaeontological and archaeological samples 
are by their nature limited, and avoiding repeated or redundant sampling is of high priority9–11.

To address these issues, we established AncientMetagenomeDir, a CC-BY 4.0 licensed community-curated 
collection of annotated sample lists that aims to guide researchers to all published ancient metagenomics-related 
samples with publicly available sequence data. AncientMetagenomeDir was conceived by members of a recently 
established international and open community of researchers working in ancient metagenomics (Standards, 
Precautions and Advances in Ancient Metagenomics, or ‘SPAAM’ - https://spaam-community.github.io), whose 
aim is to foster research collaboration and de
ne standards in analysis and reporting within the 
eld. �e collec-
tion aims to be comprehensive but lightweight, consisting of tab-separated value (TSV) tables for di�erent major 
sub-disciplines of ancient metagenomics. �ese tables contain essential, sample-speci
c information for aDNA 
studies, including: geographic coordinates, temporal data, sub-discipline speci
c critical information, and public 
archive accession codes that guide researchers to associated sequence data (see Methods). �is simple format, 
together with comprehensive guides and documentation, encourages continuous contributions from the commu-
nity and facilitates usage of the resource by researchers coming from non-computational backgrounds, something 
common in interdisciplinary 
elds such as archaeo- and palaeogenetics.

AncientMetagenomeDir is designed to track the development of ancient metagenomics through reg-
ular releases. As of release v20.09, this includes 87 studies published since 2011, representing 443 ancient 
host-associated metagenome samples, 269 ancient microbial genome level sequences, and 312 sediment sam-
ples (Fig. 1) spanning 49 countries (Fig. 2). We expect AncientMetagenomeDir to deliver three key bene
ts. 
First, it will contribute to the longevity of important cultural heritage by guiding future sampling strategies, 
thereby reducing the risk of repeated or over-sampling of the same samples or regions. Second, it can serve as 
a starting point for the development of so¦ware to allow rapid aggregation of actual data 
les and 
eld-speci
c 
data processing. �ird, it will assist in expanding meta-analyses (such as12,13) to a wider range of sample types 
and DNA sources in order to tackle broader palaeogenetic, ecological, and evolutionary questions. Finally, as a 
community-curated resource designed speci
cally for widespread participation, AncientMetagenomeDir will 
help the 
eld to de
ne common standards of metadata reporting (such as with MIxS checklists14), facilitating the 
creation of future databases that are consistent, and richer, in useful metadata.

Methods
Repository Structure. AncientMetagenomeDir15 is a community-curated set of tables maintained on 
GitHub containing metadata from published ancient metagenomic studies (https://github.com/SPAAM-
community/AncientMetagenomeDir). While most submissions are made by SPAAM members, anyone with a 
GitHub account is welcome to propose (termed here ‘proposer’) and/or add publications for inclusion (termed 
‘contributor’). Proposers and contributors can be (but do not have to be) authors of the original publication(s) 
proposed for inclusion. Submitted studies must be published in a peer-reviewed journal because the purpose 
of AncientMetagenomeDir is not to act as a quality 
lter and we do not currently make assessments based on 
data quality. �e tables are formatted as tab-separated value (TSV) 
les in order to maximize accessibility for all 
researchers and to allow portability between di�erent data analysis so¦ware.

Valid samples for inclusion currently fall under three sub-fields: (1) host-associated metagenomes (i.e., 
host-associated or skeletal material microbiomes), (2) host-associated single genomes (i.e., pathogen or com-
mensal microbial genomes), and (3) environmental metagenomes (e.g., sedaDNA). In addition, a fourth cat-
egory is currently planned: (4) anthropogenic metagenomes (e.g., dietary and microbial DNA within pottery 
crusts, or microbial DNA and handling debris on parchment). �e de
nitions under which a sample is considered 
‘ancient’ is adapted on a per sub-
eld basis. Generally, samples are required to have had reported evidence of 
hydrolytic damage at molecule termini, short fragment lengths, and contain fraction of non-endogenous content 
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(e.g. as summarised in3). However, for example, due to regular use in ancient pathogenomics studies, samples 
preserved in long-term medical collections from the last century that have limited degradation may also be 
included. In the 
rst release of AncientMetagenomeDir, we have speci
ed a minimum age of older than 1950 CE. 
Samples must have been sequenced using a shotgun metagenomic approach, or alternatively a whole organelle- 
or chromosome-level enrichment approach, and sequence data must be publicly available on an established or 
stable archive. INDSC-associated repositories such as the EBI’s ENA or NCBI’s SRA and Genbank databases 
are preferred, as they are the most accepted and commonly used archives for raw sequencing data. However, 
DOI-issuing long-term archives (such as Zenodo or Figshare), institutional repositories (such as institutional data 
services), or 
eld-speci
c established repositories (e.g., TreeBASE) can also be accepted. Data on personal or lab 
websites are not accepted due to uncertain storage longevity. We currently do not include laboratory negative con-
trols, as we consider these to be ‘artefacts’ of lab procedures and better addressed with experiment-level metadata. 
If required by a researcher, controls can be identi
ed via sample-associated project accession codes.

Publications included in the current release of AncientMetagenomeDir were selected for inclusion based on 
direct contributions by authors of publications and also from literature reviews of each sub-
eld made by the 
SPAAM community. In this process, a proposer initially suggests a publication to be included via a GitHub ‘Issue’. 
Publications may belong to multiple categories, and the corresponding issue is tagged with relevant category 
‘labels’ to assist with faster evaluation and task distribution.
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Fig. 1 Timelines depicting the development of the sub-disciplines of ancient metagenomics as recorded in 
AncientMetagenomeDir as per release v20.09. (a) Number of ancient metagenomic publications per year. (b) 
Cumulative sum of published samples with genetic sequencing data or sequences in publicly accessible archives.
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Data acquisition. Members of the SPAAM community (termed ‘curators’) evaluate proposed publications 
for applicability under the criteria described above. Once approved, any member of the open SPAAM community 
can assign themselves to the corresponding Issue and will henceforth act as the contributor. A proposer from 
outside SPAAM who wishes to also be a contributor can be added to the SPAAM community by contacting a 
current member if desired. �e contributor then creates a git branch from the main repository, manually extracts 
the relevant metadata from the given publication, and adds it to the assigned table (e.g., host associated metagen-
ome, or environmental metagenome). Extensive documentation on submissions, including instructions on using 
GitHub, are available via tutorial documents and the associated repository wiki. Both are accessible via the main 
repository README under the ‘Contributing’ section. Furthermore, detailed documentation is also available to 
assist contributors and ensure correct entry of metadata, with one README 
le per table that contains column 
de
nitions and guidelines on how to interpret and record metadata.

�e metadata in each table covers four main categories: publication metadata (project name, year, and publi-
cation DOI), geographic metadata (site name, coordinates, and country), sample metadata (sample name, sample 
age, material type, and (meta)genome type) and sequencing archive information (archive, sample archive acces-
sion ID). Due to inconsistency in the ways metadata are reported in publications and archives, and to maintain 
concise records, we have speci
ed (standardised) approximations for the reporting of sample ages, geographic 
locations, and archive accessions, following MIxS14 categories where possible. �is approach allows researchers 
using the dataset to access su�ciently approximate information during search queries to identify samples of 
interest (e.g. all samples from Italy dating from between 4500-2500 Before Present (BP), i.e., from 1950), which 
they can subsequently manually check in the original publication to obtain the exact dating information (e.g., 
Late Bronze Age, 3725+/−15 BP). Due to inconsistency in dating and reporting methods, dates are reported 
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Fig. 2 Summary of temporal and spatial information of ancient metagenomic samples as recorded in 
AncientMetagenomeDir v20.09. (a) Maps depicting the geographic distribution of samples for each sub-
discipline. (b) Histogram of sample ages for each sub-discipline. For visualisation purposes, plot axes are log-
scaled, bins calculated using the ‘Freedman–Diaconis’ rule, and only samples dated to younger than 50,000 
years are displayed.
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(where relevant) as uncalibrated years BP, and rounded to the nearest 100 years, due to the range of calculation 
and reporting methods (radiocarbon dating vs. historical records, calibrated vs. uncalibrated radiocarbon dates, 
etc.). We hope that future extensions of AncientMetagenomeDir will include more exact dating information, 
such as raw dates and radiocarbon lab codes, to allow for consistent calibration of whole datasets for more precise 
dating information. Geographic coordinates are restricted to a maximum of three decimals, with fewer decimals 
indicating location uncertainty (e.g., if a publication only reports a region rather than a speci
c site). For sequence 
accession codes, we opted for using sample accession codes rather than direct sequencing data IDs. �is is due to 
the myriad ways in which data are generated and uploaded to repositories (e.g., one sample accession per sam-
ple vs. one sample accession per library; or uploading raw sequencing reads vs. only consensus sequences). We 
found that in most cases sample accession codes are the most straightforward starting points for data retrieval. 
However, we did observe errors in some data accessions uploaded to public repositories, such as multiple sample 
codes assigned to di�erent libraries of the same sample, and insu�cient metadata to link accessions to speci
c 
samples reported in a study. Overall, we found that heterogeneity in sample (meta)data uploading was a common 
problem, which highlights the need for improvements in both training and community-agreed standards for 
data sharing and metadata reporting in public repositories (such as an ancient metagenomic MIxS extension). In 
addition to metadata recorded across all sample types, we have added table-speci
c metadata 
elds to individual 
categories as required (e.g., species for single genomes and community type for microbiomes). Such 
elds can be 
further extended or modi
ed with the agreement of the community.

Data validation. A¦er all metadata has been added, a contributor makes a Pull Request (PR) into the master 
branch. Every PR undergoes an automated ‘continuous-integration’ validation check via the open-source compan-
ion tool AncientMetagenomeDirCheck16 (https://github.com/SPAAM-community/AncientMetagenomeDirCheck, 
License: GNU GPLv3). �is tool automatically checks each submission for conformity against a speci
cation schema 
of minimum required information and formatting consistency (see Technical Validation). Usage of controlled vocab-
ularies, alongside stable linking (via DOIs), within the speci
cations ensures reliable querying of the dataset, and 
allows future expansion to include richer metadata by linking to other databases. Descriptions for the minimum 
required 
elds for an AncientMetagenomeDir table are provided in Table 1.

Once automated checks are cleared, a contributor then requests a minimum of one peer-review performed by 
another member of the SPAAM community (termed ‘reviewer’). �is reviewer checks the entered data for consist-
ency against the table’s README 
le and also for accuracy against the original publication. Once the automated and 
peer-review checks are both satis
ed, the publication’s metadata are then added to the master branch and the corre-
sponding Issue is closed. For each added publication, a CHANGELOG is maintained to track the papers included 
in each release and to record any corrections that may have been made (e.g., if new radiocarbon dates are published 
for previously entered samples). �e CHANGELOG or Issues pages on GitHub can be consulted to check whether a 
given publication has already been added (or excluded) from a table. Proposals and submissions can be made at any 
time, and contributed data is available on the main GitHub repository immediately a¦er integration into the master 
branch. However, citable versions of the database are only made on each new (non-modi
able) release (see section 
Data Records). New submissions or corrections received a¦er a release are included in subsequent versions.

Data Records
AncientMetagenomeDir (https://github.com/SPAAM-community/AncientMetagenomeDir) and 
AncientMetagenomeDirCheck (https://github.com/SPAAM-community/AncientMetagenomeDirCheck) 
are both maintained on GitHub. AncientMetagenomeDir has regular quarterly releases, each of which has a 
release-specific DOI assigned via the Zenodo long-term data repository. Both the collection and tools are 

Field Description Field Type Field Format

project_name Unique AncientMetagenomeDir key for study String FirstAuthorYYYY

publication_year Publication year of study Integer YYYY

publication_doi Publication DOI (or library permalink) String Regex

site_name Speci
c locality name where sample taken from String Free text

latitude Latitude in decimal coordinate (WGS84 projection) Number Max. 3 decimals

longitude Longitude in decimal coordinate (WGS84 projection) Number Max. 3 decimals

geo_loc_name Present-day country name (INSDC) that locality resides in String Restricted enum

sample_name Name of sample as reported in publication or archive String Free text

sample_age Approximate date (before 1950, rounded to last 100 years) Integer YYYY

sample_age_doi DOI of source of date. Can be more recent publication. String Regex

collection_date Date of sampling of material for genetic analysis Integer YYYY

archive Name of established data repository String Restricted enum

archive_accession Sample-level accession code in data repository String Free text

Table 1. Core 
elds that are required for all AncientMetagenomeDir sub-discipline tables, including 
eld 
type and standardised formatting description. Field formats are de
ned in a JSON schema, against which each 
new study submission is cross-checked by automated continuous integration (CI) checks and community 
peer-review. Further sub-discipline speci
c 
elds are included in the corresponding table, as required by the 
community.
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archived in the Zenodo repository with generalised DOIs15 and16, respectively. �e full work®ow can be seen in 
Fig. 3. Releases are made under a CC-BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Technical Validation
All data entries to AncientMetagenomeDir undergo automated continuous-integration validation prior to sub-
mission into the protected main branch. �ese tests must pass before being additionally peer-reviewed by other 
member(s) of the community (see section Data Validation). Automated continuous-integration (CI) validation 
tests consist of regex patterns to control formatting of speci
ed 
elds (e.g. DOIs, project IDs, date formats), 
and cross-checking of entries against controlled vocabularies de
ned in centralised JSON schema, o¦en derived 
from established term-ontologies. For example, valid country codes are guided by the International Nucleotide 
Sequence Database Collaboration (INSDC) controlled vocabulary (http://www.insdc.org/country.html), host and 
microbial species names are de
ned by the NCBI’s Taxonomy database (https://www.ncbi.nlm.nih.gov/taxonomy), 
and material types are de
ned by the ontologies listed on the EBI’s Ontology Look Up service (https://www.
ebi.ac.uk/ols/index) - particularly the Uberon17 and Envo ontologies18,19. Entries must also have valid sample 
accession IDs corresponding to shotgun metagenomic, genome-enriched sequence data, or - when only available 
- consensus sequences, uploaded to established and stable public archives.

Fig. 3 AncientMetagenomeDir submission and update work®ow. �e submission work®ow is carried out on 
GitHub, and 
nal releases are archived at Zenodo. Submissions go through both automated computational 
validation and also peer-review for consistency and accuracy.
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Usage Notes
Usage of the resource typically consists of loading the TSV 
le of interest in so¦ware such as Microso¦ Excel, 
LibreOffice Calc, or R. The data table can be subsequently sorted or queried to identify datasets of inter-
est. It should be noted that certain metadata 
elds (e.g., sample_age, latitude, and longitude) are approximate 
and do not provide exact values; rather, if exact values for these fields are required, they must be retrieved 
from the original publication or requested from the publications’ authors. All selected data retrieved using 
AncientMetagenomeDir and used in subsequent studies should be cited using the original publication citation as 
well as AncientMetagenomeDir.

Retrieval of sequencing data using sample accession codes can be achieved manually via a given archive’s 
website, or via archive-supplied tools (e.g., Entrez Programming Utilities for NCBI’s SRA (https://www.ncbi.
nlm.nih.gov/books/NBK179288/), or enaBrowserTools for EBI’s ENA (https://github.com/enasequence/
enaBrowserTools).

Contributions to the tables are also facilitated by extensive step-by-step documentation on how to use GitHub 
and AncientMetagenomeDir, the locations of which are listed on the main README of the repository.

Code availability
An R notebook used for generating images with package versions can be found in the AncientMetagenomeDir 
repository at https://github.com/SPAAM-community/AncientMetagenomeDir/tree/master/assets/
analysis (commit 4308bb7). Code for validation of the dataset (with version 1 used for the first release of 
AncientMetagenomeDir) can be found at https://github.com/SPAAM-community/AncientMetagenomeDirCheck
and https://doi.org/10.5281/zenodo.4003826.
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ABSTRACT
The broadening utilisation of ancient DNA to address archaeological, palaeontological,
and biological questions is resulting in a rising diversity in the size of laboratories
and scale of analyses being performed. In the context of this heterogeneous landscape,
we present an advanced, and entirely redesigned and extended version of the EAGER
pipeline for the analysis of ancient genomic data. This Nextflow pipeline aims to address
threemain themes: accessibility and adaptability to different computing configurations,
reproducibility to ensure robust analytical standards, and updating the pipeline to
the latest routine ancient genomic practices. The new version of EAGER has been
developed within the nf-core initiative to ensure high-quality software development
and maintenance support; contributing to a long-term life-cycle for the pipeline. nf-
core/eager will assist in ensuring that a wider range of ancient DNA analyses can be
applied by a diverse range of research groups and fields.

Subjects Anthropology, Bioinformatics, Evolutionary Studies, Genomics
Keywords Bioinformatics, Palaeogenomics, Ancient DNA, Pipeline, Nextflow, Reproducibility,
Genomics, Metagenomics

INTRODUCTION
Ancient DNA (aDNA) has become a widely accepted source of biological data, helping
to provide new perspectives for a range of fields including archaeology, cultural heritage,
evolutionary biology, ecology, and palaeontology. The utilisation of short-read high-
throughput sequencing has allowed the recovery of whole genomes and genome-
wide data from a wide variety of sources, including (but not limited to), the skeletal
remains of animals (Palkopoulou et al., 2015; Orlando et al., 2013; Frantz et al., 2019;
Star et al., 2017), modern and archaic humans (Damgaard et al., 2018; Green et al, 2010;
Meyer et al, 2012; Slon et al, 2018)-rv, bacteria (Bos et al., 2014; Namouchi et al., 2018;
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Schuenemann et al., 2018), viruses (Mühlemann et al., 2018; Krause-Kyora et al., 2018),
plants (Wales et al., 2019; Gutaker et al., 2019), palaeofaeces (Tett et al., 2019; Borry et al.,
2020), dental calculus (Warinner et al., 2014; Weyrich et al., 2017), sediments (Willerslev et
al., 2014; Slon et al., 2017), medical slides (Van Dorp et al., 2019), parchment (Teasdale
et al., 2015), and recently, ancient ‘chewing gum’ (Jensen et al., 2019; Kashuba et al.,
2019). Improvement in laboratory protocols to increase yields of otherwise trace
amounts of DNA has at the same time led to studies that can total hundreds of ancient
individuals (Olalde et al., 2018; Mathieson et al., 2018), spanning single (Bos et al., 2011)
to thousands of organisms (Warinner et al., 2014). These differences of disciplines have
led to a heterogeneous landscape in terms of the types of analyses undertaken, and their
computational resource requirements (Tastan Bishop et al., 2015; Bah et al, 2018). Taking
into consideration the unequal distribution of resources (and infrastructure such as
internet connection), easy-to-deploy, streamlined and efficient pipelines can help increase
accessibility to high-quality analyses.

The degraded nature of aDNA poses an extra layer of complexity to standard modern
genomic analysis. Through a variety of processes (Lindahl, 1993) DNAmolecules fragment
over time, resulting in ultra-short molecules (Meyer et al., 2016). These sequences have
low nucleotide complexity making it difficult to identify with precision which part of the
genome a read (a sequenced DNA molecule) is derived from. Fragmentation without a
‘clean break’ leads to uneven ends, consisting of single-stranded ‘overhangs’ at ends of
molecules that are susceptible to chemical processes such as deamination of nucleotides.
These damaged nucleotides then lead to misincorporation of complementary bases during
library construction for high-throughput DNA sequencing (Briggs et al., 2007). On top of
this, taphonomic processes such as heat, moisture, and microbial- and burial-environment
processes lead to varying rates of degradation (Kistler et al., 2017;Warinner et al., 2017). The
original DNA content of a sample is therefore increasingly lost over time and supplanted
by younger ‘environmental’ DNA. Later handling by archaeologists, museum curators, and
other researchers can also contribute ‘modern’ contamination. While these characteristics
can help provide evidence towards the ‘authenticity’ of true aDNA sequences (e.g., the
aDNA cytosine to thymine or C to T ‘damage’ deamination profiles as by Ginolhac et al.,
2011), they also pose specific challenges for genome reconstruction, such as unspecific DNA
alignment and/or low coverage and miscoding lesions that can result in low-confidence
genotyping. These factors often lead to prohibitive sequencing costs when retrieving
enough data for modern high-throughput short-read sequencing data pipelines (such as
more than 1 billion reads for a 1X depth coverage Yersinia pestis genome, as in Rasmussen
et al., 2015), and thus aDNA-tailored methods and techniques are required to overcome
these challenges.

Two previously published and commonly used pipelines in the field are PALE-
OMIX (Schubert et al., 2014) and EAGER (Peltzer et al., 2016). These two pipelines take
a similar approach to link together standard tools used for Illumina high-throughput
short-read data processing (sequencing quality control, sequencing adapter removal
and/or paired-end read merging, mapping of reads to a reference genome, genotyping,
etc.). However, they have a specific focus on tools that are designed for, or well-suited
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for aDNA (such as the bwa aln algorithm for ultra-short molecules (Li & Durbin, 2009)
and mapDamage (Jónsson et al., 2013) for evaluation of aDNA characteristics). Yet, neither
of these genome reconstruction pipelines have had major updates to bring them in-line
with current routine bioinformatic practices (such as continuous integration tests and
software containers) and aDNA analyses. In particular, Metagenomic screening of off-
target genomic reads for pathogens or microbiomes (Warinner et al., 2014; Weyrich et al.,
2017) has become common in palaeo- and archaeogenetics, given its role in revealing
widespread infectious disease and possible epidemics that have sometimes been previously
undetected in the archaeological record (Mühlemann et al., 2018; Krause-Kyora et al., 2018;
Rasmussen et al., 2015; Andrades Valtueña et al., 2017). Without easy access to the latest
field-established analytical routines, ancient genomic studies risk being published without
the necessary quality control checks that ensure aDNA authenticity, as well as limiting
the full range of possibilities from their data. Given that material from samples is limited,
there are both ethical as well as economical interests to maximise analytical yield (Green &
Speller, 2017).

To address these shortcomings, we have completely re-implemented the latest version
of the EAGER pipeline in Nextflow (Di Tommaso et al., 2017) (a domain-specific-language
or ‘DSL’, specifically designed for the construction of omics analysis pipelines), and
introduced new features andmore flexible pipeline configuration. In addition, the renamed
pipeline—nf-core/eager—has been developed in the context of the nf-core community
framework (Ewels et al., 2020), which enforces strict guidelines for best-practices in software
development.

MATERIALS AND METHODS
Updated Workflow
The new pipeline follows a similar structural foundation to the original version of EAGER
(Fig. 1) and partially to PALEOMIX. Given Illumina short-read FASTQ and/or BAM files
and a reference FASTA file, the core functionality of nf-core/eager can be split into five
main stages:
1. Pre-processing:

• Sequencing quality control: FastQC (Andrews, 2010)
• Sequencing artefact clean-up (merging, adapter clipping): AdapterRemoval2
(Schubert, Lindgreen & Orlando, 2016), fastp (Chen et al., 2018)
• Pre-processing statistics generation: FastQC

2. Mapping and post-processing:

• Alignment against reference genome: BWA aln and mem (Li & Durbin, 2009; Li,
2013), CircularMapper (Peltzer et al., 2016), Bowtie2 (Langmead & Salzberg, 2012)
• Mapping quality filtering: SAMtools (Li et al., 2009)
• PCR duplicate removal: Picard MarkDuplicates (http://broadinstitute.github.io/
picard/), DeDup (Peltzer et al., 2016)
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Figure 1 Simplified schematic of the nf-core/eager workflow pipeline.Green filled bubbles indicate
new functionality added over the original EAGER pipeline.
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• Mapping statistics generation: SAMtools, PreSeq (Daley & Smith, 2013), Qualimap2
(Okonechnikov, Conesa & García-Alcalde, 2016), bedtools (Quinlan & Hall, 2010),
Sex.DetERRmine (Lamnidis et al., 2018)

3. aDNA evaluation and modification:

• Damage profiling: DamageProfiler (Neukamm, Peltzer & Nieselt, 2020)
• aDNA reads selection: PMDtools (Skoglund et al., 2014)
• Damage removal/Base trimming: mapDamage2 (Jónsson et al., 2013), Bamutils (Jun
et al., 2015)

• Human nuclear contamination estimation: ANGSD (Korneliussen, Albrechtsen &
Nielsen, 2014)

4. Variant calling and consensus sequence generation: GATK UnifiedGenotyper and
HaplotypeCaller (McKenna et al., 2010), sequenceTools pileupCaller (https://github.
com/stschiff/sequenceTools), VCF2Genome (Peltzer et al., 2016), MultiVCFAnalyzer
(Bos et al., 2014)

5. Report generation: MultiQC (Ewels et al., 2016)
In nf-core/eager, all tools originally used in EAGER have been updated to their

latest versions, as available on Bioconda (Grüning et al., 2018) and conda-forge (https:
//github.com/conda-forge), to ensure widespread accessibility and stability of utilised tools.
The mapDamage2 (for damage profile generation) (Jónsson et al., 2013) and Schmutzi (for
mitochondrial contamination estimation) (Renaud et al., 2015) methods have not been
carried over to nf-core/eager, the first because a faster successor method is now available
(DamageProfiler, Neukamm, Peltzer & Nieselt, 2020), and the latter because a stable release
of the method could not be migrated to Bioconda at time of writing. We anticipate that
there will be an updated version of Schmutzi in the near future that will allow us to
integrate the method again into nf-core/eager. As an alternative, estimation of human
nuclear contamination is now offered through ANGSD. mapDamage2 is however retained
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to offer probabilistic in silico damage removal from BAM files. Support for the Bowtie2
aligner has been updated to have default settings optimised for aDNA (Poullet & Orlando,
2020).

New tools to the basic workflow include fastp for the removal of ’poly-G’ sequencing
artefacts that are common in 2-colour Illumina sequencing machines (such as the
increasingly popular NextSeq and NovaSeq platforms). For variant calling, we have now
included FreeBayes (Garrison & Marth, 2012) as an alternative to the human-focusedGATK
tools, and have also added pileupCaller for generation of genotyping formats commonly
utilised in ancient human population analysis. We have also maintained the possibility
of using the now officially unsupported GATK UnifiedGenotyper, as the supported
replacement, GATKHaplotypeCaller, performs de novo assembly around possible variants;
something that may not be suitable for low-coverage aDNA data.

Additional functionality tailored for ancient bacterial genomics includes integration
of a SNP alignment generation tool, MultiVCFAnalyzer, which includes the ability to
make an assessment of levels of cross-mapping from different related taxa to a reference
genome - a common challenge in ancient bacterial genome reconstruction (as discussed
in Warinner et al., 2017). The output SNP consensus alignment FASTA file can then be
used for downstream analyses such as phylogenetic tree construction. Simple coverage
statistics of particular annotations (e.g., genes) of an input reference is offered by bedtools,
which can be used in cases such as for providing initial indications of functional differences
between ancient bacterial strains (as in Andrades Valtueña et al., 2017). For analysis of
human genomes, nf-core/eager can also give estimates of the relative coverage on the X
and Y chromosomes with Sex.DetERRmine, which can be used to infer the biological sex
of a given human individual. A dedicated ‘endogenous DNA’ calculator (endorS.py) is also
included, to provide a percentage estimate of the sequenced reads matching the reference
(‘on-target’) from the total number of reads sequenced per library.

Given the large amount of sequencing often required to yield sufficient genome coverage
from aDNA data, palaeogenomicists tend to use multiple (differently treated) libraries,
and/or merge data from multiple sequencing runs of each library or even samples. The
original EAGER pipeline could only run a single library at a time, and in these contexts
required significant manual user input in merging different FASTQ or BAM files of related
libraries. A major upgrade in nf-core/eager is that the new pipeline supports automated
processing of complex sequencing strategies for many samples, similar to PALEOMIX.
This is facilitated by the optional use of a simple table (in TSV format, a format more
commonly used in wet-lab stages of data generation, compared to PALEOMIX’s YAML
format) that includes file paths and additional metadata such as sample name, library
name, sequencing lane, colour chemistry, and UDG treatment. This allows automated and
simultaneous processing and appropriate merging and treatment of heterogeneous data
from multiple sequencing runs and/or library types (Fig. 2).

The original EAGER and PALEOMIX pipelines required users to look through many
independent output directories and files to make full assessment of their sequencing data.
This has now been replaced in nf-core/eager with a much more extensive MultiQC report.
This tool aggregates the log files of every supported tool into a single interactive report, and
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assists users in making a fuller assessment of their sequencing and analysis runs. We have
developed a corresponding MultiQC module for every tool used by nf-core/eager, where
possible, to enable comprehensive evaluation of all stages of the pipeline.

We have further extended the functionality of the original EAGER pipeline by adding
ancient metagenomic analysis (Fig. 3); allowing reconstruction of the wider taxonomic
content of a sample. We have added the possibility to screen all off-target reads (not
mapped to the reference genome) with two metagenomic profilers: MALT (Herbig et
al., 2016; Vågene et al., 2018) and Kraken2 (Wood, Lu & Langmead, 2019), in parallel to
the mapping to a given reference genome (typically of the host individual, assuming the
sample is a host organism). Pre-profiling removal of low-sequence-complexity reads that
can slow down profiling and result in false-positive taxonomic identifications is offered
through BBduk (Brian Bushnell: http://sourceforge.net/projects/bbmap/). Post-profiling
characterisation of properties of authentic aDNA from metagenomic MALT alignments is
carried out with MaltExtract of the HOPS pipeline (Hübler et al., 2019). This functionality
can be used either for microbiome screening or putative pathogen detection. Ancient
metagenomic studies sometimes include comparative samples from living individuals
(Velsko et al., 2019). To support open data, whilst respecting personal data privacy, nf-
core/eager includes a ‘FASTQ host removal’ script that creates raw FASTQ files, but with
all reads successfully mapped to the reference genome removed. This allows for safe
upload of metagenomic non-host sequencing data to public repositories after removal of
identifiable (human) data, for example for microbiome studies.

An overview of the entire pipeline is shown in Fig. 1, and a tabular comparison of
functionality between EAGER, PALEOMIX and nf-core/eager is in Table 1.

Usage
nf-core/eager can be run on POSIX-family operating systems (e.g., Linux and macOS)
and has at minimum three dependencies, Java (>=8), Nextflow (Di Tommaso et al., 2017),
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and a software container or environment system, e.g., Conda (https://conda.io), Docker
(https://www.docker.com) or Singularity (https://sylabs.io), and can be run on both local
machines as well as high performance computing (HPC) clusters. Once installed, Nextflow
handles all subsequent pipeline-related software dependencies.

The pipeline is primarily a command-line interface (CLI), and therefore users execute
the pipeline with a single command, and can specify additional options via parameters
and flags. Alternatively, the nf-core initiative offers a graphical user interface (GUI) for
this less familiar with CLIs (via https://nf-co.re/launch). Routinely used parameters or
institutional configurations can be specified using Nextflow’s in-built profile system, an
example of which is provided in the basic test data, which can also be used for training and
evaluation by new users. This allows specification of many pipeline parameters but with
a single option. Specific versions of the pipeline or even specific git hash commits can be
supplied as a parameter to ensure analytical reproducibility by other researchers.

The pipeline accepts as input raw short-read FASTQ files, BAM files, or a sample
sheet in TSV format that contains extra metadata, and a reference genome in FASTA
format. Usage of a TSV file allows processing of more complex sequencing strategies
and heterogeneous data types - such as per-run processing of libraries sequenced across
different models of sequencing machines, or customised per-library clipping depending on
laboratory UDG-treatment (Rohland et al., 2015, Fig. 2). Additional files can be supplied
for efficiency, such as pre-built reference indices, or annotation files, depending on the
modules that wish to be run. Monitoring of pipeline progress is primarily performed via
on-console logging.

By default, nf-core/eager performs sequencing QC, adapter clipping (and assuming
paired-end data, merging), aligning of the processed reads to the supplied reference
genome, PCRduplicate removal and finally aDNAdamage andmapping-quality evaluation.
If running on a HPC cluster utilising a scheduling system, Nextflow will generate and carry
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Table 1 Comparison of pipeline functionality of common ancient DNA processing pipelines.

Category Functionality EAGER PALEOMIX nf-core/eager

Infrastructure Software environments Yes No Yes
HPC scheduler integration No No Yes
Cloud computing integration No No Yes
Per-process resource optimisation No Partial Yes
Pipeline-step parallelisation No Yes Yes
Command line set up No Yes Yes
GUI set up Yes No Yes

Preprocessing Sequencing lane merging Yes Yes Yes
Sequencing quality control Yes No Yes
Sequencing artefact removal No No Yes
Adapter clipping/read merging Yes Yes Yes
Post-processing sequencing QC No No Yes

Alignment Reference mapping Yes Yes Yes
Reference mapping statistics Yes Yes Yes
Multi-reference mapping No Yes No

Postprocessing Mapped reads filtering Yes Yes Yes
Metagenomic complexity filtering No No Yes
Metagenomic profiling No No Yes
Metagenomic authentication No No Yes
Library complexity estimation Yes No Yes
Duplicate removal Yes No Yes
BAMmerging No Yes Yes

Authentication Damage read filtering Yes No Yes
Human contamination estimation Yes No Yes
Human biological sex determination No No Yes
Genome coverage estimation Yes Yes Yes
Damage calculation Yes Yes Yes
Damage rescaling No Yes Yes

Downstream SNP calling/genotyping Yes Partial Yes
Consensus sequence generation Yes Partial Yes
Regions of interest statistics Partial Yes Yes

out efficient submission strategies of jobs for the user. The pipeline produces a multitude
of output files in various file formats, with a more detailed listing available in the user
documentation. These include metrics, statistical analysis data, and standardised output
files (BAM,VCF) for close inspection and further downstream analysis, as well as aMultiQC
report. If an emailing daemon is set up on the server, the latter can be emailed to users
automatically.
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Benchmarking
Functionality demonstration
To demonstrate the simultaneous genomic analysis of human DNA and metagenomic
screening for putative pathogens, as well as improved results reporting, we re-analysed
data from Barquera et al. (2020) who performed a multi-discipline study of three 16th
century individuals excavated from a mass burial site in Mexico City. The authors reported
genetic results showing sufficient on-target human DNA (>1%) with typical aDNA
damage (>20% C to T reference mismatches in the first base of the 5′ ends of reads)
for downstream population-genetic analysis and Y-chromosome coverage indicative that
the three individuals were genetically male. In addition, one individual (Lab ID: SJN003)
contained DNA suggesting a possible infection by Treponema pallidum, a species with a
variety of strains that can cause diseases such as syphilis, bejel and yaws, and a second
individual (Lab ID: SJN001) displayed reads similar to the Hepatitis B virus. Both results
were confirmed by the authors via in-solution enrichment approaches.

Full step-by-step instructions on the setup of the human and pathogen screening
demonstration (including input TSV file and final command) can be seen in Data S1.
In brief, we replicated the results of Barquera et al. (2020) using nf-core/eager v2.2.0
(commit: e7471a7 and Nextflow version: 20.04.1) by simultaneously aligning publicly
available shotgun-sequencing reads against the human reference genome (hs37d5) using
bwa aln and the off-target reads against the NCBI Nucleotide (nt) database (October 2017
- uploaded here to Zenodo under DOI: 10.5281/zenodo.4382153) with MALT. Alignment
parameters were as close to as reported in the original publication, otherwise kept as default.
Themodified parameter values for pathogen detection were used, rather than nf-core/eager
defaults, as these parameters can be highly target-species dependent and must be modified
on a per-context basis. Additional modules turned on were mitochondrial-to-nuclear ratio
calculation, nuclear contamination estimation, and biological sex determination.

To include the HOPS results from metagenomic screening in the report, we also re-ran
MultiQC with the upcoming version v1.10 (to be integrated into nf-core/eager on release),
which has an integratedHOPSmodule. After installing the development version ofMultiQC
(commit: 7584e64), as described in the MultiQC documentation (https://multiqc.info/),
we re-ran the MultiQC command used with the pipeline.

Run-time comparison
We also compared pipeline run-times of two functionally equivalent and previously
published pipelines to show that the new implementation of nf-core/eager is equivalent or
more efficient than EAGER or PALEOMIX. We ran each pipeline on a subset of Viking-age
genomic data of cod (Gadus morhua) from Star et al. (2017). This data was originally
run using PALEOMIX, and was re-run here as described, but with the latest version of
PALEOMIX (v1.2.14), and with equivalent settings for the other two pipelines as close
as possible to the original paper (EAGER with v1.92.33, and nf-core/EAGER with v2.2.0,
commit 830c22d).

The respective benchmarking environment and exact pipeline run settings can be
seen in the Data S1. Two samples each with three Illumina paired-end sequencing runs
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were analysed, with adapter clipping and merging (AdapterRemoval), mapping (BWA
aln), duplicate removal (Picard’s MarkDuplicates) and damage profiling (PALEOMIX:
mapDamage2, EAGER and nf-core/EAGER: DamageProfiler) steps being performed.
Run-times comparisons were performed on a 32 CPU (AMD Opteron 23xx) and 256 GB
memory Red Hat QEMU Virtual Machine running the Ubuntu 18.04 operating system
(Linux Kernel 4.15.0-112). Resource parameters of each tool were only modified to specify
the maximum available on the server and otherwise left as default. We ran the commands
for each tool sequentially, but repeated these batches of commands 10 times - to account
for variability in the cloud service’s IO connection. Run times were measured using the
GNU time tool (v1.7).

RESULTS
Functionality demonstration
We were able to successfully replicate the human and pathogen screening results in a single
run of nf-core/eager. Mapping to the human reference genome (hs37d5) with BWA aln
and binning of off-target reads with MALT to the NCBI Nucleotide database (2017-10-26),
yielded the same results of all individuals having a biological sex of male, as well as the same
frequency of C to Tmiscoding lesions and short mean fragment lengths (both characteristic
of true aDNA). Metagenomic hits to both pathogens from the corresponding individuals
that yielded complete genomes in the original publication were also detected. Both results
and other processing statistics were identified via a single interactive MultiQC report,
excerpts of which can be seen in Fig. 4. The full interactive report can be seen in the Data
S1.

Run-time comparison
A summary of run-times of the benchmarking tests can be seen in Table 2. nf-core/eager
showed fastest run-times across all three time metrics when running on default parameters.
This highlights the improved efficiency of nf-core/eager’s asynchronous processing system
and per-process resource customisation (here represented by nf-core/eager defaults
designed for typical HPC cluster setup).

As a more realistic demonstration of modern computing multi-threading setup, we also
re-ran PALEOMIXwith the flag –max-bwa-threads set to 4 (listed in Table 2 as ‘optimised’),
which is equivalent to a single BWA aln process of nf-core/eager. This resulted in a much
faster run-time than that of default nf-core/eager, due to the approach of PALEOMIX
of mapping each lane of a library separately, whereas nf-core/eager will map all lanes
of a single library merged together. Therefore, given that each library was split across
three lanes, increasing the threads of BWA aln to 4 resulted in 12 per library, whereas
nf-core/eager only gave 4 (by default) for a single BWA aln process of one library. While
the PALEOMIX approach is valid, we opted to retain the per-library mapping as it is often
the longest running step of high-throughput sequencing genome-mapping pipelines, and
it prevents flooding of HPC scheduling systems with many long-running jobs. Secondly,
if users regularly use multi-lane data, due to nf-core/eager’s fine-granularity control, they
can simply modify nf-core/eager’s BWA aln process resources via config files to account
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Figure 4 Sections of a MultiQC report (v1.10dev) with the outcome of simultaneous human DNA and
microbial pathogen screening with nf-core/eager, including (A) Sex.DetERRmine output of biological
sex assignment with coverages on X and Y being half of that of autosomes, indicative of male individ-
uals, and (B) HOPS output with positive detection of both Treponema pallidum and Hepatitis B virus
reads (indicated with blue boxes). Other taxa in HOPS output represent typical environmental contami-
nation and oral commensal microbiota found in archaeological teeth. Data was Illumina shotgun sequenc-
ing data from Barquera et al. (2020), and replicated results here were originally verified in the publication
via enrichment methods. The full interactive reports for both MultiQC v1.9 and v1.10 can be seen in Data
S1.

Full-size DOI: 10.7717/peerj.10947/fig-4

for this. When we optimised parameters that were used for BWA aln’s multi-threading,
and the number of multiple lanes to the same number of BWA aln threads as the optimised
PALEOMIX run, nf-core/eager again displayed faster run-times (Table 2).

All metrics including mapped reads, percentage on-target, mean depth coverage and
mean read lengths across all pipeline and replicates were extremely similar (Table 3).
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Table 2 Comparison of run-times in minutes between three ancient DNA pipelines. PALEOMIX
and nf-core/eager have additional runs with ‘optimised’ parameters with fairer computational resources
matching modern multi-threading strategies. Values represent mean and standard deviation of run-times
in minutes, calculated from the output of the GNU time tool. Real: real time, System: cumulative CPU
system-task times, User: cumulative CPU time of all tasks.

Pipeline Version Environment real sys user

nf-core-eager (optimised) 2.2.0dev singularity 105.6± 4.6 13.6± 0.7 1593± 79.7
PALEOMIX (optimised) 1.2.14 conda 130.6± 8.7 12± 0.7 1820.2± 36.9
nf-core-eager 2.2.0dev singularity 209.2± 4.4 11± 0.9 1407.7± 30.2
EAGER 1.92.37 singularity 224.2± 4.9 22.9± 0.3 1736.3± 70.2
PALEOMIX 1.2.14 conda 314.6± 2.9 10.7± 1 1506.7± 14

Table 3 Comparison of output statistics between three ancient DNA pipelines. Comparison of common result values of key high-throughput
short-read data processing and mapping steps across the three pipelines, as reported by the equivalent value of the report from each tool. ‘QF’ stands
for mapping-quality filtered reads. All values represent mean and standard deviation across 10 replicates of each pipeline.

Sample Category EAGER nf-core/eager PALEOMIX

COD076 Processed Reads 71,388,991± 0 71,388,991± 0 72,100,142± 0
COD092 Processed Reads 69,615,709± 0 6,9615,709± 0 70,249,181± 0
COD076 Mapped QF Reads 16,786,467.7± 106.5 16,786,491.1± 89.9 16,686,607.2± 91.3
COD092 Mapped QF Reads 16,283,216.3± 71.3 16,283,194.7± 37.4 16,207,986.2± 44.4
COD076 Percent QF On-target 23.5± 0 23.5± 0 23.1± 0
COD092 Percent QF On-target 23.4± 0 23.4± 0 23.1± 0
COD076 Deduplicated Reads 12,107,264.4± 87.8 12,107,293.7± 69.7 12,193,415.8± 86.7
COD092 Deduplicated Reads 13,669,323.7± 87.6 13,669,328± 32.4 13,795,703.3± 47.9
COD076 Mean Depth Coverage 0.9± 0 0.9± 0 0.9± 0
COD092 Mean Depth Coverage 1± 0 1± 0 1± 0
COD076 Mean Read Length 49.4± 0 49.4± 0 49.4± 0
COD092 Mean Read Length 48.8± 0 48.8± 0 48.7± 0

DISCUSSION
The re-implementation of EAGER into Nextflow offers a range of benefits over the original
custom pipeline framework.

The new framework provides immediate integration of nf-core/eager into various
job schedulers in POSIX HPC environments, cloud computing resources, as well as
local workstations. This portability allows users to set up nf-core/eager regardless of the
type of computing infrastructure or cluster size (if applicable), with minimal effort or
configuration. This facilitates reproducibility and therefore maintenance of standards
within the field. Portability is further assisted by the in-built compatibility with software
environments and containers such as Conda, Docker and Singularity. These are isolated
software ‘sandbox’ environments that include all software (with exact versions) required
by the pipeline, in a form that is installable and runnable by users regardless of the setup
of their local software environment. Another major change with nf-core/eager is that the
primary user interaction mode of a pipeline run setup is now with a CLI, replacing the
GUI of the original EAGER pipeline. This is more portable and compatible with most

Fellows Yates et al. (2021), PeerJ, DOI 10.7717/peerj.10947 12/25

61



HPC clusters (that may not offer display of a window system), and is in line with the
vast majority of bioinformatics tools. We therefore believe this will not be a hindrance to
new researchers from outside computational biology. However, a GUI-based pipeline set
up is still available via the nf-core website’s Launch page (https://nf-co.re/launch), which
provides a common GUI format across multiple pipelines, as well as additional robustness
checks of input parameters for those less familiar with CLIs. Typically the output of the
launch functionality is a JSON file that can be used with a nf-core/tools launch command
as a single parameter (similar to the original EAGER), however integration with Nextflow’s
companion monitoring tool tower.nf (https://tower.nf) also allows direct submission of
pipelines without any command line usage.

Reproducibility is made easier through the use of ‘profiles’ that can define configuration
parameters. These profiles can be managed at different hierarchical levels.HPC cluster-level
profiles can specify parameters for the computing environment (job schedulers, cache
locations for containers, maximum memory and CPU resources etc.), which can be
centrally managed to ensure all users of a group use the same settings. Pipeline-level profiles,
specifying parameters for nf-core/eager itself, allow fast access to routinely-run pipeline
parameters via a single flag in the nf-core/eager run command, without having to configure
each new run from scratch. Compared to the original EAGER, which utilised per-FASTQ
XML files with hardcoded filepaths for a specific user’s server, nf-core/eager allows
researchers to publish the specific profile used in their runs alongside their publications,
which can also be used by other groups to generate the same results. Usage of profiles can
also reduce mistakes caused by insufficient ‘prose’ based reporting of program settings that
can be regularly found in the literature. The default nf-core/eager profile uses parameters
evaluated in different aDNA-specific contexts (e.g., in Poullet & Orlando, 2020), and will
be updated in each new release as new studies are published.

nf-core/eager provides improved efficiency over the original EAGER pipeline by
replacing sample-by-sample sequential processing with Nextflow’s asynchronous job
parallelisation, whereby multiple pipeline steps and samples are run in parallel (in addition
to natively parallelised pipeline steps). This is similar to the approach taken by PALEOMIX,
however nf-core/eager expands this by utilising Nextflow’s ability to customise the resource
parameters for every job in the pipeline; reducing unnecessary resource allocation that can
occur with unfamiliar users to each step of a high-throughput short-read data processing
pipeline. This is particularly pertinent given the increasing use of centralised HPC clusters
or cloud computing that often use per-hour cost calculations.

Alongside the interactive MultiQC report, we have written extensive documentation
on all parts of running and interpreting the output of the pipeline. Given that a large
fraction of aDNA researchers come from fields outside computational biology, and thus
may have limited computational training, we have written documentation and tutorials
(https://nf-co.re/eager/) that also give guidance on how to run the pipeline and interpret
each section of the report in the context of high-throughput sequencing data, but with a
special focus on aDNA. This includes best practice or expected output schematic images
that are published under CC-BY licenses to allow for use in other training material (an
example can be seen in Fig. 5). We hope this open-access resource will make the study of
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Figure 5 Example schematic image of pipeline output documentation with contextual guidance for
aDNA. For each section of the nf-core/eager MultiQC pipeline run report, we provide schematic images
that can assist new users in the interpretation of high-throughput sequencing of aDNA. For example, (A)
represents MultiQC images of the FastQC report for the amount of sequencing reads with library adapters
and (B) is the schematic version counterpart in the nf-core/eager documentation with notes specific for
aDNA libraries.

Full-size DOI: 10.7717/peerj.10947/fig-5

aDNA more accessible to researchers new to the field, by providing practical guidelines on
how to evaluate characteristics and effects of aDNA on downstream analyses.

The development of nf-core/eager inNextflow and the nf-core initiativewill also improve
open-source development, while ensuring the high quality of community contributions to
the pipeline. While Nextflow is written primarily in Groovy, the Nextflow DSL simplifies a
number of concepts to an intermediate level that bioinformaticians without Java/Groovy
experience can easily access (regardless of own programming language experience).
Furthermore, Nextflow places ubiquitous and more widely known command-line
interfaces, such as bash, in a prominent position within the code, rather than custom
Java code and classes (as in EAGER). We hope this will motivate further bug fixes and
feature contributions from the community, to keep the pipeline state-of-the-art and ensure
a longer life-cycle. This will also be supported by the open and active nf-core community
who provide general guidance and advice on developing Nextflow and nf-core pipelines.
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It should be noted that the scope of nf-core/eager is as a generic, initial data processing
and screening tool, and not to act as a tool for performing more experimental analyses that
requires extensive parameter testing such as modelling. As such, while similar pipelines
designed for aDNA have also been released, for example ATLAS (Link et al., 2017), these
generally have been designed with specific contexts in mind (e.g., human population
genetics). We therefore have opted to not include common downstream analysis such
as Principal Component Analysis for population genetics, or phylogenetic analysis for
microbial genomics, but rather focus on ensuring nf-core/eager produces useful files that
can be easily used as input for common but more experimental and specialised downstream
analysis. Secondly, given nf-core/eager’s broad scope of allowing analysis of different target
organisms, default parameters of the pipeline are selected as general ‘sensible’ defaults
to account for typical ancient DNA characteristics - and are not necessarily optimised
for every use-case. However, the extensive documentation should help researchers decide
which parameter values are most suitable for their research.

CONCLUSION
nf-core/eager is an efficient, portable, and accessible pipeline for processing and screening
ancient (meta)genomic data. This re-implementation of EAGER into Nextflow and nf-core
will improve reproducibility and scalability of rapidly increasing aDNA datasets, for both
large and small laboratories. Extensive documentation also enables newcomers to the field
to get a practical understanding on how to interpret aDNA in the context of NGS data
processing. Ultimately, nf-core/eager provides easier access to the latest tools and routine
screening analyses commonly used in the field, and sets up the pipeline for remaining at
the forefront of palaeogenetic analysis.
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6 Discussion

In this thesis I have demonstrated that ancient microbiome data can be used to increase our un-
derstanding of the taxonomic and functional evolution of the human oral microbiome, as well
as add new perspectives on the behavioural history of our species (Manuscript A; Fellows Yates
et al., 2021c). In response to the issues encountered during Manuscript A, I have also described
the formation of a sustainable directory of all known openly available ancient metagenomic
data, as a solution for the e�cient compilation of comparative datasets and meta-analyses via
public data reuse (Manuscript B; Fellows Yates et al., 2021a). In addition to the novel authentica-
tion and post-alignment analysis work�ow for ancient microbiomes developed in Manuscript
A, I describe the complete reimplementation and metagenomic extension of a dedicated aDNA
pipeline that follows latest bioinformatics and palaeogenomics best practises (Manuscript C;
Fellows Yates et al., 2021b). Together, Manuscript B and C will ultimately assist in the scaling
of ancient metagenomics data processing to sample sizes needed for future studies.

The following discussion will describe how the three manuscripts achieve the overall objec-
tives of this thesis, and the contributions of these manuscripts to the �eld of ancient metage-
nomics. The discussion is structured in a manner whereby the major phases of a standard
ancient metagenomics study are covered. I will suggest how the outcomes of Manuscript A
can be used to de�ne future research directions in both the modern and ancient oral micro-
biome �elds, and additionally how the resources from Manuscripts B and C will facilitate this
at di�erent stages of such a project, as well as for the wider ancient metagenomics community.

6.1 Research directions for future ancient dental calculus microbiome
research

6.1.1 Oral bio�lm conservation, diversity, and disease

Manuscript A describes the �rst attempt to understand deep-timescale ecological and genomic
evolution of the human oral microbiome. Utilising aDNA samples from both living and ar-
chaeological modern humans, Neanderthals, chimpanzees, gorillas, and howler monkeys, we
made the �rst observations into taxonomic and functional similarities and di�erences in the
dental calculus of these related host taxa. While the focus of this thesis is primarily on modern
humans, we decided to use these divergent host groups with the hypothesis that if the oral mi-
crobiome is highly sensitive to both host genomic and behavioural or cultural changes, these
di�erences would be very clear when comparing evolutionary diverged species. This would
therefore allow us to build on previous smaller-scale palaeogenomic research that has reported
di�erences in modern human oral microbiomes in relation to major dietary shifts (Adler et al.,
2013; Weyrich et al., 2017).

Core microbiome analysis comparing the microbial taxa that are found to be shared across all
the di�erent host genera, showed a surprising level of conservation of oral microbiota genera.
This is true even across the estimated 40 mya years of evolution between the hosts, i.e., since
the most recent common ancestor of primates and howler monkeys. While the similarity of the
major ‘players’ of oral taxa across geographically diverse present-day populations has already
been noted (Mark Welch et al., 2019), the core microbiome analysis in Manuscript A shows
that this consistency also extends deep along a temporal axis. This conservation suggests that
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there is su�cient stability in the oral microbiome to make reconstruction of ancestral states
of the human oral microbiota possible, and also that the structure of the oral bio�lm has been
maintained with a high degree of continuity, despite signi�cant host genomic and behavioural
evolution. Importantly, many of the identi�ed core genera have very few published reference
genomes, or represent unnamed taxa (such as members of Eubacterium, Anaerolinaceae, or
Gemella). Hierarchical clustering of the host genera based on their calculus microbial pro�les
showed that, for example, the species making up the Streptococcus genus-level ‘core’ assign-
ment for gorilla and howler monkey was highly diverse, with more than 19 unique Streptococcus
species identi�ed to that group, compared to chimpanzees and humans. The results from the
core analysis provide a potential guidance for future dental microbiology research as to which
genera should be targeted for isolation, genome sequencing, and further characterisation of
their relationships and roles in healthy oral bio�lms. The identi�ed taxa also represent good
targets for the exploration of de novo assembly of aDNA (for further discussion, see section 6.4).
These methods allow for reference-free genome reconstruction from ancient or nonhuman in-
dividuals of unrepresented, or now extinct, taxa that are not present in current databases, and
therefore opens the possibility of the reconstruction of extinct diversity that would otherwise
not be discoverable from living populations. As there was surprising consistency across in-
dividuals, it suggests that the human oral bio�lm microbiome may have a possible ‘ancestral’
beginning state and stability that could act as a useful ‘model bio�lm’ to understand how long-
term in�uences of environmental factors may have in�uenced microbiome evolution. This is
compared to microbiomes such as the gut, that would be more di�cult to reconstruct due to
the greater sensitivity or ‘malleability’ of the gut to short-term environmental factors.

A common misconception in studies analysing ancient dental calculus is that the presence
of taxa associated with Socransky et al.’s ‘red complex’ bacteria (see section 1.2.4 for introduc-
tion), or even the presence of dental calculus in the �rst place, is indicative that the individual
was su�ering from some form of oral disease. This misconception is likely due to early and
current palaeogenomic microbial research focusing on, and being successful with, the identi�-
cation of well established pathogens such as Yersinia pestis (Perry and Fetherston, 1997; Spyrou
et al., 2019). Furthermore, early oral bio�lm literature such as the Non-Speci�c Plaque Hypoth-
esis suggested just the presence and abundance of an oral bio�lm (plaque) resulted in disease
(see section 1.2.3). Indeed, more speci�c comparisons between plaque and dental calculus have
demonstrated that ancient dental calculus appears to have these taxa almost ubiquitously, even
in cases of individuals without (major) oral disease (Warinner et al., 2014a; Velsko et al., 2019).
Expanding on this, we observed that these three main genera: Tannerella, Treponema, and Por-
phyromonas, can be considered core even across African hominids - and therefore should not
necessarily be considered disease-causing ‘pathogens’ as commonly assumed. While gorilla
and howler monkey individuals had much weaker signals (fewer reads) of the presence of these
taxa, they were su�ciently prevalent enough to suggest that purely identifying the presence of
these taxa alone is likely not a su�cient indication of a disease state. Furthermore, this con�rms
studies asserting plaque and dental calculus should not be directly compared, as they represent
di�erent bio�lm states (Warinner et al., 2014a; Velsko et al., 2019). Importantly - it should be
noted that the assignment of these pathobiont taxa as core was at genus level. While the speci�c
T. forsythia, T. denticola, and P. gingivalis red complex taxa were highly prevalent and abundant
in chimpanzees and humans, in gorillas and howler monkeys, reads to these genera were again
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more highly spread over di�erent species, and also with di�erent species than for humans and
chimpanzees. This again suggests the possible existence of a much higher diversity of these
genera than assumed by clinicians and ancient microbiome researchers. For example, the num-
ber of genomes of both named and uncharacterised Tannerella strains archived on the NCBI
Genome repository (https://www.ncbi.nlm.nih.gov/genome/) has doubled throughout this
PhD (since 2015). More targeted e�orts to separate strains in ancient samples is required (an
outstanding challenge, see section 6.4) to improve the characterisation of the diversity of these
important genera, which may allow for a more nuanced understanding of the role of these taxa
in periodontal disease.

Indeed - when checking whether known virulence factors in T. forsythia and P. gingivalis
were present within each of the host genera in Manuscript A, the genomic depth coverage of
these genes were often found to be equal to the rest of the genome in at least one individual
of each host genus. This suggests that these virulence factors are present or ‘core’ to all host
genera, and are much more widespread than being limited to human periodontal disease. One
limitation of Manuscript A, however, was that only minimal metadata, if any at all, regarding
periodontal health status was available for most individuals. Therefore no direct correlation
analysis could be performed either between disease state and presence or abundance of patho-
bionts, and nor of virulence factors. Retroactive assessment and improved sampling procedures
for future projects may improve and allow for this type of analysis in the future.

Nonetheless, given the prevalence of both taxa and genes, these results support more re-
cent theoretical concepts of oral bio�lm-associated diseases in terms of the ‘Ecological Plaque
Hypothesis’ (section 1.2.5). This hypothesis posits that it is a dysbiosis or disequilibrium in
the relationships between taxa that results in disease rather than purely presence. This sug-
gests that these pathobionts and known virulence factors were present in the oral bio�lms of
hominids deep in their evolution, and are therefore not necessarily human speci�c. Further
research to understand what roles these genes play in the functioning of the wider bio�lm
will be necessary, however. Additionally, capturing the wider diversity of taxa that modulates
the initiation of dysbiotic disease is still required. The analysis in Manuscript A consisted en-
tirely of reference-based methods, which only allow insight into already known taxonomic and
functional diversity. This is partly due to early attempts at true de novo reconstruction of bac-
terial genomes from intrinisically metagenomic ancient DNA data resulted in comparatively
low-quality assemblies (e.g. Schuenemann et al., 2013). Only recently, with the development of
dedicated shotgun metagenomic assemblers, have these approaches begun to be revisited by
palaeogenomicists (Wibowo et al., 2021; Borry et al., 2021). E�orts should therefore be made
by ancient metagenomicists to use reference-free methods to identify not only undercharac-
terised taxa, as shown in the core analysis, but also to identify completely unknown taxa that
may now be extinct (see section 6.5), and that may harbour information about past microbial
mechanisms for maintaining and changing states of bio�lm ecology.

6.1.2 Learning about human history from oral microbiomes

In terms of using ancient dental calculus to infer behavioural and cultural change, the obser-
vation in Manuscript A of functional rather than taxonomic di�erences in the oral microbiota
represents a major di�erence in regards to previous assumptions and reports from this area of
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research. First, after analysis with a larger sample and data size, and a more balanced sampling
strategy, I was unable to replicate the results of Adler et al. (2013) and Weyrich et al. (2017),
both of which suggested that the taxonomic pro�les of calculus bio�lms can di�er depending
on general subsistence strategies (e.g., hunter-gathering cultures versus farming cultures). Our
results rather re�ect modern oral microbiome studies that appear to show that any dietary in-
�uence on both saliva and bio�lm taxonomic pro�les is generally short-lived, with the majority
of taxa reverting to ‘normal’ diet pro�les after the period of enforced dietary change (De Filip-
pis et al., 2014; Anderson et al., 2020). While the results from Anderson et al. (2020) possibly
suggest that with major and sustained dietary change, taxonomic pro�les may be modi�ed,
these are generally quite subtle, and much larger ancient sample sizes would be required than
currently available for both pre- and post dietary transition periods to detect this (such as for
the Neolithic revolution and increase in carbohydrate rich diets).

This was demonstrated in Manuscript A with the identi�cation of Streptococcus amylase-
binding protein-related genes in Neanderthals and Humans to the exclusion of nonhuman
primates. This observation appears to correspond with the hypothesised increase of carbo-
hydrate consumption occurring along the hominin lineage, facilitated by behaviour changes
(e.g., cooking), that resulted in the development of larger brains (Perry et al., 2007; Carmody
and Wrangham, 2009; Carmody et al., 2011). Functional change in response to behavioural
changes can also be seen in modern microbiome studies, such as by Nearing et al. (2020), who
observed a range of carbohydrate-related degradation pathways in the saliva microbiota being
reduced with increased re�ned grain intake. This re�ects adaptation of the relationships be-
tween bio�lm taxa to di�erent environmental conditions to ensure the survival of the bio�lm
as a whole, rather than requiring entire taxonomic change of the bio�lm itself. Palaeogenomi-
cists should instead consider routinely analysing ancient dental calculus from a functional per-
spective alongside taxonomic analysis. For example, expanding ancient dental calculus sample
sets to a more diverse set of ancient human populations, and possibly to other extinct human
species, may allow molecular dating of the rise of amylase-binding ability in Streptococcus. In
turn, this would possibly allow inferences of when such behavioural changes occurred in the
past. Ultimately, while certain species or strains can act as ‘markers’ for certain behaviours,
such as if they uniquely hold speci�c genes related to speci�c functions, given the remain-
ing palaeogenomic issues of cross-mapping and strain separation of taxonomically rich but
low coverage data (see section 6.4), direct characterisation of functional pro�les as a primary
analysis type might be a more useful endeavour. However, one limiting factor here is that
while genome sequencing is now comparatively cheap and simple - resulting in thousands of
genome sequences - the resulting assemblies are often released at various level of completion,
with many not being published with associated genomic annotations (Lobb et al., 2020). With-
out further investment in �nalising assemblies, such metagenomic functional analysis derived
from annotated gene contents will be restricted.

Finally, Manuscript A has also demonstrated that phylogenetic tree reconstruction of multi-
ple di�erent oral microbiota species could o�er another avenue into the understanding of the
history and interactions between the human hosts themselves. I observed that across micro-
bial genome-level phylogenies of 8 di�erent taxa, that the Upper Palaeolithic individual from
El Mirón (and also from Pavlov and a Mesolithic individual from Rigney - when analysing the
shallow sequencing dataset) consistently fell with Neanderthal individuals, rather than other
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modern humans. Curiously, this appears to match human genomic results indicative of a pop-
ulation bottleneck and ancestry turnover in Europe around 14 kya BP (Fu et al., 2015; Hajdinjak
et al., 2021; Prüfer et al., 2021). Improving genomic reconstruction methods, as well develop-
ing more targeted studies with expanded datasets will allow us to evaluate the possibility of
using ancient oral microbiomes as a proxy for host relationships, when host DNA is not avail-
able. Furthermore, due to the general inheritance of oral microbiota being derived from all
caregivers to o�spring and not just from direct parental relationships, strain-resolved ancient
metagenomes may also allow �ne-resolution observations into non direct-familial relation-
ships - possibly even between di�erent hominin populations (as observed in the host genomics
of an o�spring of Denisovan and Neanderthal parents by Slon et al., 2018).

During the review process of Manuscript A, two other studies were published that also at-
tempted to use phylogenetics of oral microbiota as a proxy for host population history (Eisen-
hofer et al., 2020; Bravo-Lopez et al., 2020). An issue with these studies is that these analyses
did not check for cross-mapping during phylogenetic reconstruction. These studies utilised
methods that assume the use of high-quality variant calls that are typically generated from
modern data, something that is an issue when applying to the comparatively ‘low-quality’ de-
graded nature of aDNA. This is particularly important in the case of Eisenhofer et al. (2020)
who compared Jomon and Edo-era Japanese individuals and used an unnamed species as their
target organism (Anaerolineaceae oral taxon 439). The use of this species is problematic as the
diversity of this genus within the oral cavity is not yet characterised. Indeed, as of August 2021,
the reference genome used by Eisenhofer et al. is �agged as problematic by the NCBI Genome
database, possibly being derived from an environmental relative. In the same vein, Bravo-Lopez
et al. (2020) mapped against the genome of T. forsythia, a genus that that, as described above
(section 6.1.1), is increasingly being shown to have higher diversity than previously known.

Analysis of cross-mapping in Manuscript A identi�ed that many of the human T. forsythia
mappings had high levels of multi-allelic positions, suggesting that the phylogenies generated
from these mappings represent bacterial ‘populations’ rather than isolates. Accordingly, we
took a more conservative approach in analysing and reporting the results by calling variants
with lower majority call thresholds, We then used simpler phylogenetic clustering algorithms
to allow for the studying of such microbial ‘populations’, rather than analysing speci�cally
as species-level phylogenies, and reporting as such. Furthermore, to add more support to our
phylogenetic results, rather than analysing a single phylogeny from a single species, we gen-
erated trees using multiple di�erent species reference genomes. By doing so, we were able to
be more con�dently report a possible re�ection of host population history across independent
microbial species ‘populations’, rather than the results being possibly derived from artefacts
from cross-mapping. An alternative explanation of the reported functional di�erences between
the reported taxa in (Bravo-Lopez et al., 2020), where pre-Hispanic strains were missing many
antiobiotic resistance genes compared to later colonial ones, could be that the reconstructed
genomes were of close-relatives of T. forsythia, rather than T. forsythia itself. That said, an
absence of speci�cally T. forsythia in pre-Hispanic individuals would in itself be an interesting
�nding to further explore, given the perceived widespread presence across global present-day
populations. Ultimately, methodological improvements are required to improve the genomic
depth coverage of oral microbiota to levels su�cient for reliable variant calling. For example,
very deep sequencing of a subset of samples was required for Manuscript A to reach a su�cient
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number of variants for phylogenetic reconstruction, something that is currently often infea-
sible for many palaeogenomic studies. Equally, developing enrichment captures, as currently
often performed in ancient pathogen studies, is currently di�cult due to the uncharacterised
nature of many of the oral microbiota (as described above). However, these initial results add
support to the use of species present in the oral microbiota in ancient dental calculus for be-
ing potentially used as a proxy for studying host relationships. Indeed, once a more e�cient
reduction of cross-mapping for strain separation is possible (discussed further below; see sec-
tion 6.4), this may open up possibilities for molecular dating of strains, and given that bacteria
evolve at higher rates than their hosts, may give a �ner temporal resolution to analyses of
human evolution.

Overall, the exploratory nature of the large sample size study in Manuscript A has opened up
a range of new potential research paths for future modern and ancient microbiome research. In
particular, Manuscript A provides useful target lists for potentially important but under char-
acterised genera of the human oral microbiome. Further research into these will help improve
understanding of what e�ects may occur when modifying the relationships of these taxa with
others in the oral bio�lm - such as in medical treatment. Manuscript A also demonstrated that
oral microbiomes can provide insight into the behavioural and possible cultural evolution of
human populations. This is currently more technically challenging due to a lack of studies on
the applicability of aDNA to modern functional pro�lers as well as less complete databases,
functional and/or genome feature-level analysis. However functional analyses, rather than
taxonomic analyses, may provide more productive avenues of research.

6.2 Sample sizes in ancient microbiome research

The complexity and nature of microbiomes, and the inherent degraded nature of ancient sam-
ples, means that sample size could be considered one of the most important factors in the anal-
ysis of ancient microbiomes. Degradation processes in burial environments mean that many
samples often contain trace amounts or none of the original DNA that was present in the sam-
ple. Because of this, aDNA studies often have a high ‘failure’ rate, and many more samples are
required to reach minimal numbers required for analysis, but also to ensure that any possible
analytical patterns are not resulting from preservational artefacts. Previous ancient oral micro-
biome studies often had highly imbalanced sample sizes per comparative group - such as only
one archaeological site per time period when attempting to infer dietary changes (Adler et al.,
2013; Weyrich et al., 2017). This reduces the reliability of the results, as the di�erences between
time periods are possibly the result of insu�cient preservation or site-speci�c characteristics.
While sample sizes have increased in more recent studies (Mann et al., 2018; Neukamm et al.,
2020), these still have sparse strategies (few samples per site), or many samples from a single
site. Both of which limits the inference of broader biological or cultural change.

The large dataset generated in Manuscript A provides two major advantages for the ancient
microbiome �eld. Firstly, the dataset consists of a large number of individuals from multi-
ple, balanced, geographic regions, time periods, and preservational qualities, with consistently
generated sequencing libraries. It will therefore provide researchers a useful benchmarking
dataset for assessing preservation compared to their own samples. Secondly, the nonhuman
hominids in the dataset of Manuscript A will act as useful outgroups for future research focus-
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ing on within-human variation - particularly for rooting phylogenetic trees of oral microbial
genomes. Providing these outgroups could improve the molecular dating of such genomes in
the approaches mentioned above, by o�ering deep calibration points of certain evolutionary
events of the microbes. Using these outgroups in such a way would then subsequently im-
prove the inference of when certain events in human cultural evolution occurred. One such
example could be dating the adaptation of Streptococcus to bind human salivary amylase, pos-
sibly in response to increased starch consumption deep in human evolution, as put forward
in Manuscript A. Indeed, bacteria generally have faster generation rates than host eukaryotes
(e.g. Ochman et al., 1999; Lynch et al., 2016), and may provide higher resolution information on
the evolution of behaviour traits than changes in the host genomes themselves.

One important consideration of the sampling strategy in Manuscript A was that each host
genus included in the study should have multiple host species spanning di�erent environ-
mental and geographical locations - factors that can in�uence similarity and variation in the
taxonomic pro�les. We also required a minimum of 5 individuals per group and 10 per genus
during sample collection. This accounts for natural intra-individual and population variation,
as well as possible preservational di�erences derived from burial or museum collection condi-
tions. The latter was re�ected in the failure rate of samples yielding su�cient oral microbiome
signatures for downstream analysis, where approximately only 70% of samples could be re-
tained due to preservation. The number of discarded samples per host-group also varied, with
some chimpanzee groups seeing no samples discarded, but with some gorilla groups seeing all
but one sample having to be removed for downstream analysis. We also considered this issue
of high failure rates and preservational skew when estimating which taxa could be considered
‘core’ to African Hominid groups. We required taxa to pass prevalence thresholds within each
population, as well as passing this threshold in multiple populations to be considered core to
hominids as a whole. This approach was therefore an important improvement over previous
studies, showing that even if a given population or site of interest has few individuals, a broader
sampling strategy can account for this by ensuring multiple populations or sites of a di�erent
group are also sampled. One aspect of this approach that could be questioned as implemented
in Manuscript A, is having the rather low criterion of only 50% of individuals being required to
have a taxon be assigned to the core of a particular group. This is because such a loose criterion
could potentially allow taxa that are only transient in a particular population to be considered
core. Indeed, experimentation in Manuscript A showed some variation in core species assign-
ment when exploring di�erent prevalence parameters. However, the results in Manuscript A
should only be considered as a guide, and future ancient microbiome studies should utilise
more considered, rather than opportunistic, sampling strategies, to account for both high fail-
ure rates and preservational skewing observed in Manuscript A. Furthermore, one limitation
of the analytical design was that batch e�ects and other possible factors were not included
in some of the statistical tests used (e.g., PERMANOVA; as performed in more recent ancient
oral microbiome studies such as Brealey et al., 2021), due to the small sub-host genus popula-
tion/group sizes. Larger sample sizes combined with improved metadata aggregation will help
to further explore the results reported here.

Despite Manuscript A being the largest published ancient dental calculus dataset to date,
some reviewers of the manuscript (presumed to be researchers working on modern micro-
biomes) remained critical of the sample size. In particular these reviewers commented that
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results, particularly regarding the core microbiome analysis, will likely change with larger
datasets. While this was an exploratory study that successfully demonstrated the potential
information that could be gained from larger ancient oral microbiome studies, this remains a
valid point. However, as stated in the introduction, ancient remains are often not as readily
available as modern samples. In addition to skeletal remains generally being less abundant
than modern individuals, palaeogenomicists must take into consideration the ethics of the de-
structive sampling of �nite cultural heritage, as well as possible high failure rates in terms of
DNA preservation. Obtaining new larger ancient datasets for improving statistical power in
analysis is therefore not trivial, and this could be a limiting factor for future researchers.

Manuscript B o�ers one solution to this issue by exploiting the fortunate trend of the vast
majority of palaeogenomicists uploading all their raw data to public repositories (Anagnostou
et al., 2015). The community-curated ‘AncientMetagenomeDir’ repository (Fellows Yates et al.,
2021a) is a list of all published and publicly available ancient metagenomic samples with basic
but necessary metadata for ancient metagenomic studies. This resource allows researchers to
rapidly search for and �lter down to samples that are relevant for their own research, for ex-
ample, either to geographic region, time-period, or sample type. This project also has longer
term implications, such as for simplifying the tracking of the development of the �eld over
time (such as in Orlando et al., 2021). It could also possibly allow the development of meta-
analysis projects, such as improving predictions of the likelihood of microbial DNA preserva-
tion across di�erent environmental conditions, as has been previously performed on ancient
eukaryotic genomes (Allentoft et al., 2012; Kistler et al., 2017). Importantly, compared to other
similar resources for ancient DNA (e.g., https://www.oagr.org/, or the Allen Ancient DNA
Resource (AADR) available at https://reich.hms.harvard.edu/), this project has been built
in a cross-lab collaborative and sustainable manner. This means that it can be easily maintained
and continue to be developed in the future. This has been due to the important contribution
of many members of the ancient metagenomics community, rather than just one student or
lab, and the use of online collaborative tools, such as storing of the data on the intrinsically-
collaborative and widely used GitHub platform (https://github.com; with long-term data
archiving on Zenodo https://zenodo.org/). This longevity is important for emerging tech-
nologies such as machine learning, that require large data and associated metadata to produce
models that can predict various characteristics of a dataset. Importantly, however, these mod-
els are designed to be improved over time through the inclusion of more data. Finally, this
resource may assist in improving sampling strategies by allowing researchers or cultural her-
itage managers to check whether samples from a given site have already been sampled. By
doing this researchers will reduce unnecessary repeated sampling of such �nite resources, and
allow projects to be more cost-e�ective; allowing funds to be invested in other areas.

Continued development of AncientMetagenomeDir is required to maximise the potential
of the resource. Currently, the repository only includes metadata at sample level, and while
accession numbers of each sample are stored, these are not always informative about the
multiple types of sequencing data that may exist for each sample. Expanding the reposi-
tory to library- and sequencing-run metadata will be an important step for promoting the
adoption of the resource in analysis work�ows. Providing direct links to the data would be
a major bene�t for researchers using the resource. For example, currently, researchers will
still have to themselves �nd the exact sequencing read �les for downloading. A major �eld-
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wide problem that was identi�ed during the compilation of the information was that sample
metadata was reported in a very heterogeneous manner across publications, making it di�-
cult for this information to be retrieved and standardised. For example, although radiocar-
bon date reporting standards already exist - such as standardised laboratory codes - (http:
//www.radiocarbon.org/Info/labcodes.html, Stuiver and Polach, 1977), these were not al-
ways followed in ancient metagenomics publications, thus making extracting date information
di�cult. This forced me to use practical but suboptimal workarounds such as the rounding of
dates, or preferring less accurate uncalibrated radiocarbon dates. Such workarounds somewhat
reduce the utility of this information in downstream analysis, outside of simple �ltering to ap-
proximate time range of samples of interest or geographic regions (such as for precise tip dating
in phylogenetic analysis). Furthermore, in many cases, the information reported in the publi-
cation itself did not correspond to the information sent along with the uploaded data on public
data repositories, such as with inconsistencies between sample and library IDs. While the An-
cientMetagenomeDir project therefore acts as a �rst step towards improving this situation by
reducing the need of individual researchers to go through each publication themselves, this het-
erogeneity needs to be corrected already at publication. Metadata reporting standards should
be developed by the community to ensure wide-spread adoption and consistent reporting of
necessary metadata for palaeogenomic studies. Such standards already exist in the modern ge-
nomics sphere, such as with ‘Minimum Information about any (x) Sequence’ (MIxS) checklists
from the Genomic Standards Consortium (GSC), and are already used by public data reposito-
ries such as the European Bioinformatics Institute’s (EBI) European Nucleotide Archive (ENA).
Adoption of such a checklist dedicated to the palaeogenomics community would ultimately
reduce the need for external projects such as AncientMetagenomeDir, as the public archives of
data would already include this information, further speeding up access to data. Adoption of
such common checklists would also have wider implications outside of purely academic pur-
poses. Enforcing which, and how to record, such metadata of samples used for genetic analysis
would mean other stakeholders, such as collection curators or cultural heritage managers, can
monitor and track which samples are being used in the palaeogenomics �eld as a whole. For
example, requiring the reporting of collection specimen IDs (not just internal lab codes) would
both help reduce the risk of repeated sampling of (�nite) samples, and allow cultural heritage
o�ces to summarise how their samples are being used, as well as when results are available
for further public dissemination.

Finally, increasing sample sizes for ancient microbiome studies should not be limited to
purely genetic studies. As shown in Manuscript A, due to what appears to be a general taxo-
nomic stability of the oral microbiome over deep evolutionary history, functional analyses may
be more informative. However, more integrated biomolecular analyses to include proteomic
(Mackie et al., 2017; Jeong et al., 2018; Hendy Jessica et al., 2018; Charlton et al., 2019; Geber
et al., 2019; Scott et al., 2021; Bleasdale et al., 2021) or metabolomic (Velsko et al., 2017) analysis
of dental calculus will be important, by showing what was actually being actively expressed
by the bio�lm, rather than what was potentially expressible (something that genomic data is
limited to). Therefore, studies should start to be designed to not only increase sample sizes,
but also increase the number of interdisciplinary analyses performed. While progress on this
has begun to be made (e.g. Fagernäs et al., 2020; Fotakis et al., 2020), development should be
invested in allowing these co-analyses to be scaled together to larger studies and reported in a
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cohesive manner. Ideally, any push towards increasing interdisciplinary co-analyses of ancient
dental calculus (and other ancient samples) should similarly see the necessity of making all
data openly available. However, these must still follow FAIR and CARE practises to ensure the
data is both reusable, but also �ndable in a responsible manner (Wilkinson et al., 2016; Carroll
et al., 2020, 2021). This should occur for each of the analysis/data-types separately, but also
with the data of all analyses being �ndable together.

Given all these archaeological science analyses would often derive from the same specimens
(skeletal elements), one could envision a uni�ed archaeological science metadata schema that
could be used by a diverse range of archaeological science practitioners. Such a schema could
have basic common information about a given specimen, and then submodules for each dif-
ferent type of analysis that is applied to it. Importantly, by having common specimen-level
metadata, this would allow all other analyses to be found by researchers looking to integrate
multiple lines of evidence. Indeed, such a biological metadata scheme already exists for a range
of genetics-based techniques at transnational organisations such as the EBI’s ENA archive (as
described above). By developing resources in this direction, the information yield for both
biological and archaeological studies will be maximised, producing more holistic evidence of
changes to the human microbiome throughout human evolutionary and cultural history.

6.3 Improving throughput in ancient metagenomics analysis

Once future researchers have collected samples and generated sequencing data for large-scale
studies, processing these large numbers of big sequencing �les becomes a non-trivial task.
Manuscript C provides a modern solution to this issue in the form nf-core/eager, a open-
source and dedicated bioinformatics pipeline for ancient genomics, and now ancient metage-
nomics. Standard genomics pipelines and tools are often designed for ‘pure’ DNA extracts,
high depth coverage, and long reads, and therefore do not include functionality to either val-
idate or account for the degraded characteristics of aDNA (see 1.5 for summary). In contrast,
aDNA data requires specialist tools and settings to produce accurate reconstructions of an-
cient (meta)genomes, to overcome the challenges related to environmental DNA contamina-
tion of samples, low sequencing coverage, and highly degraded ‘endogenous’ aDNA molecules.
As an example, one of the latest ‘best-practice’ variant callers for human genomes is GATK
HaplotypeCaller (Poplin et al., 2018), which superseded the previous GATK Uni�edGenotyper
(DePristo et al., 2011). However, HaplotypeCaller performs de novo assembly of reads around
potential variant sites. This is not possible with low-coverage and short-read aDNA, as these
often do not have su�cient overlap to reconstruct a sequence without a reference. Therefore,
when using HaplotypeCaller on a typical low-coverage ancient genome, many possible SNP
sites are lost. In contrast, the original Uni�edGenotyper program only considered the alleles
of a given position in the reads that mapped to a given site (compared to the reference). There-
fore, the (now deprecated) Uni�edGenotyper algorithm is actually more suitable for ancient
DNA contexts, as it does not require overlapping of reads to reconstruct longer sequences to
account for insertions and deletions during variant calling.

While dedicated aDNA processing pipelines already existed at the start of this thesis, such
as EAGER (Peltzer et al., 2016) and PALEOMIX (Schubert et al., 2014), these pipelines were de-
signed in an era when only single or tens of genomes were being analysed in each study, and
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with more limited computing resources being available. In contrast, palaeogenomic studies
are now regularly generating or analysing hundreds of samples (Olalde et al., 2018; Mathieson
et al., 2018; Margaryan et al., 2020). As palaeogenomics studies have increased in size, the
complexity of these studies has correspondingly increased. Researchers are increasingly us-
ing ever more complex library construction and sequencing strategies, such as multiple library
types and the use of di�erent sequencing machines. nf-core/eager therefore addressed both
challenges by reimplementing the original EAGER work�ow in Next�ow (Di Tommaso et al.,
2017). This domain-speci�c work�ow manager performs automated, e�cient, and sophisti-
cated parallelisation of complex bioinformatic pipeline steps through integration with HPC
schedulers. Furthermore, I coded a logic for automating the merging of libraries generated by
heterogeneous library and sequencing setups at appropriate points. By using supplied meta-
data information to automatically calculate how each library should be processed, and when
it can be merged with sister libraries, reduces a lot of complexity in early analysis ‘housekeep-
ing’ steps of palaeogenomics studies. However, it is expected that as both the palaeogenomics
and bioinformatics �elds evolve, this complexity will continue to increase. By developing nf-
core/eager within the nf-core initiative (Ewels et al., 2020), the pipeline will be easily adaptable
to changes to bioinformatic software, infrastructure and best practises. This pipeline is already
enjoying widespread interest and is currently being invested into by and supported by many
di�erent groups and disciplines, which, with the community-based development within the
nf-core initiative, further reinforces the longevity of the pipeline.

Another aspect of further ‘future-proo�ng’ of the pipeline for bioinformatic and palaeoge-
nomic evolution is the development of Next�ow’s ‘DSL2’, a rewriting of the language that
allows modulisation of the code. This means that di�erent software and subroutines can be
easily and rapidly integrated into pipelines as required. The adoption of these modules in a
standardised manner by the nf-core community means that as new practices or analyses be-
comes routine in genomics or metagenomics, nf-core/eager can easily import an already writ-
ten module (with tweaks to account for aDNA) that was developed originally for other nf-core
pipelines. Therefore, the next phase of development of nf-core/eager will be refactoring the
codebase to DSL2 to allow for this to happen. Facilitating rapid adoption of new analyses is
important for palaeogenomics, as displayed in the recent history of the �eld, where laboratory
improvements are allowing researchers to sometimes reach genomic coverage akin to modern
DNA samples, allowing the application of more complex genomic analyses.

While earlier aDNA pipelines were originally designed purely for host genomics studies, the
intrinsically metagenomic nature of aDNA samples and the (unexpected) success in �nding
possibly lethal pathogens from o�-target reads (e.g. Rasmussen et al., 2015; Andrades Valtueña
et al., 2017) has meant that researchers are now regularly metagenomically screening aDNA
libraries for microbes alongside the host DNA. Allowing researchers to do both host-genomic
and metagenomic screening - and critically, validation - of aDNA reads in a single pipeline
is therefore important to improve the interdisciplinarity of studies. nf-core/eager added this
functionality through the integration of in-parallel execution of the HOPS (Hübler et al., 2019)
or Kraken2 (Wood et al., 2019) taxonomic pro�ling work�ows - both allowing species identi-
�cation of o� target reads from host-genomic mapping, and in the case of HOPS, with aDNA
authentication analysis. As the �elds continue to evolve, being able to e�ciently integrate
newer analyses will allow nf-core/eager to o�er further new lines of evidence. For example,
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tools related to the metagenomic strand of analysis in nf-core/eager still remain somewhat lim-
ited. In particular, taxon or Operational Taxonomic Unit (OTU) tables (i.e., tables that list taxa
found in each sample, and the number of reads of each taxon that were found), is a starting
point for many microbiome analyses. However, currently, generation of OTU tables is only
possible for the Kraken2 based metagenomic screening. Development of scripts or tools to
generate OTU tables for MALT output of the HOPS pipeline (see below) would be advanta-
geous as this something not natively supported by HOPS. This is due to the preferred use of
this tool for aDNA, as MALT o�ers the ability to output direct alignments of reads against
reference genomes, which are subsequently used for damage pattern analysis. Furthermore,
the addition of dedicated quality control tools such as Nonpareil (Rodriguez-R et al., 2018), a
metagenomic equivalent of PreSeq (currently included in nf-core/eager for host genome map-
ping) and is used for estimation of further sequencing e�ort, could be useful. The adoption of
DSL2 in nf-core/eager would therefore facilitate the inclusion of these tools in the future.

The development of a new version of nf-core/eager within the nf-core initiative also allows
improved access to interdisciplinary analysis to researchers. All nf-core pipelines (spanning
genomics, metagenomics, metabolomics, and proteomics) share the same code base and tem-
plate, therefore o�ering the same user interface. By removing the necessity to learn the pe-
culiarities of di�erent pipelines by having a common interaction interface, palaeogenomicists
can very easily switch to analysing their data with a di�erent nf-core pipeline to investigate
other aspects of their data, and spend more time understanding the data itself rather than how
to run the tool in the �rst place. The open-source and community characteristics of nf-core
development also mean that the palaeogenomics community can easily o�er their own cus-
tomisation and software to allow each pipeline to adapt to the particularities of ancient DNA.
While nf-core/eager o�ers many advantages to the palaeogenomics and ancient metagenomics
communities for performing a wide range of di�erent analyses, one outstanding issue is that
the background of researchers is equally as diverse. This means that many researchers who be-
gin to work with ancient DNA often have varying levels of knowledge of computational work
and of the biological nature of ancient DNA, particularly in the case of researchers are coming
from social sciences such as archaeology or anthropology. Within nf-core/eager, I therefore
lead the writing of extensive documentation outside the typical scopes of describing basic us-
age instructions of pipelines, as often occurs in bioinformatics. We developed a documentation
scheme that describes all outputs in a manner that provides researchers from introductory to
expert-level backgrounds the rationale behind certain interpretations of report outputs, all in
the context of aDNA. For example, many quality control reports from SGS processing tools
such as FastQC, will consider aDNA as ‘failing’ various metrics and can lead users unfamiliar
with aDNA to interpret these false positives as failures. Conversely, downstream analytical
problems can occur when upstream SGS data processing was not carried out correctly, or arte-
facts remain. Therefore, we have written the documentation in an accessible manner, including
graphical depictions of various report cases. Importantly, we designed all the documentation
so that they can be adopted as training material by the wider palaeogenomics �eld (through
generic descriptions, and creative commons open licensing). By making the documentation
detailed, but also abstracted to palaeogenomics in general, this will improve general literacy
into the fundamental components of SGS data processing. This open-source documentation
will be a general boon to ancient metagenomics, which is a new but rapidly growing �eld,
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and currently lacks formal training schemes enjoyed by other areas of palaeogenomics. This
is important as many of the challenges of ancient DNA remain underappreciated resulting
in problematic results, as described above (section 6.1.2), and despite attempts to broaden the
awareness of these in microbial archaeology (Warinner et al., 2017). Therefore, expanding train-
ing material for the �eld in this open manner will also contribute to increasing accessibility of
the �eld to a wider number of groups, particularly for those outside the established palaeoge-
nomics community.

Finally, the nf-core initiative and the nf-core/eager pipeline highly recommends the use of
software containers. These are singular image �les that include all necessary software with
required versions and con�gurations for the pipeline, meaning users do not need to install or
maintain these themselves. This has important implications towards facilitating and improv-
ing reproducibility within the �eld. While public raw data sharing is widely performed within
palaeogenomics (Anagnostou et al., 2015), description of analyses and work�ows still remains
limited to prose-based descriptions in manuscripts. This limits the ability for researchers to
not only just reproduce the analysis but also reuse data from other publications in their own
analyses. This is particularly important due to the complexity of current studies that generate
multiple libraries and library treatments, the processing and merging of data of which are often
not trivial to perform. By making nf-core/eager highly reproducible with the use of containers
and portable con�guration �les, and assuming widespread adoption, I believe this will pro-
vide the bene�t of standardising a lot of aDNA sequencing data preprocessing, something that
should already be relatively routine given the low variation in data types. By doing so, it will
be easier for future researchers to take an nf-core/eager input metadata table from previous
publications (something that speci�es exactly how various libraries were originally merged
and treated), merge it with their own, and analyse large datasets together. Indeed, Next�ow al-
ready o�ers the ability to de�ne URLs of data as input �les, and automatically downloads these
for users - further reducing the amount of hands-on work required compile such datasets.
Speci�cally for ancient metagenomics, nf-core/eager could already be improved further, for
example, with direct integration with AncientMetagenomeDir (Manuscript B) via automated
conversion of future AncientMetagenomeDir library-level metadata tables to nf-core/eager in-
put tables. This would be advantageous for making extremely automated and high-throughput
analysis of comparative data, in addition to newly sequenced ancient metagenomic samples,
possible.

6.4 Improving authentication in ancient metagenomics analysis

Ancient DNA analysis of microbes is not new, with a variety of di�erent microbial pathogen
genomes being recovered from skeletal remains over the last 10 years (Spyrou et al., 2019).
However, the vast majority of these studies have focused on the recovery and authentication of
a single or a small handful of taxa. In contrast, ancient microbiome work must contend not only
with analyses at the scale of many samples, but also many taxa at once. A large component of
this thesis was therefore invested into developing new work�ows and methods for improving
the throughput of preservation assessment of ancient microbial and metagenomic analysis. I
will summarise a few key developments towards this challenge made during this thesis.

The new (ancient) metagenomic extension of the nf-core/eager pipeline (Manuscript C) in-
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cludes the addition of MALT (Herbig et al., 2016; Vågene et al., 2018), an ultra-fast replacement
for the widely used BLAST tool (Altschul et al., 1990), but designed for the taxonomic iden-
ti�cation of SGS reads with optimisations to account for possible aDNA damage. This tool
is applied to the unmapped reads from mapping to a host genome, and can be used both for
screening of ancient pathogens, but also generation of taxonomic pro�les for ancient micro-
biome samples (such as dental calculus) when combined with the GUI-based tool MEGAN6
(Huson et al., 2016). We also included Kraken2 (Wood et al., 2019) as a taxonomic pro�ling
alternative, due to the large computing resources required by MALT. This is to ensure metage-
nomic screening remains accessible to as many researchers as possible, particularly those who
do not have access to large-resource HPC clusters. More speci�cally for ancient microbiome
analysis, screening for microbial genomes must also have some form of aDNA authentication.
For those using the MALT integration in nf-core/eager, this is carried out by MaltExtract (a part
of the HOPS pipeline; Hübler et al., 2019). This tool produces statistics for a list of user-de�ned
taxonomic targets such as fragment lengths, damage pro�les, and edit distance. In particular,
edit distance is used for estimating how divergent the aDNA reads are to the reference genome.
Currently there is no aDNA authentication step for the Kraken2 results, as this tool does not
perform sequence alignment that allow users to identify nucleotide di�erences, and therefore
users must manually validate their hits.

One issue with the default visualisation outputs from the HOPS pipeline (used for aDNA
validation of metagenomic hits) are that they consist of singular PDF �les for each sample and
species - something not feasible for large scale microbiome studies such as in Manuscript A. I
therefore developed an open-source interactive viewer, published with Manuscript A (MEx-
IPA, https://github.com/jfy133/MEx-IPA), that allows users to rapidly load the output
from HOPS and quickly switch between samples and species. This therefore results in a more
e�cient assessment of potential hits with authentic aDNA damage pro�les and fragment lengths
of many di�erent original endogenous microbiome species, by integrating all results into a sin-
gle window rather than having to open sometimes even hundreds of PDF �les.

Another aspect of the metagenomic extension of nf-core/eager was the adding of speci�c
tools used in the context of microbial genomic reconstruction (as also applied during Manuscript
A for phylogenetic tree analysis). A common issue during ancient microbial genome recon-
struction is the recruitment of reads from close environmental relatives to the reference genome
of the target of interest; something that edit distance information can give indications of
(Warinner et al., 2017). This ‘cross-mapping’ can complicate downstream phylogenetic analysis
by causing incorrect clustering of genomes due to chimerically associated variants, and falsely
increasing or decreasing mutation rates in molecular dating analysis. I therefore added Mul-
tiVCFAnalyzer (Bos et al., 2014) as a consensus calling tool, i.e., a tool that generates a single
or multi-FASTA �le with each sample’s variants and used as input for downstream phyloge-
netic tools. MultiVCFAnalyzer has additional functionality that allow users to assess the level
of this cross-mapping from environmental relatives, so as to allow users to further estimate
the reliability of their genome reconstruction and phylogenetic analysis. Knowledge of these
issues are somewhat lacking, particularly in the ancient microbiome �eld (see section 6.1.2).
Therefore including this in an automated pipeline will help improve the awareness of the issue
by making such tools that can assess and reduce cross-mapping more accessible.

Outside of phylogenetic reconstruction, (ancient) pathogen genomics and microbiome re-
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search is starting to shift focus towards functional analysis of these genomes, such as the
presence- and absence of genes (as also performed in Manuscript A, see section 6.1.2). To
assist ancient metagenomics researchers to more readily access this information, I integrated
into nf-core/eager the ability to automatically generate basic coverage statistics of all genome
annotation features, such as genes, across a given reference genome via bedtools (Quinlan and
Hall, 2010). This can thus be used to detect insertions or deletions within the population of
ancient bacterial genomes, but also act as an additional species identi�cation validation. For
example, the species-speci�c marker gene pla on the pPCP1 plasmid (Parkhill et al., 2001) is
often used in palaeogenomic studies to distinguish the pathogen Y. pestis from its environmen-
tal relatives (Schuenemann et al., 2011). Such analyses may become more important in future
ancient microbiome analysis given the results of Manuscript A, that highlighted the need for
further research into the currently many undercharacterised taxa identi�ed as being possibly
important taxa for the human oral bio�lm. By identifying marker genes that can by used to in-
dicate a particular microbiota species or strain being present in a sample, even if there is a wide
diversity of closely related taxa also present, could be highly useful. Therefore, automation of
such analyses in a single pipeline, will allow more for routine use across subdisciplines, and
possibly help shift ancient microbial �elds away from addressing purely ‘who is there, when,
where’ questions to also ‘how’ and ‘what are they doing’ (Integrative HMP (iHMP) Research
Network Consortium, 2014; Berg et al., 2020).

In general, the automated execution of these established (meta)genomic screening and re-
construction tools, but also with the results of these tools being included within a single inter-
active run report, will be useful for interdisciplinary �elds such as palaeogenomics. Such data
quality control and authentication information being aggregated into a single place will pro-
vide a smoother experience for users who are less bioinformatically experienced to improve
evaluation of their own sequencing data (see section 6.3). This thus helps democratise and
make the �eld more accessible for a wider range of research specialisms and topics. During
Manuscript A, however, it became clear there were many areas of ancient microbiome analysis
that are under-developed. In particular, many of the established validation tools included in nf-
core/eager (Manuscript C) were developed with the primary aim of detecting or analysing only
a single or a handful of (microbial) species. While nf-core/eager helps to scale across multiple
samples, the available approaches for microbiome sciences were not scalable to the additional
dimension of having multiple species to validate for each sample. I therefore developed addi-
tional tools and approaches towards this goal.

A critical component of ancient microbiome studies is the removal of samples displaying
large taxonomic skews due to degradation and high amounts of environmental contamination.
In previous and current ancient microbiome research (e.g., Ziesemer et al., 2015; Weyrich et al.,
2017; Mann et al., 2018; Ottoni et al., 2019), the Bayesian source-estimation tool SourceTracker
(Knights et al., 2011) has been regularly used to estimate the likely source of a given taxon when
comparing a sample to di�erent ‘source environment’ samples. However, this tool does not pro-
vide a means to specify cut-o�s that allow ‘include/exclude’ selection of microbiome samples
for downstream analyses. It also only gives a ‘one-dimensional’ view of the preservation of
samples. For example, a sample dominated by a single taxon could be estimated to be most
similar to the target environment (e.g., dental calculus) even if the remaining, very low abun-
dance taxa, could be all derived from an environmental source. I developed a method termed
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‘cumulative percent decay curves’ in Manuscript A, that allows for both �ner evaluation of the
level of the preservation of expected microbiome samples across all taxa in a sample, as well
as methods to allow ‘include/exclude’ cut-o� thresholds. This method, validated against both
manual inspection of SourceTracker results, and qualitative assessment of comparative PCAs
of dental calculus samples versus other environmental sources (such as soil, skin, and bone
samples), showed that it was a useful heuristic for assessing whether samples have su�cient
preservation for downstream analyses (Manuscript A). The method has also since been for-
malised in an R package, ‘cuperdec’, (https://github.com/jfy133/cuperdec) that has been
published on the most widely-used R package repository CRAN under an open-source license,
to allow other researchers to easily adopt the same method for their own ancient microbiome
research. Importantly, the visualisation of such curves can be included even on a single plot.
Therefore, in principle, this allows scalable visual inspection of the preservation of even hun-
dreds of samples. This factor will be important as the sample sizes of ancient microbiome
studies continues to grow (see section 6.2), but also as databases and sample types evolve, as
well as new threshold algorithms are developed. All of these developments would then re-
quire regular visual inspection of the curves to ensure any identi�ed thresholds are working
as expected.

Even once samples with little original microbiome preservation have been removed, all other
ancient samples will have some form of environmental contamination, either from the burial
environment or introduced in lab contexts. Previous research in ancient microbiome research
has used ‘brute force’ methods (e.g. Eisenhofer et al., 2020; Weyrich et al., 2017) to remove these
taxa during analysis. This would typically consist of removing any taxon that is present in any
control from all samples. This highly conservative approach may result in the removal of false
positives, based on a spurious hits deriving from a single read hitting a taxon by chance. In
contrast, I took a more nuanced approach via the recently published R package ‘decontam’,
which uses the observation of an inverse correlation in the abundance or prevalence of con-
taminants in negative controls compared to samples. This ensured that I did not over-zealously
remove oral taxa from downstream analysis. However, this only addresses possible laboratory
contamination. To account for taxonomically diverse burial environmental contamination, we
also further modi�ed the typical use case of the package by using unrelated bone samples as a
‘control source’, in addition to negative controls, to include removal of common environmental
contaminants. Using bone samples rather than soil is important, as environmental microbial
communities of skeletal elements have a di�erent pro�le to that of the surrounding soil, and
the exact pro�le varies depending on anatomical element (e.g. Kazarina et al., 2019; Emmons
et al., 2020; Pinzari et al., 2020). Therefore, the use of bone controls represent more similar (al-
though not perfect) environments to identify environmental microbial communities in dental
calculus over soil samples (which are also rarely stored in museum collections) as bones have
more similar mineral and nutrient environments than soil. Comparing against bone samples
therefore will improve the identi�cation and separation of common environmental taxa from
endogenous oral microbiome taxa. However, a more systematic investigation of this approach
should be made. In Manuscript A, due to a lack of published raw FASTQ level shotgun data
of multiple skeletal remains from the sites included in this study, we had to use bone samples
from an unrelated site and location. Future research is required to address the feasibility of
including bone samples from the same site as dental calculus samples, given that each burial
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site may have di�erent soil- and sediment taxonomic pro�les.
Ultimately, after developing a comprehensive novel work�ow to minimise biases derived

from the characteristics of ancient metagenomic DNA as described in Manuscript A, we found
that signatures of authentic ancient oral microbiomes could be preserved twice as long as previ-
ously thought. Calculus from Neanderthal individuals as old as 70 and 100 kya from De Nadale
(Italy) and Pešturina (Serbia) caves respectively, both yielded DNA from well-characterised oral
taxa and displayed both high levels of aDNA-associated deamination and high fragmentation.
This is particularly important as dental calculus was noted to have unusually high DNA yield
for ancient samples (Warinner et al., 2014b). Indeed, with the recent discovery that DNA can
be preserved in permafrost samples to over one million years ago (van der Valk et al. (2021); ex-
ceeding theoretical expectations by Smith et al. (2003)), this highlights that more basic research
should be directed to further understand the mechanisms of DNA preservation. Understand-
ing particular characteristics of the organic and inorganic make-up of dental calculus may
help revise DNA survival estimates, but also guide methods of non-destructive pre-screening
of biomolecular content in the sample type, as is being developed for bone samples (e.g. Kon-
topoulos et al., 2020). Given the large number of scienti�c methods that can be performed on
dental calculus deposits (see section 1.4.1), the development of such screening tools will help
guide sampling strategies and which methods to apply. It will also help researchers estimate
from how far back in time ancient oral microbiomes could potentially be reconstructed.

Finally, in Manuscript A, I made an attempt to address the problem of cross-mapping in single
genome reconstruction of closely related species derived from complex microbial communities.
As the plaque bio�lm is taxonomically rich, there are many closely related or multiple strains of
species that have similar genomes. During mapping-based genome reconstruction with a ref-
erence sequence, reads from these strain-speci�c SNPs can also map to the reference genome of
the target of interest and result in ‘multi-allelic’ SNPs - despite bacteria generally having hap-
loid genomes. While in Manuscript C, I described the inclusion of MultiVCFAnalyzer, which
allows for the assessment of the level of such cross-mapping (see above), it currently does not
provide sophisticated methods of reducing this e�ect, other than allowing relaxation of SNP
calling parameters to make a ‘best guess’ of the original SNP at a given multi-allelic site. These
multi-allelic SNPs result in uncertainty during downstream analysis. As described in the intro-
duction (section 1.5.4), modern genomic solutions typically rely on high-coverage and long-read
sequencing libraries to reliably ‘haplotype’ and separate strains of di�erent taxa through co-
association of di�erent SNPs on single reads - something not possible with short read length
and low coverage aDNA libraries. In Manuscript A, I attempted an alternative approach to re-
duce multi-allelic SNPs via ‘competitive mapping’ (i.e., mapping to multiple genomes at once)
to pull away closely-related but o�-target reads to their original sources (or strains more closely
related to the o�-target species), leaving only the correct position with the more likely original
allele. Unfortunately this approach was not successful across the 15 species analysed. While the
level of multi-allelic SNPs was generally reduced, coverage was signi�cantly lower, making the
con�dence in SNP calling also lower, and thus equally problematic for downstream analyses.
This highlights the challenges that remain in regard to genome reconstruction from complex
ancient microbial communities, and that new approaches are needed to increase coverage, but
that also allow di�erentiation between strains from aDNA data.
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6.5 Outstanding challenges for ancient metagenomics analysis

Overall, in this thesis I generated a range of approaches, resources, and considerations for the
ancient metagenomics community. These have primarily focused on automating and making
scalable routine processing procedures, authentication of sample preservation in microbiome
samples, and developed approaches to reduce the level of environmental contamination. How-
ever, a range of challenges were not resolved by the three manuscripts, which I believe should
be the next steps that the �eld must take to improve the technical aspects of ancient microbiome
work.

An ongoing issue - also in modern metagenomics - is in regard to metagenomic database
sizes. As microbiomes are complex communities of many taxa, we must align our sequencing
reads across many genomes at once. The number of genomes in databases are increasing at
rapid rates as genomic sequencing techniques improve and become cheaper, and as such this
becomes increasingly di�cult to �t in available computing resources (Ye et al., 2019; Nasko
et al., 2018; Kim et al., 2016; Zhou et al., 2018a). In modern metagenomics, most solutions
utilise ‘k-mer decomposition’ based approaches that use multiple short sub-strings of a given
nucleotide sequence to make a distinct but concise representation of the sequence (resulting
in smaller database sizes). These representations are then compared to k-mer pro�les of reads,
rather than a nucleotide-per-nucleotide alignment against the reference genome (a computa-
tionally expensive procedure; Wood and Salzberg, 2014; Breitwieser et al., 2019), or nucleotide
to amino acid conversion and amino acid to amino acid sequence comparison (e.g. Buch�nk
et al., 2015; Menzel et al., 2016). An issue with these approaches for aDNA is that very short
reads (such as found in the late Pleistocene/Upper Palaeolithic individuals in Manuscript A)
result in unspeci�c k-mers and reduces accuracy in taxonomic assignment and/or abundance
estimation (Manekar and Sathe, 2018; Menzel et al., 2016; Song et al., 2014; Ye et al., 2019). In-
deed, previous simulation work generally found that current k-mer based taxonomic pro�lers
performed worse than alignment-based pro�lers for abundance estimation (Velsko et al., 2018).
Equally, protein alignment approaches have demonstrated to be less accurate than nucleotide
alignment (Eisenhofer and Weyrich, 2019). In both cases of k-mers or amino acid alignments,
these approaches limit the ability of researchers to perform established authentication pro-
cedures, as the nucleotide information of C to T transitions are lost (as this requires direct
nucleotide sequence comparison against a nucleotide reference). While researchers could do
this in a separate step, this can be computationally expensive when being performed across
hundreds of genomes. Further dedicated simulation and benchmarking studies are required
to assess the limits of k-mer approaches for ultra-short aDNA samples (something that has
started to be performed recently, such as by Cárdenas et al., 2021), and other approaches to re-
duce the computational resources required for metagenomic alignment need to be developed.
The issue of the use of various databases within the �eld has also meant that there are currently
no standard taxonomic pro�ling databases for ancient and modern microbiome researchers to
use, which limits straightforward comparison of results between studies. The establishment
of such ‘standard databases’ would also help improve reproducibility. Furthermore, this would
also help improve portability of user-friendly pipelines such as nf-core/eager from Manuscript
C, as it would further reduce the time required for hands-on database construction, and con-
versely increase the time spent by researchers analysing the biological aspects of their data.
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Selection of standard database(s) and tool(s) for initial taxonomic pro�ling for ancient metage-
nomics would also assist in improving downstream tools for preservational assessment and
�ltering. One can imagine an equivalent to the curatedMetagenomicData dataset (Pasolli et al.,
2017) for ancient samples by using the data from AncientMetagenomeDir of Manuscript B,
which could then be used to develop improved methods of classifying well- and less-well pre-
served samples through large-scale comparisons. Furthermore, improvements could be made
to the cumulative percent decay curve method introduced in Manuscript A, by adding more
sophisticated �ltering algorithms based on the source-decay curves. Currently only simple
hard-threshold cut-o�s have been added to the associated cuperdec package, and one more
sophisticated method based on the settling of �uctuations in the curves (akin to convergence
in Bayesian MCMC-chains). However, more statistically-informed methods that additionally
estimate the level of uncertainty could also be developed. Standardised and curated databases
would also assist in the cumulative percent decay curve method. This method requires lists of
reference genomes and their known isolation sources to identify the number of genomes in a
sample that are derived from the expected microbiome type (such as microbial genomes from
the oral cavity expected for dental calculus). Such development would also require standardi-
sation and curation of not just sequencing data but the genome sequences themselves. These
genome sequences would also require corresponding metadata, such as isolation sources, some-
thing which is currently only sparsely available in the commonly used NCBI Genome database
(https://www.ncbi.nlm.nih.gov/genome) or inconsistently included in the otherwise meta-
data rich BacDive cultural collection database (Reimer et al., 2019).

In addition to improving preservational screening, ancient microbiome researchers will need
to more routinely apply statistical methods to assess the robusticity and reliably of their results.
This is due to the the small sample sizes in currently published ancient studies, compared to
that expected of modern microbiome studies. Indeed, this was a common worry of review-
ers of Manuscript A, that the size was too small to make any signi�cant interpretations. One
factor in this is that most training resources in this vein focus on clinical case-control studies
(e.g. Casals-Pascual et al., 2020), something that isn’t necessarily applicable to more heteroge-
neous and somewhat intrinsically opportunistic study designs in palaeogenomics. However,
in Manuscript A, to simulate the e�ect of stochasticity derived from small samples sizes, I
used ‘bootstrapping’ (Efron, 1979) to assess the variability in taxonomic pro�les when ran-
domly removing samples across many resampling replicates. An issue with this approach,
however, is that it is reliant on the underlying distribution of samples themselves. If consisting
of many ‘outliers’ (such as if one archaeological site or sample collection has low preservation),
this may skew results. This method also does not allow estimation of the statistical power of
the dataset. Therefore, in addition to expanding their datasets via resources such as Ancient-
MetagenomeDir (Manuscript B), researchers should explore di�erent methods of estimating
and accounting for the statistical power in their studies, while study sample sizes continue to
grow over time.

Another limitation of Manuscript A towards the broader aim of using ancient microbiomes to
expand our knowledge of the diversity of the human microbiome was that the analytical tools
used require reference sequences. In other words, taxonomic identi�cation required compari-
son of sequencing reads to already sequenced reference genomes of already isolated taxa. This
therefore limits the detection of species in ancient individuals to known or closely related taxa,
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all of which are derived from modern contexts. In contrast, de novo assembly is a reference-free
method for reconstructing genomes. Via repeated overlapping of reads with partially similar
sequences (and subsequently larger already-partially assembled ‘contigs’), assemblers identify
the most e�cient and parsimonious ‘path’ through the overlaps to derive a single contiguous
sequence - considered to be the most likely original whole-genomic sequence (Compeau et al.,
2011). Reference-free methods are the ideal target method for the identi�cation of the unknown
diversity of ancient oral microbiomes, as they are not reliant on known diversity to identify
taxa, and could potentially reconstruct extinct species. Taxonomic assignment of these recon-
structed ‘MAGs’ (metagenomically assembled genomes) can then be made via phylogenetic
placement within known diversity. Secondly, these methods also allow de novo identi�cation
of new predicted functional features in (extinct) strains of known taxa, as again it does not
require a modern reference. This would be an important development following the opinion
stated above (see section 6.1.2), that ancient oral microbiome studies will likely need to focus
on analysing changes of the functional capacity of oral microbiomes to identify cultural change
rather than purely taxonomic inference methods. However, most modern assemblers use k-mer
based approaches that prefer longer-reads to resolve gaps during contig-overlap, something
that theoretically appears to be incompatible or at least sub-optimal with very short aDNA
reads (see above). Studies exploring the limitations and possibility of new approaches (such
as Seitz and Nieselt, 2017; Wibowo et al., 2021; Borry et al., 2021), and new solutions towards
reference-free assembly should be carried out.

Understanding how the microbiota of ancient individuals adapted to changing environ-
ments, something ‘mostly’ de�ned by the host, has potential as a proxy source of evidence
for human behavioural and cultural change. However, the functional pathways of ancient oral
microbiomes reconstructed by aDNA remain relatively unexplored (Warinner et al., 2014b;
Jacobson et al., 2020). To date, methods such as ancient metaproteomics and metabolomics
(Warinner et al., 2014b; Jersie-Christensen et al., 2018; Velsko et al., 2017, e.g.,) have been more
often used, although these �elds are younger and less established than palaeogenomics. This
is partly as functional analysis of microbiomes is highly complex, and again highly reliant on
databases of annotated genes (Kuczynski et al., 2011; Quince et al., 2017), which may often not
be available for undercharacterised taxa. Furthermore, while this approach was partly applied
in Manuscript A by co-author Irina Velsko as an exploratory analyses through the use of AAD-
DER (Huson et al., 2016) and HUMAnN2 (Franzosa et al., 2018), the e�ect of DNA damage and
short read lengths was not evaluated. However, as annotation databases and genome recon-
struction methods improve in both modern and ancient metagenomics, this will become more
feasible over time. Indeed, coupling de novo assembly of unknown species with homology-
based pro�ling from functional databases has the potential to provide transformative insights
into ancient human microbiomes in both contexts of health and disease and human cultural
change.
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7 Conclusion

This thesis has explored how using aDNA from dental calculus in large-scale studies can help us
explore how the human microbiome has evolved across deep evolutionary timescales. Manuscript
A reported observations regarding both the surprising conservation of the taxonomic diversity
of the core hominid oral microbiome, but equally that large parts of this diversity is currently
undercharacterised (Fellows Yates et al., 2021c). Manuscript A also demonstrated how ancient
microbiomes can potentially give insight into not just human biology, but also potentially hu-
man history. Manuscript A uncovered functional di�erences between nonhuman primate and
human oral microbiomes, the results of which may have implications for the dating of the
adaption to starch-based dietary habits in past hominids, as well as showing that phylogenies
of oral microbes could provide an alternative route for reconstructing relationships between
di�erent human populations.

From the experience of Manuscript A, however, it became very clear that in ancient micro-
biome research, robust scalability of crucial analysis steps is currently not possible. Without de-
velopment of tools and approaches that address the fundamental problems of ancient metage-
nomics - such as preservation and authentication - the �eld will struggle to advance. There-
fore, Manuscript A describes novel and scalable approaches to improve assessment and ac-
count for microbiome aDNA preservation in dental calculus (MEx-IPa, cuperdec). Manuscript
B described a community-curated repository of all samples used and publicly published in an-
cient metagenomic studies (AncientMetagenomeDir), with metadata and accession codes to
raw data, improving the reuse of data to increase sample sizes of future (meta)studies (Fel-
lows Yates et al., 2021a). Manuscript C described a complete reimplementation of a popular
ancient DNA genomics pipeline in a new pipeline framework to allow adaptation to the latest
computational, bioinformatic, and software development infrastructure and best practices (nf-
core/eager; Fellows Yates et al., 2021b). The pipeline also includes a range of new extensions
over the original pipeline, including extensive documentation to facilitate wider adoption of
robust ancient metagenomic analyses and authentication in palaeogenomics.

The outcomes of this thesis o�ers a wide range of exciting new research avenues for the
young �eld of ancient oral microbiome research, and equally will facilitate future studies in
these areas through the development of novel, open-source, and community-developed ap-
proaches and tools.
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8 Summary / Zusammenfassung

8.1 English

The microbes that live in and on our bodies play major roles in health and disease due to their
symbiotic relationship with the host. Understanding how these communities adapt to changes
in their environment - either by natural or anthropological forces - is currently a critical area
of research for improving holistic healthcare. However, modern research heavily relies on pop-
ulations from industrialised societies. Due to this, the full diversity of the human microbiome
is not known. Microbiomes from past societies and our Hominid relatives therefore have the
potential to provide insights into how long-term human behaviour change has modi�ed the hu-
man microbiome. Yet, this area of research is in its infancy and many analytical aspects remain
underdeveloped. Large sample sizes are required to analyse complex microbial communities,
and correspondingly work�ows and tools to process these are needed.

The aim of this thesis was to demonstrate the potential of large-scale shotgun-sequenced
ancient dental calculus. By doing so, I aimed to improve our understanding of ancestral oral
microbiomes in both biological and anthropological contexts. Furthermore, I aimed to build
tools and resources to improve throughput in ancient metagenomic analyses.

In Manuscript A, I have shown that ancient dental calculus can be used to improve the un-
derstanding of past human oral microbiome diversity (Fellows Yates et al., 2021c). Using the
largest ancient dental calculus dataset to date of 124 individuals, I have identi�ed that DNA
from oral bio�lms can be preserved at least until 100 kya in Neanderthals (doubling the age of
previous results); showing accessing ancestral and extinct diversity is possible. I have found
evidence suggesting that oral bio�lms appear to have a long evolutionary taxonomic stability
within the hominid lineage. Genera known to play important oral bio�lm structural roles in
modern humans were also found to be present in Neanderthals, chimpanzees, gorillas, and also
in some cases howler monkeys. Importantly, taxa typically designated as markers for periodon-
tal disease were found to be highly prevalent across all host species. This highlights that these
taxa are not human-speci�c, and likely that the presence of which are not solely su�cient to
diagnose disease, in neither ancient nor living individuals. However, many of these taxa are
under-characterised, and may have implications towards oral health and disease. Manuscript
A also indicated that inferences about human behavioural or cultural change from ancient mi-
crobiomes may be possible, albeit seemingly not in the way that was previously assumed. I was
unable to replicate previous work suggesting general taxonomic shifts occurred in response to
major cultural changes throughout human history (e.g., farming, antibiotic usage). Instead,
functional changes within the oral microbiota is a more intriguing alternative. Manuscript A
identi�ed and began to pinpoint the ‘arrival’ of speci�c genes associated with carbohydrate
processing in Streptococcus species. This appears to correspond to a critical point in the de-
velopment of humans in regards to brain development when energy-dense foods were likely
necessary. This exempli�es how the ability of microbes to rapidly adapt to their local environ-
ment can be used as a proxy for identifying the timing of important behavioural and cultural
changes in humans.

Continued advances from Manuscript A will only be possible by routinely maximising sam-
ple sizes. However, samples from archaeological and museum remains represent �nite and
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precious cultural heritage. Manuscript B describes the repository ‘AncientMetagenomeDir’,
that I established and lead development of (Fellows Yates et al., 2021a). This community-level
resource lists all public ancient metagenomic sequencing datasets. The resource will allow re-
searchers to e�ciently re-use public data to ensure the robusticity and improve the statistical
power of future studies. Furthermore, it will act as a useful starting point for meta-analyses.
For example, it could potentially be a useful dataset for making predictions of aDNA preserva-
tion in a variety of contexts. Requiring large ancient metagenomic datasets in future studies
only makes sense if processing is made with tools designed for these sizes. In Manuscript C,
I describe an entirely rewritten user-friendly palaeogenomics pipeline following latest soft-
ware development and bioinformatics best practises. In addition I wrote extensive documenta-
tion designed for the interdisciplinary user-base that makes up the palaeogenomics �eld (Fel-
lows Yates et al., 2021b). The pipeline, nf-core/eager, has been developed in a way that allows
for easy integration with large scale computing infrastructure required for such analyses. Im-
portantly, I have extended this genomics pipeline to have in-parallel metagenomic pro�ling
and screening of ancient DNA characteristics. During Manuscript A, I also developed a so-
phisticated work�ow designed speci�cally for ancient microbiome analysis. Each analytical
stage was designed with strategies towards accounting for and authenticating the intrinsic de-
graded nature of ancient DNA (MEx-IPA), including novel tools for preservational screening
(cuperdec).

These manuscripts have contributed new insights into the biology and evolution of oral
bio�lms, but also introduced new open-source and sustainable tools and resources that will
allow further investigation of ancient microbiomes. These contributions also provide guidance
as to where future research should look towards. These include intensifying the investigation
of undercharacterised but prevalent taxa, more routinely performing functional analysis of
ancient microbiomes, and showing that more formalised tools designed for the analysis of
low-coverage microbial genomes, will all be required to allow deeper understandings of the
long term evolution of the human microbiome.

8.2 Deutsch

Übersetzung von Raphaela Stahl und Clemens Schmid

Der menschliche Organismus ist von mikrobiellen Gemeinschaften besiedelt und wir leben
in einer dauerhaften, symbiotischen Beziehung mit ihnen. Dieser Beziehung ist es geschuldet,
dass Mikroorganismen großen Ein�uss auf unsere Gesundheit nehmen: Oft sind sie entschei-
dend dafür, ob und wie wir erkranken. Wenn man also die menschliche Gesundheit holistisch
betrachten möchte, dann ist es von großem Interesse zu verstehen, wie das humane Mikro-
biom auf ökologische Veränderungen reagiert und sich gegebenenfalls anpasst. Bedauerlicher-
weise fußt ein Großteil der Forschung bisher ausschließlich auf Studien mit Proben von in-
dustrialisierten Gesellschaften, woraus ein Erkenntnismangel zu Biodiversität und Potenzial
von Mikrobiomen resultiert. Die Erforschung der Mikrobiomkomposition vergangener, men-
schlicher Gesellschaften und verwandter, hominider Spezies kann hier Abhilfe scha�en. Sie
erlaubt Einblicke dazu, wie der Wandel von Verhaltensweisen und Ernährungsgewohnheiten
das menschliche Mikrobiom langfristig beein�usst. Diese Forschungperspektive ist noch in

97



ihren Anfängen — die Entwicklung und Erprobung relevanter, analytischer Methoden und
Werkzeuge ist ein Desiderat. Weiterhin kann die Komplexität mikrobieller Gemeinschaften
nur mit einer großen Anzahl an Proben aus unterschiedlichen Kontexten erschlossen werden.
Das erfordert die Etablierung stabiler Arbeitsabläufe, die die neuen Analysewerkzeuge sinnvoll
integrieren.

Ziel dieser Doktorarbeit war vor diesem Hintergrund, das Potenzial großangelegter Analy-
sen von shotgun-sequenzierten, "alten" (d.h. z.B. aus archäologischen Kontexten) Zahnstein-
proben aufzuzeigen. Das bisherige Wissen zur Geschichte des oralen Mikrobioms sollte sowohl
aus biologischer als auch anthropologischer Sicht erweitert werden, während gleichermaßen
Methoden entwickelt werden sollten, die den erforderlichen Durchsatz metagenomischer Anal-
ysen überhaupt erst möglich machen.

Manuskript A demonstriert, dass alter Zahnstein unser Verständnis der Diversität vergan-
gener humaner oraler Mikrobiome tatsächlich verbessern kann (Fellows Yates et al., 2021c).
Hierfür wurde eine — die bis dato größte — Probensammlung mit Zahnstein von 124 Indi-
viduen verarbeitet. Zahnstein konserviert DNA aus oralen Bio�lmen vergleichsweise gut,
und so konnte unter anderem DNA aus 100 000 Jahre alten Proben von Neandertalern ex-
trahiert werden. Das ist doppelt so alt, wie die bis dahin ältesten analysierten Proben. Eine
diachrone Analyse des Datensatzes ergab, dass orale Bio�lme eine lange taxonomische Stabil-
ität innerhalb der Hominiden aufweisen. Mikrobielle Genera, die nachweislich eine wichtige
Rolle für den oralen Bio�lm moderner Menschen spielen, konnten ebenfalls bei Neandertalern,
Schimpansen, Gorillas und teilweise bei Brülla�en gefunden werden. Typische Marker-Taxa
der Pariodontitis sind unter allen Wirtsspezies verbreitet, was darauf hindeutet, dass diese
Taxa nicht notwendigerweise humanspezi�sch sind. Außerdem ist die bloße Anwesenheit
dieser Taxa nicht hinreichend, um auf Krankheiten zu schließen — weder in früheren noch
in heute lebenden Individuen. Ein Zusammenhang mit oraler Gesundheit kann jedoch auf
dieser Grundlage auch nicht ausgeschlossen werden, da die Charakteristika dieser Taxa nicht
vollständig erforscht sind. Unabhängig davon präsentiert Manuskript A Indizien, dass es poten-
ziell Wechselwirkungen zwischen der evolutionären Entwicklung des Mikrobioms und men-
schlichem Kulturverhalten gegeben haben könnte; wenn auch nicht in bisher angenommenem
Umfang. Von früheren Studien postulierte, starke taxonomische Verschiebungen aufgrund
kultureller Veränderungen in der Menschheitsgeschichte (bspw. die Einführung der Land-
wirtschaft oder Nutzung von Antibiotika) konnten nicht reproduziert werden. Stattdessen
gibt es Hinweise darauf, dass diese Prozesse mit funktionalen Änderungen der oralen Mikro-
biota einhergegangen sein könnten. Manuskript A dokumentiert das Aufkommen neuer Gene
in Streptococcus Spezies, die mit der Prozessierung von Kohlenhydraten assoziiert sind. Hier
ist ein Zusammenhang mit der menschlichen Gehirnentwicklung plausibel, für die eine In-
tensivierung des Konsums energiereicher Nahrungsmittel angenommen werden kann. Dieses
Beispiel veranschaulicht das Potenzial von Mikroorganismen, sich schnell an Umweltverän-
derungen anzupassen. Das kann ggf. als abstrakter Proxy herangezogen werden, um den Zeit-
punkt wesentlicher Kultur- und Verhaltungsänderungen in der Menschheitsgeschichte näher
zu bestimmen.

Die methodischen Ansätze in Manuskript A versprechen weiterführende Erkenntnisse, sofern
die Probenanzahl weiter erhöht werden kann. Jedoch repräsentieren Proben aus archäologis-
chen Funden oder Museen ein endliches, kulturelles Erbe. Hier setzt Manuskript B an. Es
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beschreibt ein digitales Archiv — AncientMetagenomeDir — das in Vorbereitung des Manuskripts
implementiert und verö�entlicht wurde (Fellows Yates et al., 2021a). AncientMetagenomeDir
ist als Community-Resource konzipiert und listet alle ordentlich publizierten und metagenomisch-
sequenzierten Datensätze aus aDNA (ancient DNA - alte DNA) Kontexten. Das Archiv soll
es der Forschungscommunity ermöglichen, publizierte Daten e�zient wieder- und weiter zu
verwenden, und damit die Robustheit und statistische Aussagekraft zukünftiger Studien zu
stärken. Es eignet sich als solider Startpunkt für Meta-Analysen — etwa um den Zusammen-
hang zwischen DNA-Erhaltung und biogeographischem Kontext zu untersuchen.

Die Anzahl und Komplexität von aDNA Datensätzen wird auch in Zukunft wachsen. Das
hat zur Konsequenz, dass die zu ihrer Verarbeitung notwendigen Softwarewerkzeuge gleicher-
maßen weiter entwickelt werden müssen, um mit ihnen zu skalieren. Manuskript C führt die
palaeogenomische Bioinformatik-Pipeline nf-core/eager ein, die auf Grundlage moderner Best
Practises für Softwareentwicklung und mit einem Fokus auf Nutzerfreundlichkeit aufgebaut
wurde. Aus Rücksicht auf die interdisziplinäre Nutzergruppe, die das gesamte Feld der Palaeo-
genetik umfasst, ist nf-core/eager umfangreich dokumentiert (Fellows Yates et al., 2021b). Die
Pipeline soll sich möglichst einfach in Hochleistungsrechensysteme integrieren lassen, die für
bioinformatische Analysen üblicherweise zur Anwendung kommen. Das Featurepro�l schließt
unter anderem metagenomisches Pro�ling und ein Screening auf aDNA-Charakteristika ein.
Während der Arbeit an Manuskript A, wurde nf-core/eager außerdem um eine Pipeline er-
weitert, die für die Arbeit mit Mikrobiom-aDNA optimiert ist. Die Arbeitsschritte sind darauf
angelegt, die besonderen Eigenschaften alter DNA zu erkennen und zu berücksichtigen (MEx-
IPA), was insbesondere neue Werkzeuge für "preservational screening" (cuperdec) umfasst.

Zusammen dokumentieren die drei hier eingeführten Manuskripte neue Einsichten in Bi-
ologie und Evolution des oralen Bio�lmes und stellen spezi�sch dafür entwickelte, nachhaltige
Open-Source-Softwarewerkzeuge vor, die die Arbeit mit alten Mikrobiom-Proben erleichtern.
Sie erö�nen die Perspektive für zukünftige Forschungsansätze; etwa die Suche nach dominan-
ten, aber schlecht erforschten Taxa, oder routinemäßige funktionale Analysen an alten Mikro-
biomen. Ein tieferes Verständnis der langfristigen Evolution des menschlichen Mikrobioms ist
abhängig von Software, die dediziert für die Analyse schlecht erhaltener, mikrobieller aDNA
entwickelt wurde.
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11.2 Supplementary information

The entire supplementary information for all three manuscripts are either very long or in-
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the electronic version of this thesis for �les published alongside Manuscript A and C by the
corresponding journal.
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archived versions have been deposited on the Zenodo platform that has a retention policy of
20 years (see https://about.zenodo.org/policies/).
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