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Thesis Abstract

Over the last 10 years, the human microbiota has been identified as a
major force in human health and disease. Microbiota are the bacterial
communities that live on the internal and external surfaces of the body, and
comprise ~50% of the total cell count of a human individual. Recent studies
have indicted the role of cultural and environmental factors on shaping these
bacterial communities, including diet, interaction with people and animals,
and medical treatments. However, the majority of microbiota studies are in
modern human populations or animal models. Consequently, there is limited
knowledge on the diversity of microbiota in the past, and how this diversity
has been altered through time.

Ancient DNA analyses of the oral microbiota preserved in dental
calculus (calcified dental plaque) offer a way to examine historical microbiota
composition. Thus, microbiota alterations through time can be mapped, and,
with use of detailed archaeological and historical records, the cultural and
environmental factors that trigger change identified. Further, elucidating fine
scale population structure may be possible due to the rapid response of
microbiota to changing environments. Results from ancient DNA studies are
critical in understanding historical microbiota composition and population
substructure, examining how microbiota change and adapt through time,
defining the health status of historical and modern populations, and
indicating routes of investigation for medical manipulation of microbiota in
disease prevention.

This thesis provides the most detailed analysis of historical microbiota
to date, complemented with comprehensive metadata. Initially, | explored
methods to minimize the impact of environmental contamination on analyses
of ancient dental calculus collected from museums and archaeological sites.
This allowed me to identify the optimum decontamination protocol and
prepare over 250 British dental calculus samples from the Pre-Roman period
to the Early Victorian period (~ 2,000 years). Utilizing high-throughput

shotgun sequencing, | identified distinct, unique bacterial community



structures present throughout history that are driven by the diets of different
socio-economic classes and are not evident in the modern oral cavity. | then
focused on an ~800-year period of London history (1066 — 1853) and
identified the first associations of microbiota and disease in an ancient
population. Ultimately, these studies alter our understanding of the modern
oral microbiota and help define and calibrate ancient microbiota analysis as a
powerful new tool for studying human history.

Finally, | provided a framework for science communication within a
research group that provides benefits and training to each member. |
highlighted and demonstrated that science commmunication is a powerful tool
for informing and engaging the public, and can provide direct research
benefits. Moving forward, this framework should be utilized to disseminate
research results to peers and the public with the aim to stimulate
collaborations, and inform and engage public in new understandings of

human biology, history, and medicine.
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Author’s Note

‘I would like to introduce you all to
Georgina. Georgina, as I've called her,
lived in Medieval London during some of
the worst disease epidemics to ever
strike the city, beginning with the Black
Death in 1348. Sadly, she died before her
26™ birthday, and was buried in an abbey
cemetery close to the Tower of London.

But today, | have recruited her, and over 200 other men and women from
the last one and a half thousand years of British history, for a medical study.
A study to look at how their life experiences impacted the bacteria that lived
on their bodies.”

| opened my 3-minute thesis presentation with these lines. They serve
to impress upon the audience, and myself, that beyond the literature,
protocols, contamination, bioinformatics, taxonomy, and functional
pathways; that behind the samples, this is a human story.

Image credits:
Top — Museum of London, UK.
“Georgina”, who provided a dental calculus sample during my visit to the Museum, March 2015.
Bottom —-University of Queensland, Australia.
Presenting my research at the TransTasman 3MT final, October 2015.
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Overview

Recently acquired knowledge of the microbial communities living on
and in the human body has been referred to as the beginning of a revolution
in the understanding of health and disease (1). There are ~ 7 x 10"
microorganisms living on the surfaces of the human body, almost
outnumbering the human cells present (2). These communities of microbes
are ‘microbiota’ (3), and they play critical roles within the body, performing
up to 10,000,000 functions, many of which the human body is incapable of
completing (4). The combined genetic information encoding these functions
are the ‘microbiome’, which contain 100 times more genetic information
than the human genome (5) and microbiota are typically inferred by use of
taxa specific genetic markers within the microbiome. Microbiota studies rely
almost exclusively on genetic inference of the microbial community structure.
Commonly these studies discuss the “microbiome” as the topic of research.
However, | shall refer to “microbiota” throughout this thesis because the
studies discussed and detailed focus on inferring and exploring the structure
and functional capacity of the microbial community, not the structure of the
genomes of these organisms.

Large-scale microbiota studies only began in 2007 with the Human
Microbiome Project (HMP) (6,7), which demonstrated that microbiota
interactions with the human body are essential to health and that
environmental pressures can alter microbiota and create a dysbiosis that can
lead to severe disease (8). Despite the increasing realization of microbiota
importance, there is still limited understanding of how the microbial
communities are defined and altered across a human population. This thesis
addresses this issue, and investigates the factors that define the microbiota
at a human population level and have caused alteration to the microbial
community over time.

History offers a large-scale, natural experiment to elucidate how
microbiota are impacted by evolution, migration, culture, living environment,
diet, and disease. Studies of historical microbiota can observe how these

factors impact individuals across multiple generations by associating



microbiota with additional archaeological, anthropological, and historical data
(9). Such analyses have the potential to inform medical studies of the key
factors that could be used as medical manipulations of the microbiota in
future treatments of microbiota-associated disease (10). In addition, studies
of past microbiota will reveal a novel element of human history and may
provide a tool to better understand the history of health and disease. To
date, ancient DNA (aDNA) is the only method to allow the recovery of
historical microbiota (11). Unfortunately, current ancient DNA studies have
lacked the resolution to define the specific cultural or environmental factors
that drove microbiota change.

This thesis presents the first high-resolution ancient DNA studies of
historical microbiota and provides the first detailed insight into the factors
that influenced the microbiota of a historical population. To achieve this goal,
| analysed 258 ancient dental calculus samples from Great Britain. These
samples were acquired from individuals with detailed archaeological,
anthropological, and historical contexts, allowing association of microbiota
patterns with multiple cultural and environmental factors. | correlated
microbiota community composition and functional profile with a range of
population and individual level metrics, including burial location, urban or
rural living, age, sex, religion, social status, key historical events, diet, and
paleopathology. In addition, | demonstrate new methods and considerations
that must be considered in all future studies of dental calculus. Finally, |
provide a framework for research groups to effectively use online
communication tools to promote interdisciplinary distribution of research
concepts and results to peers and the public. The goal of this framework is
to allow, research projects, such as the work presented here, to expand and
improve through the effective collaboration of multiple historical and medical
research fields.

In this introductory chapter, | discuss the ancient DNA field and the
developments in technology that have permitted ancient DNA studies of
dental calculus. | go on to describe microbiota and their medical importance,

with a specific focus on oral microbiota, before | review the studies that have



indicated how evolutionarily distinct the modern, industrialized human
microbiota are, which demonstrates the need for the high-resolution studies
presented in later chapters. | briefly provide a history of Great Britain, to
demonstrate the suitability of using this country as a model to explore
population and individual level impacts on the microbiota and | indicate the
key events | hypothesise will have defined or altered the historical microbiota.
Finally, | discuss how communication of science into the public forum (public
facing science communication) has aided in academia, and has the potential
to bring together multiple research fields for collaboration and to have a
positive impact on society. This introduction concludes with an outline of the

following chapters and identifies the key questions they address.

Working with ancient DNA

Ancient DNA analyses provide a direct measure of the genetic state
of an ancient individual by recovering preserved DNA (12). To date, the
oldest genome successfully recovered and analysed is 700,000 years old
(13). However, the use of multiple individuals through time and across space
provides insight into the history of populations, lifestyles, and health (14,15).
Ancient DNA has been applied to the ancestors of many living organisms,
and to multiple extinct groups, including quagga (16), mammoths (17),
horses (13), dogs (18), bovids (19), chickens (20), rats (21), and humans (14).
Samples commonly used for these analyses include bones, teeth,
mummified tissue, coprolites, soils, sediments, and ice cores. In this thesis, |
use ancient DNA protocols to identify multiple unknown taxa within a single
sample to reconstruct historical microbiota.

Analysis of ancient DNA is difficult due to the degraded and damaged
nature of surviving DNA. DNA repair mechanisms cease working at the point
of cell death, and over time DNA strands begin to fragment (22). The rate of
this degradation is not constant, and increases in warm and wet conditions
that promote the chemical reactions that break down the DNA sugar-

phosphate backbone (22). As DNA fragments become shorter, the amount



of original endogenous DNA that can be analysed is reduced, potentially to
less than 1% of the original content (23). The estimated maximum DNA
preservation time for analysable fragments is 1,000,000 years (24). To date
this theoretical limit has not been reached (13). Analyses are further
confounded by damage occurring within DNA fragments. Blocking lesions
and coding lesions can prevent or limit analysis: (22). Blocking lesions
prevent (‘block’) DNA polymerases from moving along the DNA fragment,
limiting or inhibiting several laboratory processes. This kind of damage may
be a modification of the nucleotides or the result of cross-linking of the DNA
strands. The alternative form of damage, coding lesions, do not block DNA
polymerases, but result in alterations to the DNA base sequence. A common
miscoding lesion is the deamination of cytosine to a uracil, although other
base modifications can be observed (25). During laboratory procedure, this
uracil is ‘read’ by DNA polymerases as a thymine. This results in a cytosine
to thymine transition in the final data (with a corresponding guanine to
adenine transition on the opposing strand) (25). This can result in the
inference of sequence variation between individuals that is an artifact and not
biological. Ultimately, degradation and damage result in very small
concentrations of DNA available for analysis (26). However, ancient DNA
protocols have been developed to recover and handle these small, damaged
fragments.

To study ancient DNA, preserved DNA must be extracted from the
sample, amplified, and sequenced before analysis can begin. There have
been two major technological developments that have allowed the ancient
DNA field to advance. Firstly, the Polymerase Chain Reaction (PCR), which
allows rapid amplification of DNA fragments, and subsequently High
Throughput Sequencing (HTS), which allows millions of unique DNA
fragments to be sequenced simultaneously (27,28). PCR is considered one
of the most important innovations in genetics and amplifies DNA
exponentially, allowing the extremely low concentrations of DNA from
ancient samples to be amplified to useable concentrations (27). A key

element of PCR is that it requires primers (short DNA fragments) that have



complementary base pairing to DNA flanking the region to be ampilified.
These primers allow the DNA polymerase to bind and the DNA duplication to
occur. Primers can be designed to target different sequences within the
genome, allowing researchers to specifically amplify a chosen, diagnostically
important genetic region. This was particularly important with pre-HTS
studies, as the sequencing machines could not differentiate different DNA
molecules, and thus required a single, clonal DNA molecule (29). However,
HTS machines are capable of sequencing millions of different DNA
fragments simultaneously (producing up to 120 Giga-bases of DNA
sequence on the recently released lllumina NextSeq) (28). This allowed two
key developments: firstly, different DNA targets from a single sample could
be sequenced simultaneously, and second, multiple samples could be
sequenced together (samples are differentiated by a unique, artificial DNA
fragment (barcode or index) added during laboratory processing (30)). This
allows for two different sequencing approaches: targeted and shotgun
sequencing. When using targeted sequencing, researchers pre-select
specific genetic regions for analysis and can apply a number of strategies,
such as metabarcoding, to recover these informative regions.
Metabarcoding uses PCR to target and amplify the same diagnostic region
(barcode region) from multiple taxa. Requirements for these regions are that
they appear in every organism of interest (so that a single primer pair can
amplify from all taxa and the data are comparable between organisms) but
have sufficient variation that each taxon has a unique, differentiating
sequence (31). For bacterial taxa, a common diagnostic region used is the
16S ribosomal RNA (rRNA) gene (30). This is an ideal candidate as it is
fundamental to cellular processes (coding for a ribosomal subunit) meaning it
is conserved across all taxa, but it has sufficient variation to differentiate
genus level taxonomy reliably. The effectiveness of 16S rRNA gene
sequencing means that it is the standard for cataloging bacterial taxonomy
(30). Targeted sequencing methods, such as metabarcoding, allow
identification of specific informative regions, thus reducing the amount of

DNA to be sequenced to provide appropriate information for the study.



However, the flexibility of HTS allows researchers to sequence DNA without
any pre-selection.

Shotgun sequencing allows recovery of a representative subset of all
the DNA fragments preserved within a single sample without any pre-
selection. Rather than having primers that identify a specific region of the
DNA, adaptor sequences are ligated (bound) to every DNA fragment in the
extract. PCR primers that complement these adaptors allow all DNA
fragments to be amplified for sequencing (23). However, the adaptor
sequences need a blunt end (where both strands of the DNA terminate at
the same point) for ligation. As ancient DNA commonly has single stranded
overhangs, due to the manner in which DNA degrades, the single stranded
sections have to be removed. To achieve this, an endo-nuclease can be
used to remove a 5’ over hang in line with the 3’ end of the opposing strand,
and a polymerase can be used to extend from the 5’ end of the opposing
strand to fill a 3’ overhang (32). Depending on the specific protocol used, the
damage on the 3’ overhang will be retained or removed. Once sequenced,
the DNA data need to be analysed, this often includes mapping the reads to
known references. When the aim of sequencing is to identify the
organism/organisms in the sample, this mapping is done against curated
databases of sequences representative of known taxa.

Bioinformatic comparison of sequence data allows the identification of
the organisms that contributed DNA to the sample. If this data are from a
targeted sequencing approach, it is compared to a specialized reference
database that contains only information relevant to the recovered region. For
example, for bacterial identifications based on the 16S rRNA gene we can
use the GreenGenes database, which is a curated database of only 16S
rRNA gene sequences from known bacterial taxa (33). However, for shotgun
data, more comprehensive, genomic databases are required as the DNA
fragments could come from any region of the genome. Microbial
communities also require large, comprehensive databases for identification
of all members. Databases for these analyses include the NCBI non-

redundant database (34). However, millions of reads being queried against



large databases is computationally expensive because the number of
potential matches that must be assessed is large. To combat this, new
algorithms have been developed to allow rapid alignments of sequences. For
example, MALT and MALTX are up to 10,000X faster than the traditional
algorithms available in BLAST or BLASTX (35) and have now been applied in
ancient DNA research (36), However, the data of a single lllumina NextSeq
run can still take several days to taxonomically identify. Functional
information can be gained by the same method, although the sequences are
compared to a database of known functions, such as the Kyoto
Encyclopedia of Genes and Genomes (KEGG) or SEED databases.
Bioinformatic analysis of shotgun data sets can also provide other
information, such as damage profiling to ensure ancient authenticity. The
single stranded over-hangs at the end of a DNA fragment get damaged
more rapidly than the double stranded regions. Identifying the proportion of
mismatches between a sequence and the reference at each base position
allow the distribution of damage across the DNA fragments to be quantified.
If the DNA is ancient and had the single strand overhang, the number of
mismatches will increase toward the ends. However, modern DNA will not
display this pattern, having equal (low) damage along the full length of the
fragment (25,37). Not only does this help confirm a sample is ancient, it can
also be used to identify modern contaminating DNA that has been mixed
into the ancient DNA pool.

Contamination is a critical issue for ancient DNA studies, as
contaminating DNA can overwhelm the low concentrations of endogenous
DNA (88). Contaminating DNA can be broadly split into two groups:
environmental and laboratory. Environmental contamination is non-
endogenous DNA that is present on or in the sample prior to entering an
ancient DNA facility. Laboratory contamination is DNA coming from the
laboratory environment and reagents (39). Environmental DNA contaminants
that coat the surface or have penetrated the sample typically originate from
the matrix surrounding the sample during preservation (e.g. soil

microorganisms). However, environmental contaminant DNA can leach into



ancient samples from other sources (e.g. bones elsewhere in the site or
macroorganisms using the site) (40), particularly if there is water flow to leach
and carry the DNA through the matrix at any point while the sample is in situ
(40). Further contamination can come during excavation and sample
handling (11). To combat this, samples are typically decontaminated as the
first step in the ancient DNA facility. This process physically or chemically
removes or destroys any DNA on the surface of the sample prior to DNA
extraction (41,42). With large samples (e.g. bone), the outer layer will be
removed, while smaller samples may only be treated with UV radiation or
chemicals to destroy DNA on the surface. While important, these methods
will not completely remove contaminant DNA. Consequently, bioinformatics
assessment of sequenced DNA against known contaminant databases or by
processing associated environmental samples in parallel to assess the
similarity of DNA profiles are important methods to filter contaminant DNA
from the data set prior to analysis (40,43).

Laboratory contamination comes from the laboratory environment
and reagents. The first step to avoid laboratory contamination is to perform
ancient DNA research in a dedicated facility. Ancient DNA laboratories
should be isolated from other genetic facilities and have no PCR products or
other solutions with high concentrations of DNA. There should be positive air
pressure to constantly force contaminated air out of the lab, while avoiding
influx of contaminated air via a back draft. The entire laboratory should be
regularly cleaned with DNA destructive methods (e.g. bleach and UV
radiation), and individual workspaces should be similarly cleaned prior to and
following any work. These workspaces are typically still air environments to
limit cross contamination of DNA between samples being handled
simultaneously. Personnel should wear sterile, full body suits, gloves, boots,
masks and visors to limit the introduction of contaminant DNA from the
person processing the samples. Clean equipment and sterile technique are
essential (44,45). However, to account for the inevitable contamination,
particularly from microorganisms, negative controls must be included in all

sample processing (26). Post sequencing, a bioinformatics assessment of
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these negative controls can identify contamination from within the laboratory
and exclude matching DNA sequences or taxa assignments from samples.
Once these controls are complete, it is important to correlate the data set
with records of laboratory procedures (e.g. the batches samples were
handled in during extraction) to confirm that the data set is not associated
with a systematic bias not accounted for by the previous filtering steps. Each
of these steps is critical to maximize the analysis of genuine ancient patterns.

The combined use of modern sequencing technologies and careful
contamination control has allowed ancient DNA researchers to study a wider
and more ancient range of organisms than ever before. Population level
studies are now practically, financially, and computationally feasible, and
more detailed studies on human behavior, lifestyle, and diet have emerged.
These advances have only recently made studies of historical and ancient
human microbiota possible. The development of HTS was critical to allowing
whole communities to be studied, and shotgun sequencing is beginning to
allow direct identification of community functional capacity. Understanding
the extent of human microbiota and their role in human health is now
possible, and is providing important insight into a previously unrealized

element of human-environment interaction.

Human microbiota

Microbiota are the microbial communities on the body and include
bacteria, lower eukaryotes, and archaea (3). The functional capacity of the
microbiota has caused it be considered an additional organ (46). The term
‘supraorganism’ has been applied to describe the mutualistic links between
microbiota and the human organism (6). Each body site harbors a unique
mixture of microorganisms, for example, the gut hosts species from the
Bacteroidetes, Dorea/Eubacterium/Ruminococcus, Bifidobacteria,
Proteobacteria, and Streptococci/lLactobacilli groups (47). In contrast, the
skin has microbial species that are dominated by Corynebacteria,

Propionibacteria, and Staphylococci (48). The oral cavity, as a third example,
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contains Streptococcus, Haemophilus, Actinomyces, and Prevotella species
(49). However, the extent and diversity of these microbiota within the human
body is still being realized, primarily through the use HTS DNA sequencing
(50). Analyses of microbiota from living people have demonstrated that these
communities are seeded at birth and are molded throughout life by
numerous genetic and environmental factors (8).

The different sites of the human body have different microbiota that
perform specialized functions (49). During a natural, vaginal birth, the child is
inoculated with the vaginal and faecal microbiota of the mother (8). During
the first years of life, the specific environmental pressures at each body site
alter and define the community at that site (51). This differentiation results in
unique functional profiles that can complete roles the human body has not
evolved to do, resulting in an ecological balance that benefits the human
host and the microbial communities. The most highly studied microbiota
functions are those in the gut. Gut microbiota are associated with a series of
functions including the digestion of compounds the human body cannot
metabolize (releasing otherwise inaccessible nutrients) and the production of
vitamin K (52). The processing of substances in the digestive system also
impacts how the body perceives drugs, as xenobiotic breakdown by
microbes determines the chemical structure of the drug as it enters the
blood stream (4). In addition, microbial action can directly impact bodily
functions. For example, uptake and storage of nutrients in the form of fat is
altered depending on the microbial community present, and transplants of
gut microbiota have resulted in obesity in mice without a dietary change (53).
Further, microbial functions also impact the human immune system (54). The
gut microbiota are critical in immune development, and microbial imbalance
in the gut is associated with inappropriate immune response elsewhere in
the body (e.g. allergic reactions in the respiratory system) (55). In addition,
the impacts on the immune system can alter the brain environment (.e.
metabolites produced by gut microbes permeate into the blood and impact

brain function) (56). As a result, investigations into gut microbiota and their
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functions are a major focus of medical research to improve and maintain
health.

In comparison to the gut, microbial functions at other body sites have
not been examined in great detail. Consequently, the roles that non-gut
communities play in human health are not well understood. However, initial
studies indicate that these communities similarly impact human health. For
example, skin microbiota help maintain skin health by digesting dead
epithelial cells and produce moisturizing oils (57). They also impact immunity,
as native bacteria can directly trigger an immune response to a pathogen
(58). In the mouth, the microbial communities aid in enamel restoration (59).
However, for other sites, the direct beneficial functions of the microbiota are
unknown. It is commonly noted that the microbiota are altered during
disease. In the lung microbiota, shift from the Bacteroidetes phylum to the
Proteobacteria phylum is commonly seen in chronic disease states. The
effectiveness of corticosteroids and antibiotics in asthma and death rates
related to idiopathic pulmonary fibrosis are associated with microbiota
composition (60). In the vaginal microbiota, Lactobacillus is dominant in
healthy individuals. However, imbalances of this taxa have been associated
with disease (vaginosis) (61). In many cases it is still unclear if microbiota
alteration is a result of disease or a causal element (60).

The reasons why microbiota change are not well understood. Change
in diet, environmental alterations, or exposure to disease can alter the
microbiota and contribute to the introduction of novel microbes (62-65). The
microbiota also naturally alter over time with human development and aging
(51). Of these factors, dietary alterations appear to be the major driver of
microbiota change, especially in the gut microbiota. Switches in diet, from
high protein and fat to high fibre, have been shown to trigger shifts in the
abundance of microbes within 24 hours (62). Longer-term changes in diet,
such as those in individuals on diets to lose weight, see a shift in gut
microbiota from one associated with obesity to a structure seen in healthy
weight individuals (53). Dietary shifts alter the nutrients available to the

microbiota, thus impacting the specific community structure that can be
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supported. Dietary items are also a source of novel microbes being
introduced to the body. For example, bacteria present on food items could
be identified and were metabolically active in the faecal microbiota,
suggesting that these microbes could have impacted or being integrated into
the oral or gut communities (62). The impact on the overall ecosystem of
these introduced microbes is unknown but potentially significant.

In addition to the diet, novel microbes can be introduced from
multiple environmental sources, such as other individuals. Enclosed living
spaces trap human-associated microorganisms and exclude environmental
microorganisms, which can result in an increased number of microbes
shared between individuals (65). While infants typically inherit
microorganisms from their mother, they can also receive bacteria from their
primary caregivers and siblings (66). Non-human animals (e.g. pets) are also
a source of unique microorganisms in the home. In comparison to children
without pets, children living with pets (cats and dogs), had increased levels
of Clostridiaceae, Veillonella, Peptostreptococcaceae and Coprococcus, and
decreased levels of Bifidobacteria (64). The overall increased diversity has
been associated with the healthy development of the immune system and
negatively correlated with immune related diseases, such as allergies and
asthma (67). Interestingly, children with older siblings are noted to have a
decreased diversity of gut species (including Peptostreptococcaceae, which
was enriched when pets were present) (64). Consequently, identifying the
key drivers of microbiota structure and change, even within a single home, is
complex.

Chronic and infectious diseases are associated with the microbiota
within the body. Imbalances in microbiota structure as a result of
environmental factors or disease can trigger or exacerbate disease (68).
However, microbiota also aid directly and indirectly in the defence against
disease. For example, infection of the skin by Staphylococcus aureus can be
inhibited by skin microbiota (69). In addition, immune response may not be
triggered without signaling from the microbiota (58,70,71). Microbiota

community members also cause disease if they are able to grow in excess.
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Examples include Helicobacter pylori, which is a native bacteria of the
stomach but can cause stomach ulcers if present in excessive quantities
(72). Microbiota are also associated with systemic diseases such as arthritis,
cancer, and mental disorders. In arthritis patients, the gut microbiota
member Prevotella copri has been associated with arthritis (73), and multiple
other joint related diseases are associated with members of the gut
microbiota, including Whipple disease, which is triggered by Tropheryma
whipplei (74). Alterations in the gut microbiota can result in chronic
inflammation, inappropriate immune responses, bacterial translocation, and
epithelial toxicity, which drive the formation of cancerous tumors. Notably,
treatment of cancer is also impacted by microbiota. Common treatments
such as immunotherapy, chemotherapy, and radiotherapy perturb the
microbial community, which can result in further cancer supporting actions
from the altered microbiota structure (75). Microbiota impacts of immune,
hormonal, and neural interactions can also lead to alteration of brain function
(76). Studies have indicated the role of multiple microbial species in aspects
of metal health. In humans, for example, Lactobacillus helveticus and
Bifidobacterium longum are associated with reducing anxiety and depression
(77), and Lactobacillus casei was linked to an improvement in mood (78).
However,  Bifidobacterium  animalis,  Streptococcus  thermophiles,
Lactobacillus bulgaricus, and Lactococcus lacti have been associated with
negative impacts on the control of emotion and sensation (79). These
examples indicate the importance of appreciating microbiota interactions
that control or trigger disease, but also microbiota as an element of the
treatments, which must be returned to a healthy state to support the body’s

recovery.

Oral microbiota

Oral microbiota contains ~ 700 microbial species that coat the three
major tissues in the mouth: epithelial cells (e.g. cheek cells), the tongue, and
the teeth (80). The oral environment is a key selector for microbial diversity.

The oral cavity is warm (~35°C), moist, and has a relatively neutral if
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fluctuating pH-value. Saliva is a source of ionic and nitrogenous compounds,
enzymes, glycoproteins, and proteins, which can be used as resources by
microbes (63,81-83). Streptococcus species dominate the mouth almost
universally. Other common community constituents are Veillonella,
Corynebacterium, Actinomyces, Prevotella, Fusobacterium, and Treponema
species (80). These microbes must adhere to the oral surfaces or to each
other to colonize the mouth and avoid being swallowed. Streptococcus
species and Lactobacillus species predominantly adhere to surfaces (e.g.
tooth enamel) (84). Following this initial binding, further bacteria, such as
Actinomyces, Capnocytophagae, Haemophili, Prevotellae, Propionibacteria,
and Veillonellae can then bind, conglomerate, and begin to form a biofilm.
The biofilm is most obvious on the tooth surface and is called dental plaque.
This biofilm is associated with healthy oral functions and aids in restoration of
tooth enamel (59). However, the high presence of simple sugars in the
modern diet is related to excessive plague formation, which can result in an
outgrowth of pathogenic bacteria (83).

Oral disease is often triggered by an overgrowth of specific
pathogenic microbes (.e. a dysbiosis within the oral microbiota). The two
major oral diseases linked to microbiota alteration are dental caries (cavities)
and periodontal disease (Qum disease). Dental caries were classically caused
by Streptococcus mutans, which produce acids that dissolve the enamel
surface and erode the tooth (85). However, the disease has been recently
found to be much more polymicrobial (86), and requires multiple species
within the oral microbiota. Dental caries impact 60-90% of children and
almost 100% of adults worldwide (87). Additionally, inflammation of the
gums occurs with the presence of the Red Three complex (Porphymonas
gingivalis, Tannerella forsythia, and Treponema denticola) (88) and afflicts 15-
20% of middle aged adults globally (87). Expenditure on oral health accounts
for 5-10% of all public health funding (87). Consequently, treatments to
manage the oral microbiota and prevent the excessive growth of pathogens

are of major importance.

16



Oral microbes are also related to systemic disease outside of the
mouth. The oral cavity is a reservoir of pathogens that can spread to
physically nearby sites, such as the larynx (89). Poor oral health has been
linked to lung diseases such as pneumonia due to the transfer of oral
microbes to the lungs, particularly in immune-compromised individuals (90).
Transmission of microbes can also occur as a result of the ulceration and
bleeding of the gums during periodontal disease allowing microbes to enter
the blood stream and to be distributed throughout the body (91-93),
including the heart, lungs, and peripheral capillaries, within one minute (94).
Oral microbes have been associated with heart disease, particularly linked to
periodontitis, which is commonly the result of the Red Three complex
(Porphymonas gingivalis, Tannerella forsythia, and Treponema denticola
(88)). However, dental caries do not have an association with heart disease
(90), indicating a specific relationship between arthritis and periodontal
disease. Arthritis is also associated with oral microbiota, with Porphymonas
gingivalis and Prevotella species being potential trigger taxa. However,
microbial products (e.g. heat shock proteins) may be the factors triggering
immune response within the joints (95). As mentioned above, links between
cancer and oral health have been observed, particularly noting that oral and
esophageal cancers are closely related. There is also evidence that
pancreatic and gastric cancer are associated with oral health, distinct oral
microbiota have been identified in cancer patients. A key genus associated
with cancer is Streptococcus, which has a reduced relative abundance in
individuals with oral cancer, compared to healthy individuals (96). However,
the causal relationship between oral bacteria and disease is not yet fully
understood. Further studies are required to specify causal relations between
oral microbiota and disease states, where present, to develop future medical
treatments for these diseases.

The importance of the oral microbiota in both oral and systemic
health and disease make it a key community to examine in greater detail.
While this community is among the most stable on the body (49),

environmental factors, such as diet, can significantly alter oral microbiota and
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can have systemic impacts. Further, it is the point of entry to both the
intestinal and respiratory systems and can also serve as a reservoir or site of
interaction for the transfer of novel microbial species into different body sites
(60). The range of potential information and direct medical applicability

indicate the need to study the oral microbiota in detail.

Modern, industrialized human microbiota are distinct from the

ancestral state

Humans have unique microbiota in comparison to other mammals,
and human microbiota vary between human groups. Studies have used
comparisons of different mammalian and human groups to explore the
drivers of this variation. Throughout great apes and other mammals,
microbiota differentiation largely follows the evolutionary history of the host
(97,98). Studies focused on chimpanzees indicate that the microbiota could
differentiate chimpanzee species, but not necessarily indicate family relations
within a species (99,100). However, geographic location or resources
availability appears to play a role because the gut microbiota of gorillas and
chimpanzees at the same location share more similarity with each other than
with members of the same species in different locations (101). However,
comparisons of human microbiota to that in African great apes indicate that
humans have diverged dramatically from the great ape ancestral community,
even more than is expected from species to species (102). This human
distance is not explained by geography. When humans, chimpanzees, and
bonobos that were living in the same geographical area (wildlife reserves in
Africa) had their oral microbiota examined, the chimpanzees and bonobos
were more similar to chimpanzees and bonobos living in other reserves than
to the local human group (103). This suggests that humans have been
subject to another driver of microbiota change that has made them distinct
from other Great Apes. Studies indicate that this driver may be diet.
Emphasis has been placed on an increased intake of meat being associated

with human gut microbiota composition (102). The role of diet in the
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development of the human microbiota was further inferred when non-human
primates were demonstrated to develop a more human-like microbiota as
their diet was humanized. Specifically, the change in diet was a reduction in
fiore and diversity of plants eaten (104). Further studies of great apes have
indicated the importance of social roles in seeding and defining the
microbiota (105), suggesting that human cultural development and the
changing social roles between individuals will also have resulted in
microbiota alteration. Despite these differences, human gut microbiota still
harbor ancestral bacterial lineages that can be found in chimpanzees (106),
indicating that humans have not undergone a complete microbial
replacement. However, these studies lack the temporal resolution to identify
the specific factors or the timing of the shifts that caused the human
microbiota to differentiate from other primates. Many of the shifts may have
occurred during hominin development, while others will be specific to
anatomically or behaviorally modern humans and thus cannot be resolved by
studying beyond the human lineage.

Comparisons of modern human groups living different lifestyles can
provide increased resolution on microbiota change within behaviourally
modern humans, indicating changes since the last common ancestral
population. Studies have compared the microbiota within modern hunter-
gatherer groups to that observed within industrialized individuals (i.e. people
living a traditional, ancestral-like hunter-gatherer lifestyle versus individuals
from Western countries with agriculture and industrialized technologies).
Peoples living hunter-gatherer lifestyles had microbiota distinct from that of
Western individuals (107-109). Hadza hunter-gatherers from Africa
maintained unique gut microbiota that is enriched in Prevotella and
Treponema but lacking in Bacteroides due to the heavily plant based diet,
which differs from the diet of modern Westerners. In addition, a decrease in
Bifidobacterium was linked to the lack of dairy and cattle exposure (Hadza
do not have domestic cattle) (107). Shifts in Prevotella and Bacteroides are
repeated in multiple non-industrialized groups (108). In a previously

uncontacted South American group, oral microbiota were also shown to be
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significantly different in comparison to Westerners. Both the South
Americans and the USA comparison groups were dominated by
Streptococcus. However, in comparison to the USA group, the South
American group had higher proportions of several oral taxa, including
Prevotella, Fusobacterium, and Gemella, and lower proportions of Rothia,
Stenotrophomonas, Acinetobacter, or Pseudomonas. Interestingly, while the
gut and skin microbiota of the South Americans were more diverse than the
USA group (.e. had a greater number of unique taxa present), the oral
microbiota had the same level of diversity. This was suggested to be the
result of tobacco chewing (108), which is known to lower oral diversity (110).
The distinct cultural histories of the South Americans and the USA group
were also suggested to be a factor causing the microbiota differences (108).
The different hunter-gatherer groups around the world have distinct
microbiota from one another, supporting the hypothesis that cultural factors
and resources impact the microbiota (107). Notably, this trend is not
observed between different Western groups with similar geographical
separation (107), suggesting that shared culture and diet define the Western
microbiota (111,112). Studies of microbiota from groups living hunter-
gatherer lifestyles do not provide information on when the microbiota
became different between groups, nor do they explain why certain
microbiota shifts occur in specific populations. Inferences of causality (e.g.
cultural practices and diet) may be accurate but it is likely that non-
industrialized ancestors of now industrialized populations were distinct from
the modern non-industrialized groups, as the modern non-industrial are from
each other. Consequently, modern non-industrial groups may not represent
an ancestral state for individuals in industrialized countries, such as those in
Europe and the United States of America. Consequently, direct study of
microbiota from historical individuals is necessary to identify ancestral states

and to date the point of microbiota alteration.
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Ancient DNA analysis of human microbiota

In recent years, ancient DNA analyses have reconstructed whole,
historical microbial communities, allowing researchers to study microbiota
composition and function over multiple generations (11). This allows
identification and dating of microbiota, and the observation of historical
periods when the microbiota was altered. Information on microbiota
structure can then be compared to the wealth of existing archaeological,
anthropological, and historical data to identify the specific events and factors
that defined and altered the microbiota in the past. Ancient DNA studies of
microbiota can offer new insights into health, disease, and lifestyle in ancient
populations, demonstrating the degree and tempo of change leading to the
modern microbiota structure. Unfortunately, there are limited sample types
available within the archaeological record to examine microbiota, as
microbial cells primarily inhabit soft tissue that degrades after death (except
in exceptional circumstances, e.g. mummification). However, coprolites
(oreserved faecal matter) and dental calculus (calcified dental plaque)
preserve ancient microbiota for routine ancient DNA analysis.

Coprolites are sub-fossil faecal matter, and contain bacteria that are
representative of the gut microbiota (113). However, the preservation of the
gut community is often biased, limiting routine use (114). For example, initial
studies examined gut microorganisms in 1,400-year-old coprolites from
Northern-Chile and Mexico (115). The Mexican sample grouped more closely
with  modern African children and primates than with modern USA
individuals, as expected. However, the Chilean analyses revealed that the
bacteria within the coprolite matched mostly to compost (115,116). While
modern-like gut functions were identified in some of the ancient samples
(116), the data suggests alteration of the community due to continued
metabolism of the organic matter by gut microorganisms and/or soil
contamination prior to preservation (11). Rapid preservation is needed to
prevent compost like bacterial signatures, and it is difficult to identify
coprolites that have been rapidly desiccated. Alongside concerns that

coprolites do not accurately represent the faecal bacterial community, it has
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also been noted that faeces may not be representative of the gut microbiota.
Faecal matter contains primarily the planktonic bacteria, that do not adhere
to the gut wall, and are functionally distinct (117). Consequently, coprolites
have not yet been used extensively for studying ancient microbiota.

Dental calculus is an alternative source of ancient microbiota. Dental
calculus is formed from dental plague (the microbial biofilm that grows on the
surface of the teeth). This biofilm is then calcified, primarily at night when the
pH level of the oral cavity is reduced. Hydroxy-apatite, whitlockite,
octacalcium phosphate, and brushite precipitate from the saliva among the
microbial cells, hardening the plaque biofilm into a solid structure (calculus)
(118). This process occurs repeatedly and layers of calculus are laid down
trapping, and preserving the microbiota (119). The advantage of dental
calculus as an archaeological record is that the preserved microbes were not
metabolically active outside of a living oral environment. Dental calculus is
also very dense and resistant to degradation and microbial entry, making it a
well-preserved sample with limited contamination (11). In contrast to
coprolites, dental calculus is also found associated with human remains, and
additional archaeological, morphometric, paleopathological, human DNA, or
isotope analysis can be conducted using this human material.

Preserved microorganisms within the calculus were not identified until
the 1980s. At that time, scanning electron microscopy (SEM) was used to
identify dietary debris and phytolithis (plant microfossils) trapped within
dental calculus, providing information on dietary patterns (119-121).
However, SEM studies also revealed the preserved bacterial cells within
dental calculus. The bacterial cell morphology visible was not useful for fine
scale taxonomic identification (119). Later, preserved DNA was identified
with the use of transmission electron microscopy (122). While the
transmission electron microscopy technique could not provide any sequence
information, or indicate if the preservation was suitable for genetic analysis,
this was positive evidence that DNA was preserved within ancient dental
calculus and that ancient DNA analysis was a potential tool to study ancient

microbiota.
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The first ancient DNA study used PCR amplification of key marker
regions for five known oral bacteria (123). This proved that DNA was
preserved in sufficient quality to provide positive identification of oral bacteria
(123). Subsequently, whole community analysis was completed using HTS
sequencing of 16S rBNA gene sequences to explore European oral
microbiota from pre-agricultural revolution through to the modern day (124).
The findings from this study indicated that microbiota had undergone
significant shifts in diversity during the agricultural and industrial revolutions
(~8,000 BCE and 1750 CE, respectively). This finding was associated with
the dramatic increase in dietary carbohydrates during these two revolutions
(124). However, the study lacked the microbial species and metadata
resolution to determine the specific drivers of this change and the impacts of
other cultural alterations, such as other dietary changes (e.g. the introduction
of dairy) urbanization, increasing trade, and disease events. Following this
study, it became apparent that using the 16S rRNA gene as a diagnostic
region is not appropriate for examining ancient microbiota, as this method
can introduce taphonomic (preservation) bias into the data (125). To
overcome this bias and gain species level resolution and functional
information, following studies have used shotgun sequencing to reconstruct
ancient microbiota from dental calculus.

The first study to employ shotgun sequencing was completed on two
medieval German individuals (~45 quality filtered reads per sample) (126).
This study explored microbiota composition and demonstrated the presence
of characteristic oral pathogens, including Streptococcus mutans (causative
of dental caries (85)) and the Red Three complex (Tannerella forsythia,
Porphyromonas gingivalis and Treponema denticola, which trigger severe
periodontal disease (88)). Functional analysis revealed antibiotic resistance
and virulence factors. Importantly, initial information on lifestyle was revealed
due to the recovery of very low levels of eukaryotic DNA. This eukaryotic
DNA allowed direct inference of organisms that were likely to have been part
of the diet of the two individuals (126). Similarly, a recent study has also

utilized shotgun sequencing to explore microbiota and the dietary elements
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in ancient hominins. In this study, dental calculus from five Neandertals, a
wild chimpanzee, and a modern human were analysed (~17-50 million reads
per sample) (36). Combining the Neandertals, chimpanzee, and modern
human data with the two medieval samples from the initial shotgun-based
study revealed a correlation between the dietary items identified and a split in
microbiota diversity that suggested the microbiota was defined by the
presence of meat in the diet. Recovery of ancient microbiota from ~48,000
year old Neandertals demonstrates the potential for studying ancient
microbiota in detail through time. However, minimal numbers of well
preserved samples limited the resolution of the study to identify factors that
altered modern human microbiota through time beyond the broad dietary

association (36).

Great Britain allows fine scale analysis of microbiota

High-resolution studies of single populations through time are
required to gain insight into the specific factors that drive microbiota
variation. Initially, such studies will need to investigate populations with
existing detailed archaeological, anthropological, and historical information to
allow changes in the microbiota to be associated with the events of the time.
Such studies will be able to explore the factors defining and altering the
microbiota on an individual and population level. In addition, studying
populations with large amounts of metadata may also provide the
understanding of microbiota response to culture and environment to allow
inference of the cultural and environmental background for individuals
lacking contextual information.

Great Britain is an excellent region to conduct high-resolution studies
of historical microbiota. Great Britain is the major geographical area of the
United Kingdom, and comprises England, Scotland and Wales. This region
has detailed, extensive historical and archaeological records (127). In
addition, there are large, curated collections of human remains associated

with these data (e.g. (128)). This allows detailed associations of dental
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calculus samples (and the resulting microbiota data) with an individual’s life
history and the broader cultural and environmental landscape. A detailed
study of microbiota from Britain offers a new element to the history of the
country, providing the first insights into previously unappreciated aspects of
human health and disease. In a broader context, the history of Great Britain
is also a key part of the history of Western civilization. Thus, ancient
microbiota studies in the UK offer direct insight into the development of the
Western microbiota and provide baseline data for detailed studies of
European and world history, including defining the microbiota introduced by
British colonialists to native groups around the world.

In this thesis, | utilized 258 dental calculus samples for microbiota
analysis, which range from the Bronze Age to the Early Victorian period
(~6,000 BCE - 1853 CE). Due to sample availability, | concentrated my
efforts on the post-Roman period (410 CE onwards) with particular focus on
the post-Norman Invasion period (1066 CE onwards). Using this large data
set, | explore how the microbiota were altered through time, examine the
structure of microbiota communities within a single population, and
interrogate the drivers of these patterns. However, British history is complex
and contains many events that may have impacted the microbiota.
Therefore, | targeted specific events and cultural or environmental shifts to
determine their impact on the microbiota of historical Britain. | also
compared this information to previously published modern studies to
investigate the importance of these changes to the development of the
modern, industrialized oral microbiota. The following is a brief summary of
British history, with attention to how the microbiota may have been affected

in each period.

Pre-Roman Britain (Colonization — 43 CE)

Britain has been continually inhabited since ~10,000 BCE (129), when
the glaciers of the Younger Dryas retreated. Agriculture arrived in ~4,000
BCE (130) and is expected to have drastically altered the microbiota due to

the increase in dietary carbohydrates, as previously observed (124).
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However, permanent settlements were not utilized until ~2,200 BCE. This
sedentary lifestyle would have impacted the microbiota, through impacts of
walled homes increasing human-to-human transfer of microbes (65). In
addition, domestication of animals ~3,500 BCE (131) would have increased
transfer of microbes from animals. Early settlements also lacked waste
removal, increasing transfer of infectious diseases. A change in endemic
disease loads would likely have impacted the microbiota. Notably,
throughout this period, trade occurred with continental Europe, which, while
minimal compared to later periods, may have impacted the resources and

their associated microbiota available to trading communities.

Roman Britain (43 CE—-410 CE)

Roman rule resulted in major changes to the country’s infrastructure
by building roads and urban centres (e.g. York, London, Lincoln, and
Chester). Towns increasingly became a focal point for society, and the living
conditions were improved with imported foods, which likely impacted the
microbiota. However, the lifestyle in these urban centres is unlikely to have
been representative of the population, who continued working small farms
(132,133). This divide between the rich and poor, urban and rural may be
evident in the microbiota, as compositional variation may exist from the
resources available to different classes. London became the capital during
this period and a major hub for trade and movement of people. In contrast,
unconquered regions, such as Scotland, developed local kingdoms based
on farming and trade. Consequently, geography and its links to resource
availability may be a key defining factor for microbiota structure. The Romans
introduced many foods (including lentils) and cooking practices (such as use
of eggs in cooking) to Britain (131). However, the degree to which the
culinary imports reached the majority of the population will impact the degree
of change within the microbiota. Differences in diet between population sub-
groups may drive microbiota differences that can be used to identify these
groups. Ultimately, the Roman Empire retreated from Britain in ~410 CE.

This was accompanied with a breakdown of state, and much of the trade
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and use of towns were reduced until the 1100’s (132). Microbiota around
this time period may offer insight into how the Roman retreat impacted the
lifestyle and health of the population and the change in population sub-
structure, such as the loss of a small number of social groups (e.g.

individuals of military or merchant status).

Anglo-Saxon Britain (410 CE — 1066 CE)

The first invasion of this period was by the Angles, Saxons, and Jutes,
who arrived from Eastern Europe and settled throughout England. These
different groups settled in separate regions. The Angles took central and
northern territories (Northumberland and Mercia), while the Saxons were in
the south (Wessex). The Jutes settled in modern day Kent (133). The arrival
of these different groups may be indicated by unique microbiota they
brought to Britain. In addition, change in composition over time in these
microbiota may reveal replacement of, co-existence with, or integration
between the local peoples. During this period, Christianity was reintroduced
to Britain, after it was lost following the Roman retreat (132). A shift in religion
is often accompanied by a change in lifestyle due to religious rules. For
example, repetitive and non-diverse food use, particularly in monastic
individuals, is likely to have altered the microbiota. Marine resources became
a larger part of the diet as fishing technologies advanced, and by the end of
this period, herring were a major economy and dietary component (131).
Lastly, trade was less important than in Roman Britain, but slowly increased
during the later 600s CE. Britain exported wool in the 800’s (132). The large
sheep industry and culture that worked closely with animals to support this
trade may have resulted in microbial transfer from domesticated animals.

The Viking invasion occurred during the 800-900s, as Scandinavian
people moved into the north of Britain. Despite the influx of Scandinavians,
the cultural changes appear to have been minimal, and Anglo-Saxon and
Viking settlements are difficult to distinguish archaeologically (133).
Coinciding with this period is the re-emergence of urban settlements,

suggesting the rise of dedicated craft workers. Profession has been shown
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to impact microbiota (70), and this increase in trade specialization may have
impacted the microbiota by introducing novel microbial species into the body
or exposing the body to chemicals or other factors that alter bacterial
community structure. While relations between Anglo-Saxons and Vikings
were more peaceful than commonly believed, there were also disputes,
raids, and wars between the two. While Britain was “united” in the 900s CE,
Viking invasion continued until 1066 CE. The influx of soldiers during
invasions may have resulted in a complex distribution of microbiota across

the country, as integration varied across the landscape and through time.

Norman Britain and the Middle Ages (1066 CE — 1547 CE)

As with previous invasions, the Norman invasion replaced England’s
elite but likely left the majority of the population in place and unchanged
(133). However, social differentiation between individuals based on their
Norman or Saxon heritage was no longer in use by 1200 CE (132). Towns
with local markets became a major part of society again (133), and this local
and broader trade would have made dietary items, such as herring and other
marine fish, available inland. The expansion of herring included smoking and
salting to preserve the fish (131). These practices would have modified the
nutrient availability in the food, likely altering microbiota composition. In 1347
CE, the Black Death reached England, and was a continual presence until
the mid-1600s CE. This major disease epidemic wiped out ~30% of the
population and up to 50% of the inhabitants of London in the first wave (15).
The loss of large sections of the population, disrupting population structure,
is likely to have altered many interpersonal connections and trade patterns,
resulting in a microbiota shift. Of particular interest is if host microbiota

offered any protection or immunity to the plague bacteria (Yersinia pestis).

Reformation (1547 CE — 1750 CE)
In contrast to previous periods, this is not marked by invasion, but by
a cultural shift. Religion was a key factor in society structure and the

reformation in 1547 CE (the breakaway of the Church of England from the
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Roman Catholic Church) was disruptive to social cohesion (132). This
alteration in social interactions throughout the population may have changed
the structures of microbiota within society. This transition was also
associated with Saturday become a day to eat fish (131), a dietary pattern
alteration that potentially trigged microbiota shifts. This period was also
demarked by periodic food shortages during late 1500’s and 1600’s. Poor
nutrient intake during this time may have put stress on certain species within
the microbiota. This period also saw improvements in hygiene. In London,
movements were made to prevent sewage flowing in the streets (132). This
sewer system would have improved health and altered environmental stress
on the microbiota. The final instance of the plague occurred in 1666 CE, and
again had significant impacts on population size. The absence of Y. pestis
following this may have reduced a selection pressure on specific microbiota
that can compete with the pathogen. In addition, this year saw the Great Fire
of London, which damaged large areas of the city. The resulting population
movements within the city, the environment of rebuilding, and the temporary
infrastructure (.e. camping in fields following the destruction of the city) may
have each placed unique pressures on the microbiota. This period also saw
the introduction of new food products such as coffee, tea, and chocolate.
These products have grown in popularity and as major modern dietary

elements are likely to have altered the microbiota.

Industrial Revolution (1750 CE — 1900 CE)

The industrial revolution is currently seen as a period of major change
in the oral microbiota that has been associated with refined carbohydrates
and sugar (124). However, multiple other dietary items increased during this
period. The development of pasteurisation allowed for the large-scale
production of milk, and importation introduced additional new food items.
Large-scale production of preserved foods required the sterilisation of food
for canning, which also dramatically altered the microbial content of the diet
and the possibility for the introduction of novel microorganisms. Despite

these changes, access to these resources was limited, and did not become
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widely available until the end of this period. There was also a dramatic
intensification of urban environments with little open, green space (132). The
intense use of fossil fuels resulted in severe air pollution. Heavy metals,
which would be present in the atmosphere as a result of coal burning have
been shown to impact the gut microbiota (134), and would be expected to

similarly impact oral microbiota.

Communication benefits science and society

Science communication informs and engages non-specialists on the
state and relevance of research (135). There have been many calls for
academics to increase their engagement with science communication, both
via interaction with the press (136) and by actively participating in
communication activities such as science outreach events (137) and social
media (138). The literature surrounding the need for science communication
focuses on the importance of science communication to help create a
science-literate society (136,139). However, science communication is not
only critical to society but directly beneficial to academics (136,140-142). In
addition, academia is increasingly bringing together disciplines to address
single questions and goals (143), which requires communication between
academics of different disciplines (144). Differing fields of research have
distinct methods, formats, and standards of work, and the incompatibility of
these elements can limit collaborations between disciplines (145). However,
science communication, with its focus on communicating with the layperson,
may offer a mechanism to break down disciplinary barriers by placing
understandable descriptions of research methods, ideas, and results into a
forum accessible to the public, which includes academics in different
disciplines.

Science communication has direct benefits to academics. Yearly
citation counts of research articles also disseminated in a traditional media
publication, (which has a public audience) received higher yearly citation

counts over ten years compared to research articles without additional
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coverage (140). Notably, this shift in citations was not a result of journalists
and scientists independently recognizing the research but was a direct
consequence of public exposure. This direct link between public exposure
and citation counts could be demonstrated because of a printing strike.
Research articles selected by journalists for publication but never published
did not receive a higher citation count. This demonstrated that it was
specifically the dissemination of the media article that resulted in the
increased citations (140). This indicates the importance of public exposure
and the press in disseminating academic research to peers within the field.
Similar correlations have been made in analyses of new media (.e. online
media and social media). The number of times a scientific article was
mentioned on the social networking platform Twitter was correlated with
increased citation counts (141). As the importance of science
communication is increasingly recognized by research organizations (146),
the coverage of scientific literature in new media is a new metric by which
academics can be ranked. New “altmetrics” (alternative metrics) track
mentions on social media, blogs, online news outlets, Wikipedia, etc., has
grown in recent times (142). Altmetrics provide a more rapid assessment of
research impact and, compared to metrics that track longer-term impact
(e.g. citation counts) are likely to be incorporated in many assessments of
academic performance in the coming years.

The importance of science communication is not limited to direct
research returns. In a climate where science literacy is a concern, science
communication offers an opportunity to make scientific information publicly
available and accessible. Scientific theories can be complex and
counterintuitive (139). Consequently, it is critical that science is made publicly
available in a format accessible to non-specialists. This would include
explanations of the concepts, logic of method, and (where possible) links to
broader social aspects and issues the research is investigating. To achieve
this, science communication needs to place factual info into a personal,
emotional, and engaging context (147,148). However, this is a difficult task,

particularly for scientists trained to write for a specialized audience. Writing
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for a non-specialized public requires adjustment and training in how to
prepare scientific information for the public forum (149).

Multiple papers have been publish outlining social media and science
communication to individual researchers (150,151), as have discussions of
large scale science communication projects that require dedicated staff
(137). While critical, these discussions do not take advantage of the existing
support structures of a research group. In this thesis, | explore methods for a
research group to use science communication to engage the public with
their science and, in doing so, to communicate with their peers.
Interdisciplinary research is limited by specialist language that is not coherent
outside of individual academic disciplines (152). Consequently, the skills and
time devoted to science communication are also applicable to
communicating between disciplines. A public forum is likely accessed by
many members of multiple academic disciplines and should be used by
researchers to demonstrate ideas, methods, and results and to observe
these elements in other disciplines. Active production and consumption of
science communication material offers an opportunity to explore how
interdisciplinary collaboration could expand upon the current methods and

scope of research questions.

Thesis overview

This thesis compiles five manuscripts to address the issues raised in
this introductory chapter. Specifically, an exploration of microbiota across a
single population through time is conducted to identify the cultural and
environmental factors that define and alter the oral microbial community.
Several factors predicted to have impacted the oral microbiota are assessed,
including diet, disease, living environment, human movement, religion, and
war. In an emerging research field, this research investigates best practice to
retrieve accurate representations of historical microbiota, applies high-

resolution HTS studies of microbiota from a single geographical population,
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and explores methods by which researchers can effectively engage public

and peers with research ideas and results.

Chapter |
Ancient bacteria from dental calculus as an archaeological and
anthropological tool

In this chapter, | review and explore the potential of dental calculus to
address archaeological and anthropological questions. The current studies
of modern microbiota link microbial community structure to a range of
factors experienced in today’s world. However, these studies indicate how
studies of dental calculus could infer the potential impacts of similar factors
in ancient individuals and populations. This chapter also demonstrates how
ancient dental calculus research can complement existing archaeological
analyses and offer considerable insight into the lifestyles and experiences of

past individuals with little or no other archaeological context.

Chapter Il
Effectiveness of decontamination protocols when analysing ancient DNA
preserved in dental calculus.

Contamination is a serious risk for ancient DNA studies, and
particularly for paleomicrobiological studies. Therefore, successful removal of
contaminating DNA during laboratory processing maximizes sequencing
efficiency and improves data quality prior to bioinformatics assessment. In
this chapter, | assess four different protocols for the removal of
environmental contamination from the surface of dental calculus prior to
DNA extraction. Ultimately, | recommend a UV irradiation and bleach
submersion as the optimal decontamination method for ancient DNA

samples.
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Chapter Il
Diet driven differentiation of oral microbiota in ancient Britain

How microbiota were structured within historical populations and how
this relates to the modern microbiota remains unknown. To provide the first
population level insight into historical microbiota, Chapter lll applies the
concepts and protocols from Chapters | and Il to investigate the microbiota
in Great Britain from the Pre-Roman (pre-43 CE) to the Medieval (~1700 CE)
period. Two distinct groups were identified based on microbiota
composition. Functional analyses of these groups indicate that diet was the
driving factor and indicative of socio-economic rank. This study is the first to
examine function in historical microbiota and provides a broad insight into
the diet of historical individuals. Further, comparison with previously
published oral microbiota data indicated that modern, industrialized

populations have microbiota that are derived from one of these groups.

Chapter IV
Biological and cultural drivers of oral microbiota in Medieval and Post-
Medieval London

In a collaboration | led with the Museum of London, Chapter IV
recovers microbiota from 128 dental calculus samples to build upon the
observations within Chapter Il and explore associations beyond diet,
including disease, religion, status, location, key historical events, and change
through time. In addition, this large sample size allowed the first exploration
of potential technical biases, such as oral geography, in ancient samples. |
identified that there is a significant association between oral geography and
microbiota composition. Once | controlled for oral geography, this study
provided the first direct association of microbiota structure with past oral and

systemic disease.
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Chapter V

Incorporating science communication into standard research group practice
is described in Chapter V. This chapter describes a framework that | co-
developed at the Australian Centre for Ancient DNA to provide the centre
with an online science communication network, focused on promoting both
the centre and the individual researchers, while simultaneously minimizing
the time spent per individual. From this framework, the metrics from a year’s
worth of communication efforts are analysed and discussed. These results
indicate the success of engaging both the public and the centre’s peers with

research, including direct benefits to research.
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Abstract:

A critical aspect of archaeology and anthropology is the identification
of the culture and life experiences of historical individuals. Identification of
dietary patterns, disease exposure, migrations, trade, and socio-economic
group membership is currently difficult too establish unless a substantial
array of contextual evidence is available. However, many life events alter the
structure of the commensal bacterial communities (microbiota) that live on
and in the human body. Recent studies demonstrate that elements of the
microbiota can be recovered from archaeological samples, especially
calcified dental plaque (calculus). Here, we discuss the potential for using
ancient microbiota from dental calculus present on archaeological human
remains to identify an array of life events and histories, and indicate some

aspects of cultural affinity.
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Introduction

Understanding human evolutionary and cultural development is a
multi-disciplinary endeavour. These disciplines involve direct study of human
remains and associated evidence of human behaviour, placing this
information in a broader context in order to first describe and reconstruct the
historical context, and then attempt to explain the diverse and complex bio-
cultural history. However, it remains an immense challenge to go from initial
analyses of an archaeological site to a confident description of the culture of
the people who created it, even with many lines of evidence used, including
archaeological artifacts and features, osteology, dating techniques,
zooarchaeology, and molecular archaeology. While artifacts and features
such as pottery and building remains are powerful and traditional cultural
indicators, movement of people and goods, and the use of similar
architecture, manufacturing, and artistic styles can obscure more complex
population structures and individual or group dynamics. The direct study of
human remains (and associated grave goods) may be the only reliable
source of information about an individual’s cultural affinity/identity.

Excavation of human remains includes extensive analyses. Contextual
information such as grave goods, or use of a grave marker or coffin, can
indicate date, an individual’s religion and their socio-economic status
(Renfrew and Bahn 2004). If the burial is undisturbed, burial position and
orientation can also provide further insights into these factors (Lilley et al.
1994). Osteological analysis can infer sex, age, dietary information, and
health and disease (Wood et al. 1992; Cox and Mays 2000). These analyses
can be conducted even if the remains have been disturbed, although
destruction or loss of the skeleton limits interpretation. Standardized
assessment of morphology helps normalize across different analyses, but
morphology is a difficult trait to assess, with identification of sex and age not
always possible (Lovejoy et al. 1985; Bruzek 2002). Patterns of bone wear
and remodeling can indicate the stresses placed upon the body, thus
providing some basic but limited information about an individual’s lifestyle

and (perhaps) societal rank (Macintosh, Pinhasi, and Stock 2014). Tooth
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wear is an important element of analysing diet (Molnar 1971), and can be
further coupled with isotopic analysis to determine general dietary trends
(e.g. Frei et al. 2015; Richards, et al. 2006). It has also been used to explore
specific cultural behavior such as including tool use (Molnar 1971).

The recent development of molecular archaeology has added a
further powerful tool with which to explore the human journey. It involves the
use of preserved biological molecules, such as ancient DNA (aDNA) and
proteins, and has been successful in elucidating population dynamics (Haak
et al. 2015), demography (Harpending et al. 1998; Orlando and Cooper
2014), and kinship in humans (Bouwman et al. 2008; Haak et al. 2008).
While whole genome or proteome evolution in an organism is relatively slow
(1.1 x 10® per base pair per generation (Roach et al. 2010)), targeted
analyses of specific regions with proportionally higher mutational rates (e.g.
microsatellites) can provide higher resolution and begin to distinguish
between and within populations (Cavalli-Sforza and Feldman 2003).
Additionally, human DNA analysis can reveal definitive information about sex
and genetic based disease. However, identification of specific events that
occurred during life is limited, as DNA is not altered by factors such as
disease or diet. Some infectious diseases, notable examples including
plague (Y. pestis) and Tuberculosis (Bos et al. 2011; Donoghue et al. 2015),
have recently been detected by extracting the actual pathogen DNA
preserved in archaeological human skeletal material.

A recently developed approach in biomolecular archaeology studies
the ancient bacterial DNA preserved in dental calculus (calcified dental
plaque) (De La Fuente, Flores, and Moraga 2013; Adler et al. 2013; Warinner
et al. 2014). The well-preserved DNA of oral bacteria trapped within dental
calculus are currently the only known record of an ancient microbiota
(Weyrich, Dobney, and Cooper 2015). Microbiota are the microbial
communities across the human body, including the oral cavity, are shaped
by the diet, disease, environment and bio-cultural dynamics of the host
individual (Consortium 2010). As these same factors help define different

cultural and socio-economic groups, this implies that analysis of the oral
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bacterial communities preserved in dental calculus could potentially be used
to infer life and cultural histories of individuals and population groups
(Weyrich, Dobney, and Cooper 2015; Warinner, Speller, and Collins 2015). In
this paper, we detail the relationships between microbiota, the human body,
culture, health, and environment in the modern world, and consider these a
proxy to understand how human microbiota may have been impacted by
these factors in the past. We discuss how ancient microbiota may be
examined using aDNA, including recent discoveries, technologies, and
technical considerations. Lastly, we examine the archaeological insights and
applications that aDNA analysis of dental calculus can provide to help

unravel the diverse and often complex bio-cultural human histories.

Human microbiota

Human microbiota are communities of microorganisms, primarily
bacteria, living on and in the human body (Marchesi and Ravel 2015), and
comprises as many microbial cells as human cells (totaling ~ 7 x 10™ cells)
(Sender, Fuchs, and Milo 2016). Different body regions harbor unique
bacterial profiles, which form biofilms across the various ecological niches of
the body (e.g. skin, mouth, and gut) (Consortium 2010). These diverse
biofilms, play key roles in human health (Flowers and Ellingrod 2015; Xu,
Wang, and Zhang 2015), and perform a multitude of daily functions that the
human body is incapable of completing alone, including functions as diverse
as food digestion and vitamin production in the gut (Rosenbaum, Knight,
and Leibel 2015), repair of tooth enamel in the mouth (Li et al. 2014), and
digestion of oils and dead cells on the skin (Trivedi 2012). Microbiota also
play critical roles in disease prevention by directly and indirectly excluding
pathogenic microbes (lwase et al. 2010; Weyrich et al. 2013; Chen and Tsao
2013; Shu et al. 2013), and by promoting immune tolerance and
development (Noverr and Huffnagle 2004). Given the crucial roles microbiota
play, and the complexity of the interactions with the human host, it is
unsurprising that microbiota and their functions are inherited, and that

disruptions to these communities can result in disease.
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Microbiota are passed down from primary caregivers (predominantly the
mother) to initiate development of the bacterial community in the child
(Ebersole, Holt, and Delaney 2014). The initial microbial exposure occurs
during birth, when the infant is inoculated with the mother’s faecal and
vaginal microbiota (Morgan and Huttenhower 2012). Differentiation of
bacterial communities then occurs throughout the first few years of life
(Funkhouser and Bordenstein 2013; Koenig et al. 2011). Body environment
defines this differentiation, although the influx of from the surrounding
environment is a source of further diversity. Generally, the composition of
adult microbiota are reached within three years (for the gut community
(Koenig et al. 2011)), although microbiota continue to be shaped throughout
life.

Change in factors such as diet, disease, and environment trigger
shifts in bacterial community structure during life. Diet is one of the most
highly studied drivers of microbiota alteration. Nutrients and metabolically
active bacteria introduced by the food, can alter the composition and
functional capacity of gut microbiota (David et al. 2013). Altering an entirely
animal- or plant-based diet can cause changes to the gut microbiota in as
little as 24 hours (David et al. 2013). This difference in dietary-associated
microbiota has also been observed more generally in the different bacteria
states of obese and lean individuals (Turnbaugh et al. 2006, 2008;
Turnbaugh, Hamady, et al. 2009), and rural and urban societies (Obregon-
Tito et al. 2015). Comparison of Western gut microbiota with traditional
hunter-gatherer groups has shown dramatic variation between the two, with
dietary differences assumed to be the main cause (Schnorr et al. 2014;
Clemente et al. 2015). The microbiota of a diet high in carbohydrates and
refined sugars, as commonly seen in Western societies today (Cordain et al.
2005), results in increased weight gain (Turnbaugh et al. 2006, 2008;
Turnbaugh, Ridaura, et al. 2009). Additional impacts of the Western diet
have been an increase in the pathogens responsible for dental caries and

periodontitis in the mouth (Selwitz, Ismail, and Pitts 2007), and poorer oral
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health is generally more prevalent in post agricultural and industrial societies
than in hunter-gatherers (Adler et al. 2013).

Microbiota have been linked to a wide range of local and systemic
disease, including cardiovascular and diabetes (He et al. 2014), kidney
disease (Sabatino et al. 2015), cancer (Zitvogel et al. 2015), and mental
disorders (Flowers and Ellingrod 2015). However, microbiota play key roles
in disease prevention by aiding the host in controlling pathogenic bacteria.
For example, on the skin, commensal bacteria inhibit growth of the pathogen
responsible for atopic dermatitis (lwase et al. 2010). However, if a
pathogenic bacterium does take hold, infections can alter microbiota
composition, impacting immune function, and supporting additional bacterial
infections (Weyrich et al. 2013), which can result in a wide range of diseases.
Non-pathogen triggered alterations of microbiota can also cause disease.
For example, kwashiorkor patients suffer from anorexia like symptoms and
these individuals have microbiota associated with malnutrition, even when
dietary supplements were provided. Transplantation of microbiota from
healthy individuals provided a larger benefit than the improvement in diet
alone (Smith et al. 2013). Further relating to the balance between disease
prevention and causation, the microbiota interacts with the human immune
system, and can play a regulatory role in inflammatory response (Stefka et al.
2014). The development of a mature immune system in infants is also closely
linked to the developing microbiota, and the disruption of microbiota
development following birth can have long-term consequences for disease
susceptibility in an individual (Koenig et al. 2011; Azad et al. 2013). Thus,
coupled with disease exposure, microbiota are a major factor defining the
health of an individual or population.

Environmental factors, other than diet and disease, have also been
shown to impact microbiota, though the range of influencing factors are not
fully realized or understood. For example, if a person has older siblings, they
tend to have a less diverse gut microbiota than those without. Conversely,
having animals (pets) increases microbiota diversity (Azad et al. 2013), while

urban living and industrialization has reduced our exposure to environmental
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bacteria (Ruiz-Calderon et al. 2016). Urban housing (i.e. with more walls
segregating living spaces) contain more human related bacteria, and
individual rooms have a bacterial profile that appear correlated with room
use (Ruiz-Calderon et al. 2016; Chase et al. 2016). It has been suggested
that, for developing children, the bacterial exposure of an urban environment
will be a defining factor in adult microbiota structure and disease (Ruiz-
Calderon et al. 2016). Locations within the same city are likely to resemble
each other more than between cities (Chase et al. 2016), indicating the
potential for the oral microbiota to differentiate populations/groups at the city

level.

Ancient DNA analysis of dental calculus

Ancient DNA studies have provided insight into the evolution and
adaptation of human microbiota, and are a powerful new archaeological tool
to understand past societies. Microbiota have been studied using dental
calculus, soft tissues, and coprolites. However, while studies of 1,300 year
old human coprolites from Mexico indicated that the microbiota more closely
resembled samples from modern African than USA (Tito et al. 2008), as
expected, a later study using coprolites and mummified remains revealed
bacterial compositions that matched compost (Tito et al. 2012). Soft tissues
are subject to post-deposit taphonomic changes and decay (Pechal et al.
2014), which alter the bacterial composition, and this has resulted in minimal
use of coprolites or mummified remains to study human microbiota. In
contrast, the well-preserved remains of bacterial communities in dental
calculus are representative of microbiota present during the life of the
individual (Weyrich 2015), and are not greatly impacted by post-mortem
decay or alterations (Warinner et al. 2015). Consequently, dental calculus
represents the only known reliable deep-time record of human microbiota
(Weyrich, Dobney, and Cooper 2015). Bacteria within calculus are trapped
and preserved in a calcified matrix formed from the congregation of calcium
ions throughout the life of the individual (White 1991, 1997). This matrix is

securely attached to the teeth and, once formed, preserves the bacteria

62



prior to and after the individual’s death. From an archaeological perspective,
dental calculus is regularly present on ancient human remains (Dobney and
Brothwell 1986) and can be directly associated with a specific individual.
Although bacteria were first observed and identified within ancient dental
calculus in 1986 using Scanning Electron Microscopy (SEM) (Dobney and
Brothwell 1986), modern genetic techniques applied to identify these
microorganisms have drastically improved our understanding of ancient oral
microbiota.

Preservation of recoverable genetic material was first shown by
targeting key oral bacteria (De La Fuente, Flores, and Moraga 2013). Five
bacterial species were tested using DNA barcodes (DNA fragments known
to be unique to a species) in dental calculus samples from 38 individuals
over 4,000 years old. At least one barcode was successfully recovered from
16 dental calculus samples, demonstrating that DNA recovery from dental
calculus was possible. However, as oral microbiota comprise hundreds of
species, individually targeting single species provides a limited view of the
overall community structure. Consequently, high throughput sequencing
(HTS), which allows researchers to obtain DNA sequences from multiple
organisms simultaneously, has been applied in further published studies. To
date, two HTS methods have been applied to dental calculus: amplicon and
shotgun sequencing.

Initial whole community analyses of dental calculus (undertaken on
34 ancient European specimens) revealed major changes in the oral
microbiota. These changes occured specifically during the prehistoric
agricultural and much later industrial revolutions (~ 8,000 BCE and ~ 1750
CE, respectively), with an increasing pathogen load also seen through time
(Adler et al. 2013). Increase in the production and consumption of
carbohydrates and sugars during these two key bio-cultural transitions in the
human diet is thought to be the key driving-factor in the observed shifts in
bacterial communities. Along with these major changes, smaller differences

between the distinct period and cultural groups represented by these
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samples was also apparent, indicating that calculus might also provide a
signal indicative of cultural affinity/identity (Adler et al. 2013).

Amplicon metabarcoding made it possible to recover whole
community data in this study by targeting a specific gene or DNA region
(amplicon) present in all of the organisms of interest. For bacteria, this
amplicon target is a region within the 16S ribosomal RNA (rRNA) gene
(Caporaso et al. 2012). This gene has sufficient variation to differentiate
bacterial taxa while being conserved enough to be present and identifiable in
all taxa. Once sequenced, the variety of 16S rRNA gene sequences
recovered can be compared to bacterial databases (such as GreenGenes
(DeSantis et al. 2006)) in order to identify the taxa present. 16S rRNA gene
sequencing is the standard for bacterial identification in modern samples, but
was not used in later ancient DNA.

A following study identifed a broad range of information from two
medieval German human dental calculus samples dating from 950-1200 CE
(Warinner et al. 2014). Analysis revealed oral bacterial pathogens similar to
those present in modern humans, which were present despite the major
cultural shifts occurring since the medieval period. Eukaryotic DNA was
recovered in addition to bacterial DNA, which allowed direct identification of
plant and animal DNA from dietary items that had also been preserved within
the dental calculus. With this method, the medieval individuals were shown
to have eaten pork, crucifer, and bread wheat. Additionally host (i.e. human)
DNA was recovered. Moving beyond the presence/absence of specific taxa,
functional analysis indicated that medieval German oral microbiota also
showed low-level resistance to antibiotics (Warinner et al. 2014). Shotgun
sequencing was required to recover the diversity of DNA to identify bacteria,
eukaryotes, and functional information. Rather than targeting a specific gene,
shotgun sequencing recovers a random sub-selection of the total DNA
present in a sample. These fragments are mapped (matched) to known
reference genomes from a large database, such as the NCBI taxonomy
database (Benson et al. 2009; Sayers et al. 2009), to identify specific

species. This is a financially and computationally expensive procedure in
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relation to amplicon sequencing, but offers more detailed resolution and the
ability to identify function. Recovery of human and dietary DNA was limited
as 99.3 % of the DNA recovered was of bacterial origin (Warinner et al.
2014). Despite this, recent studies have been able to obtain human
mitochondrial genomes from dental calculus by using methods to enrich for
the low levels of human mitochondrial DNA (Ozga et al. 2016). While this
demonstrates potential to use dental calculus as a reservoir for human DNA,
recovery rates were lower than from teeth or bone.

Ethical considerations must be considered when isolating ancient
human DNA. Cultural descendants of ancient individuals may not wish for
genetic material from their ancestors to be analysed. Consequently, ethical
approval should be sought prior to collecting samples or, if samples have
been stored previously, before DNA extraction. In some cases, this ethical
concern may extend to the microbiome, depending on how different groups
recognize the microbiota as part of the human body. The method of DNA
analysis will impact the ethical considerations. 16S rRNA gene sequencing
will not result in human DNA been sequenced, thus is suitable when groups
are interested in the microbiota but not the human genome. However,
shotgun sequencing will sequence human DNA (if present) and thus removal
of certain sequences may be required (e.g. human sequences) for ethical
analysis.

Shotgun sequencing is now the standard for analysing ancient
microbiota. Recent studies have shown that, despite the 16S rRNA gene
being the international standard for characterizing modern microbiota
(Caporaso et al. 2012), there are biases when applied to aDNA studies
(Ziesemer et al. 2015). However, agreement of ancient bacterial community
recovery between methods indicates that the 16S rRNA gene based
technique can identify genuine patterns, likely in better-preserved samples
(Warinner et al. 2014). Nevertheless, shotgun sequencing provides the ability
to reproducibly recover ancient bacterial communities with high resolution,
allowing for links between finer-scale human population groupings to be

determined. Beyond the standardization of DNA extraction, shotgun
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sequencing preparation, and taxonomic identification protocols, other key
procedures developed during these initial studies are required to obtain

accurate community identifications from ancient dental calculus samples.

Considerations when using ancient DNA

Substantial hurdles have to be overcome to successfully analyse
microbial communities preserved within ancient dental calculus. Ancient
samples contain very little endogenous (true) DNA, making inclusion of any
contaminant DNA a major proportion of the total sequenced DNA (Cooper
and Poinar 2000; Weiss et al. 2014). All ancient samples, including dental
calculus, have this low DNA concentration in comparison to modern
samples because cellular DNA repair mechanisms cease to function
following cell death and DNA molecules begin to degrade (Dabney, Meyer,
and Paabo 2013). Degradation causes the DNA molecules to break, creating
progressively shorter fragments over time. Additional oxidative damage also
occurs and modifies the DNA sequence (Paabo et al. 2004). It is notable that
dental calculus has a high DNA concentration for an ancient DNA source, up
to 1,000 times the concentration found in bone (Weyrich, Dobney, and
Cooper 2015). However, the DNA fragments surviving have undergone both
of the above processes, which result in substantial biases, and must be
considered when analysing ancient microbiota.

Alongside age, preservation conditions impact DNA breakage and
damage. DNA degradation is slower in dry and cold environments, and
quicker in warmer and wetter ones (Dabney, Meyer, and Paabo 2013).
However, even under perfect preservation conditions, the theoretical limit of
aDNA recovery is around 1 million years (Allentoft et al. 2012). To date, the
oldest recovered and analysed aDNA comes from a ~700,000-year-old
horse preserved in permafrost (Orlando et al. 2013). Reconstructing a
community of multiple bacteria requires DNA fragments distinguishable
between closely related taxa. As DNA degradation proceeds, it will become
impossible to confidently assign a DNA sequence to one taxon over another.

It has not been determined if the degradation limit is lower than for studies of
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eukaryotic remains. However, in contrast to the oldest eukaryotic genome,
the oldest published oral microbiota is only 8,000 years old (Adler et al.
2013).

In addition to DNA damage, contamination of the sample must be
assessed. Bacteria are ubiquitous in the environment (Whitman, Coleman,
and Wiebe 1998) and can be easily introduced into dental calculus samples
prior to sequencing. This is a significant issue for all studies exploring
bacterial communities (Salter et al. 2014), but is an even bigger risk for
researchers exploring ancient bacterial DNA. Failure to account for
contamination has resulted in dramatically incorrect conclusions. In 2014,
bacterial contamination from laboratory equipment and reagents was
identified in sequencing data, particularly in samples that had a low starting
DNA concentration (analogous to aDNA samples) (Salter et al. 2014).
Individual laboratories and reagent batches had their own unique signal,
indicating that standardized taxa removal following DNA sequencing cannot
account for the contamination, and that contamination in the laboratory must
be continually monitored. Removal of contaminant sequences from a
published amplicon dataset (Turmer et al. 2012) demonstrated how the
authors had incorrectly identified contamination from two different DNA
extraction kits as an alteration in microbiota as children aged (Salter et al.
2014). Consequently, it is critical to limit, monitor, and remove contamination
when processing ancient microbiota samples. Contamination in ancient
samples typically comes from the two major sources: environment and
laboratory  (Warinner, Speller, and Collins 2015). Environmental
contamination occurs after the death of the human as the calculus is
exposed to the altering microbial community of the body as it decomposes
and the microorganisms from the surrounding substrate. Additional
contamination can occur during excavation, analysis, and storage (Yang and
Watt 2005). Laboratory contamination comes from bacteria present in the
laboratory facility and in the chemicals and equipment used to handle the
samples. Each of these sources requires different methods and approaches

to monitor and control for incoming bacterial DNA.
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To limit environmental contamination from researchers, samples
should be collected and handled by personnel with gloves and facemasks
(Weyrich, Dobney, and Cooper 2015). Dental calculus samples should be
collected in a clean environment, and removed from the tooth surface using
a sterile pick. Samples should be stored in sterile, sealed bags to prevent
contamination, kept at 4°C or cooler to minimize DNA degredation, and
analysed in a dedicated aDNA laboratory to prevent contamination with
modern DNA. Once samples are in an aDNA laboratory, environmental
contamination (microbial cells or DNA) on the outside of the calculus sample
can be removed and destroyed. Published methods include UV irradiation
followed by a bleach submersion (Adler et al. 2013), or a predigestion with
Ethylenediaminetetraacetic acid (EDTA) to break down cells on the outer
surface (Warinner et al. 2014). Care must be taken when applying these
methods as endogenous DNA may be damaged (reducing the true signal)
(Malmstrom et al. 2007). Further, contaminant DNA may be damaged but
not destroyed, potentially making the DNA appear ancient when assessed
with bioinformatic tools such as MapDamage. However, these methods
improve oral microbiota recovery (Adler et al. 2013; Warinner et al. 2014),
they do not account for contamination introduced during laboratory analysis.

Once the extraction of DNA has begun, it is no longer possible to
decontaminate the sample. However, contamination can continue to enter
even if reagents have been sterilized before use (Salter et al. 2014). To
minimize laboratory contamination, work should be conducted in a
specialized aDNA facility that follows strict operational protocols to reduce
contamination. The facility should have positive air pressure, to prevent entry
of airborne contaminants; dedicated still-air workrooms, to minimize cross
contamination of samples; regular procedures to decontaminate the facility
(e.g. UV irradiation during no-work periods); and access only for trained
personnel (Cooper and Poinar 2000; Knapp et al. 2012). Reagents should
be certified DNA-free (although absence of DNA is not always certain) and
equipment should be sterilized with bleach to remove trace DNA between

uses (Willerslev and Cooper 2005).

68



These methods will limit, but not eliminate, contamination from the
laboratory environment. Therefore, multiple negative controls should be
included throughout the laboratory process (Cooper and Poinar 2000),
including both extraction and ampilification (or library construction) steps.
Negative extraction controls (often referred to as extraction blank controls)
should be included for each extraction, be exposed to the lab environment
prior to samples being handled, and undergo the exact same treatment as a
sample. Consequently, any microbial DNA detected in the extraction
controls is indicative of laboratory contaminants during DNA extraction.
Negative amplification controls should also be included during library
preparation, to examine any additional contamination that could be
introduced through amplification reagents. When amplicon sequencing is
used, the microbial DNA identified in negative controls can be directly
removed from the reconstructed microbiota (Adler et al. 2013). However,
removing contaminant microbial DNA from shotgun sequencing can be more
difficult. DNA fragments from different parts of the genome can be assigned
to the same taxon; meaning DNA sequences cannot be directly compared
between controls and samples. Despite this, DNA identified as
corresponding to a contaminant species can still be filtered using
bioinformatics tools. Another method for removing modern microbial
contaminants is to analyse DNA fragments for characteristic aDNA damage
patterns (e.g. C to T base transitions) (Ginolhac et al. 2011). Consequently,
careful consideration must be given to which taxa are filtered, and diligence
must be enforced when comparing data across studies (Kennedy et al.
2014).

Mapping-to-source analyses provide an indication of how
contaminated a sample may be. This analysis was developed to identify the
proportion of a microbial community that derived from a source population,
for example where the bacterial community on a hospital surface originated
(Knights et al. 2011). However, by comparing dental calculus samples to
microbiota profiles that represent possible contamination sources the

proportion of the data likely to have originated from these contamination
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sources can be identified. Ideally the microbiota data sets compared to will
come from samples of the environment surrounding the sample, such as the
matrix surrounding the sample during preservation (e.g. soil), the sample
storage containers and handling equipment, and the humans that handled
the sample. However, representations of potential contamination sources
(e.g. human skin and different soil types, etc.) are available in online data
repositories (e.g. Qiita). Wherever the comparison data is from, it is critical
that is of high quality. If the comparison data is contaminated, then the
assignments of sequences in the samples to sources will be non-
representative. While SourceTracker (a mapping-to-source analysis program
(Knights et al. 2011)) has been used to assess the effectiveness of the above
described filtering methods (Weyrich et al. 2016), to date this method has
not been used to identify specific sequences to be removed from the sample
data set. Identifying specific sequences that assign a proportion of a sample
to a source population is not the aim of these analyses, rather these tests
are perhaps most useful to indicate overall sample quality. Further, such
analyses have only so far been applied to 16S rRNA gene data, and the
results of application to Shotgun data should be assessed prior to any
conclusions been drawn. While shotgun data offers a higher taxonomic
resolution (which should increase the accuracy of these methods), current
taxonomic assignment methods do not differentiate sub-groups of
sequences within each taxon, thus reducing potential resolution. Whether
the increased taxonomic resolution renders the loss of within taxon
resolution redundant has not yet been assessed. However, the indicated
effectiveness of the above described filtering methods on removing
contamination in 16S rBNA gene datasets (Weyrich et al. 2016) is an
indication of the importance of contamination control throughout the

laboratory and analytical pipeline.

Using oral microbiota to unravel past human behaviour

Ancient microbiota offer an exciting new method to explore the life

histories of individuals and populations. Modern studies have demonstrated
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that microbiota respond to, and thus record, features of an individual’s life,
including dietary patterns, disease exposure, and environmental experience
such as living conditions, animals, and people. Dental calculus allows
analysis of microbiota post mortem, making it an ideal target for
biomolecular archaeology studies. Here, we discuss several key
archaeological questions for which dental calculus studies can provide
insight, and examine how these findings can be used to link ancient

individuals and cultures.

Diet

Access to food items is dependent on local availability, technological
level of society, degree of trade, and status of an individual (Renfrew and
Bahn 2004). Dental calculus allows direct identification of foodstuffs, e.g.
pork and cabbage DNA was identified in ancient dental calculus from
Medieval German populations (Warinner et al. 2014). This allows specific
dietary components to be characterized in each individual, providing a
deeper insight into dietary habits, available nutrition, and potential health of a
specific individual. These dietary signals can also be used to identify food
items that were not locally available, and thus can indicate the presence of
product trade or population mobility. Furthermore, ancient bacterial
community structures have been shown to respond to alterations in diet
(Adler et al. 2013). In ancient calculus samples, shifts in the microbial
community structure were linked to major dietary shifts, including the
transition from foraging to farming, and later the impact of processed
carbohydrates and food preservation (Adler et al. 2013). Food preparation
also alters the nutrient and bacterial content of the diet (Monteiro 2009), and
may alter the selection pressures on specific microorganisms. Consequently,
many aspects of diet are reflected in microbiota structure of dental calculus,
allowing researchers to identify both dietary components and health
consequences without the need to locate or identify preserved,

archaeological food items or utilities.
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Disease

Infectious and chronic diseases can be detected in dental calculus
through either direct identification of pathogenic microorganisms or by
observation of an altered microbiota structure associated with disease.
Direct identifications from the oral cavity include the ‘red three’
(Porphymonas gingivalis, Tannerella forsythia, and Treponema denticola),
which are the pathogenic bacteria linked to severe periodontal disease
(Rocas et al. 2001), and Streptococcus mutans, a causative agent of dental
caries (Ajdi¢ et al. 2002). Ancient DNA has revealed multiple examples of
pathogenic bacteria from dental calculus (Adler et al. 2013; Warinner et al.
2014). Many infectious diseases also alter the microbiota directly, by
manipulating the immune system and its response to commensal bacterial
species (Weyrich et al. 2013). This responsive alteration of microbiota
structure can be indicative of ancient diseases that are not identifiable to a
specific pathogen, providing insight into endemic health. In addition,
pathogen identification using aDNA from bone has already been noted as a
potential method for circumventing the osteological paradox (Wright and
Yoder 2003). The paradox notes that not all diseases are evident from the
skeletal remains, for multiple reasons, which can result in misclassification of
individual, and therefore population, health status (Wood et al. 1992).
However, pathogen identification from bone allows characterization of a
disease state that had no physiological impact on the skeleton. Microbiota
studies may expand on this by identifying specific pathogens not transferred
to bone during infection, diseases that killed the infected individual before
bone remodeling occurred, and microbiota that have community structures
corresponding to known disease states (as identified in modern studies and
by characterizing microbiota of historical individuals known to be diseased
from other contextual information). Comparison of disease presence across
individuals can also provide an insight into a population’s morbidity, and how
this changes through time. Analysis across key historical events, such as
wars, disease epidemics, introduction of sanitation, or societal collapse,

could reveal how the population was impacted in different regions, between
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socio-economic groups, and whether there were permanent or short-term

impacts on health.

Human Environment

The human environment has varied markedly through history, and
corresponding alterations in modern populations have been linked to
changes in the microbiota. These environmental alterations include changes
in housing, animal handling, occupation, medical practices and availability,
cultural drug use, and historical events such as war. For example, built
environments have bacterial communities that differ between cities, and, to a
lesser degree, between buildings (Chase et al. 2016). Further, urban living
can increase the potential for bacterial transmission between people (Ruiz-
Calderon et al. 2016). This signal can provide insight into urbanization and
mark individuals who were present in specific locations. Living with animals
has also been shown to alter microbiota, as microorganisms are shared
between co-habitating pets and humans (Lax et al. 2014). Thus the
microbiota may be able to provide insight into the presence of animal
cohabitation, husbandry, domestication and zoonoses. Similar environmental
exposure from places of work, rather than the home, have been shown to
impact modern skin microbiota (Chen & Tsao, 2013), suggesting that an
individual’s profession could also influence their bacterial community.

Habitual behaviours such as smoking tobacco also affect an
individual’s microbiota (Leeuwenhoek, 1683; Lie et al., 1998). Signatures of
tobacco or coffee consumption (caffeine (Cowan et al. 2014)) could be used
to identify status within a population. Other drugs, e.g. the use of betel nut in
Pacific Islander populations (Dahlén et al. 2010), should also have specific
microbial signatures that can likely be traced through time and space. The
signatures of diet, disease, and environmental exposure, including personal
behaviours, will vary within and between populations, allowing appreciation
of the complexities of social structure and population movement across a

region or country.
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Trade, travel, and migration

Movement of people into new areas and between existing
settlements, and the transport of goods, are major aspects of human
culture. Migration and trade alter people’s exposure to goods and microbes.
The identification of dietary components, disease, or any other factors that
are not in the local environment could be a signal of population and culture
contact, admixture, or trade. Alterations in microbiota linked to the use of a
specific product (e.g. tobacco) could be used to identify when it was
introduced and when different groups began using it. Additionally, travel
exposes individuals to different environments. People traveling to new
regions may be exposed to and bring back unique commensal microbial
species, similar to the transmission and spread of bubonic plague and
cholera (Tatem, Rogers, and Hay 2006). Novel microbiota may also indicate
recent migrants to a population, and the maintenance of these unique
microbiota over time would indicate the level of integration. Similarly,
differences in microbiota structure within a population, defined by resource
availability, social movement, and exposure to alterations through trade and
travel, also provides information about sub-populations, that may allow the

identification of different socio-economic groups.

Developing dental calculus as an archaeological tool

The combined impacts of these factors will result in various different
configurations of microbiota that may be indicative of a cultural group and
the socio-economic sub-groups within populations. However, the number of
samples required to discern many of these levels is yet to be determined.
Using no more than 8 skeletons per culture, it has been observed that inter-
country cultural differences could be determined, and these may also have
been related to sub-groupings such as rural vs. urban living or differing
religious practices (Adler et al. 2013). However, there is currently little
baseline data and insufficient resolution to determine how populations and

sub-groups are defined. Future studies should look to sample single
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populations in greater depth to be able to observe the microbiota trends
linked to sub-cultures. Furthermore, initial applications of these studies will
require historical populations and individuals with detailed records and
inferences of lifestyle, health, trade, diet, etc., allowing patterns in microbiota
to be linked with specific behavioural and cultural traits. Such studies will
elucidate patterns of microbiota structure that will be informative when
examining dental calculus from human remains with little or no

archaeological context.

Conclusions

Archaeology and anthropology look to understand past peoples and
their cultures, and a large array of disciplines contribute to this goal. Yet, it is
still difficult to identify the socio-economic and cultural structures within
many past populations. In many situations, evidence of social rank or the
dynamics of cultural affinity/identity is limited or missing. Here, we propose
that dental calculus, a calcified and (technically) non-human tissue, found
commonly in many archaeological human skeletal assemblages) can now be
used as a line of evidence to resolve fine-scale population divisions. Dental
calculus is the only accurate fossil record of human microbiota, which record
an individual’s diet, culture, and environment. Modern studies continue to
identify factors that impact microbiota, and current aDNA studies are
retrieving signals preserved in ancient and historical dental calculus. Using
established aDNA protocols, future studies should collect, process, and
analyse samples from well-described populations to identify the preserved
patterns. These studies will define and calibrate microbiota analysis as a

powerful new tool with which to reconstruct key aspects of human history.
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Abstract

Ancient DNA analysis of human oral bacterial communities preserved
within calcified dental plague (calculus) allows reconstruction of ancient
microbiota (the microbial communities living on and in the human body), and
has revealed key insights into the history of human health. However, the
risks of contamination are particularly high when analysing ancient
microbiota due to the low concentration of endogenous DNA present in a
sample and exposure to environmental DNA sources. The outer surface of
an ancient calculus sample can be decontaminated prior to DNA extraction
to remove environmental DNA sources and so improve the proportion of
endogenous DNA in sequencing data. Several different surface
decontamination protocols have been published, including
Ethylenediaminetetraacetic acid (EDTA) pre-digestion or ultraviolet radiation
(UV) and bleach immersion treatments. Here, we examine the efficiency of
currently available protocols to remove environmental contaminant DNA from
a range of ancient calculus samples from the archaeological site of Jewbury
in York, UK. 16S rRNA gene amplicon data was examined for the presence
of contaminants using the SourceTracker program and diversity analyses
used to explore how the sample diversity is impacted by decontamination
protocols. Our results indicate that both published methods are effective at
reducing environmental taxa and increasing oral taxa in relation to untreated

samples.
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Introduction

The complex bacterial communities that make up the human
microbiota vary between human individuals and across different body sites
(e.g. the gut, skin, and oral cavity). Many bodily functions are dependent on
these resident bacterial communities, which release otherwise inaccessible
nutrients from food (1), remove dead epithelial cells from the skin (2), and
repair tooth enamel (3). These diverse communities are also intricately linked
with the human immune and endocrine systems (4), and microbiota
alterations have now been linked to a wide range of diseases, including
kidney and respiratory conditions (5,6), oral pathologies (7), allergies (8),
obesity (9) and mental disorders (10). However, microbiota are also shaped
and influenced by the external environment, including diet, disease
exposure, and drug use (11-13). This relationship with the environment
suggests that the development of future treatments for microbiota-linked
diseases will be dependent on understanding how changes in lifestyle
impact microbiota. Therefore, an examination of ancient microbiota in
populations through time may provide insight into the mechanisms of
microbiota change.

Ancient DNA (aDNA) analyses can offer valuable insights into the
structure of these human microbial communities and their response to
variation in cultural and environmental factors over multiple generations.
Calcified dental plague (calculus) remains the most reliable sample to
reconstruct ancient human microbiota (14), as dental calculus is formed by
the calcification of the diverse bacterial biofilm that forms on the tooth
surface (15). This calcium matrix preserves and protects the bacterial cells
from many of the abiotic and biotic factors that degrade soft tissues post-
mortem. Recent studies of ancient dental calculus have revealed changes in
microbiota that are linked to alteration in diet and lifestyle, including the
implementation of agricultural practices (16). These studies have also
identified an increase in oral pathogens through time (16). In addition, dental
calculus preserves DNA of both the human host and the host’s diet,

although 99% of the preserved DNA is microbial in origin (17). However, the
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preserved DNA in ancient samples is present low concentrations, due to the
impacts of DNA degradation in ancient samples. Consequently, such
samples can easily become contaminated with DNA from the environment or
laboratory during processing. This contaminant DNA can significantly alter
the microbial signal within an ancient sample, and therefore poses a
significant risk for ancient microbiota analysis (18,19). To combat this, strict
aDNA protocols must be followed, including methods to reduce and monitor
contaminant DNA from the environment and laboratory.

Failure to account for contaminant DNA can led to severe
misinterpretation of results, even in relatively high biomass samples (20). For
example, microbial contaminant DNA from different manufacturing batches
of DNA extraction kits can create signals within data that appear to be
biological (20). Controlling and accounting for laboratory contaminant DNA
should be standard practice in all microbiota and aDNA work (21). In aDNA
facilities, levels of contaminant DNA are minimized by the use of sterile
laboratories, equipment, reagents, and protocols, and is monitoring through
the use of frequent extraction and no-template amplification (i.e. PCR
negative) controls (22). However, such controls cannot detect contaminant
DNA present on the sample prior to entry into the facility (14). Microbial DNA
is present on the surface of ancient samples, including DNA from microbes
from sediment, storage materials, and handling during and after excavation.
Therefore, environmental contaminant DNA must be removed prior to DNA
extraction and be further examined using bioinformatic tools to limit the
inclusion of false signals and misinterpretation of the data.

To limit the contribution of environmental contaminant DNA to
archaeological calculus samples, a decontamination protocol is performed
prior to DNA extraction (16,17) to reduce the foreign contaminant DNA on
the sample before the endogenous DNA is extracted. This results in a DNA
extract that better represents the ancient oral microbiota of the individual,
maximizes sequencing capacity (by reducing the proportion of non-
endogenous DNA), and minimizes the need for bioinformatic filtering of

contaminant DNA downstream. However, published protocols for the
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decontamination of calculus differ between research groups. It is important
that decontamination is standardized so that data is accurate and
comparable between groups. Recovery of endogenous DNA from bone has
shown to be improved by pre-extraction treatment with bleach and
Ethylenediaminetetraacetic acid (EDTA). However, the microbial community
structure was not altered (23). To assess the impacts of a decontamination
treatment on a sample of microbial origin (calculus) we test two previously
published protocols to identify which is the most effective at removing
environmental DNA from ancient dental calculus samples: 1. pre-digestion in
EDTA (17) and 2. UV irradiation and 5% sodium hypochlorite (bleach)
immersion (16). We also test both the UV irradiation and bleach immersion
treatments independently to assess their relative roles, and go on to explore
the potential of retrieving environmental information by sequencing the DNA
removed from the calculus surface. To test these decontamination protocols
in a real-world scenario, we applied each to a 26 samples from a well-
preserved, medieval archaeological site (Jewbury, York, UK) (24,25), which
has previously been shown to have a robust oral microbial signal (16). These
results provide the first examination of aDNA decontamination protocols for
ancient dental calculus samples and serve as a resource for future analysis

of ancient oral microbiota.

Methods

Archaeological context and site information

Twenty-six dental calculus samples from the Jewbury archaeological
site were divided into five groups for analysis. Jewbury is a Medieval, Jewish
cemetery in northern England, UK that was excavated in 1983 (24).
Archaeological examination of the human remains ended following reburial
requests from the Jewish community. However, considerable detail of the
site and the skeletons was recorded (25) and dental calculus was collected
for later analysis. Analyses were completed under ethical approval to study
ancient human dental calculus (University of Adelaide: H-2012-108). The

population contained individuals with middle to poor socio-economic
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standing, and 98.1% of individuals were buried in single graves. Dental
caries were observed in 59.5% of individuals, and periodontal disease was
present in >80% (24). Calculus was sampled on-site at the time of
excavation, stored in glass vials, and transported to the dedicated aDNA
facility based at the Australian Centre for Ancient DNA, Adelaide, Australia for
processing. Previous aDNA analysis of calculus from this site has revealed
that oral microbial communities were not statistically different between
samples, and were distinct from other cultures based on microbial

composition alone (16).

Decontamination protocols

Each of the five groups underwent a different decontamination
protocol prior to DNA extraction. The protocols are summarized in Figure 1,
and were as follows: untreated controls (n = 5); EDTA treatment (n = 5) (17);
combined UV and bleach treatment (n = 5) (16); UV treatment (n = 5); and
bleach treatment (n = 6). For the EDTA treatment, calculus fragments were
submerged in 1 mL 0.5M EDTA for 1 hour (17). The combined UV and
bleach treatment exposed individual dental calculus fragments to UV
radiation for 30 minutes on each side, followed by submerging the calculus
sample in 3 mL of 5% bleach in a sterile petri dish for 3 minutes (16). The
individual UV and bleach treatments used the respective element of the
combined UV and bleach treatment protocol. Following decontamination, all
samples were washed in 1 mL of sterile 80% ethanol for one minute to
remove residual chemicals (e.g. EDTA or bleach) prior to extraction. To
examine whether DNA was released from the calculus during the ethanol
wash, the ethanol washes from each sample (n = 26), as well as control
ethanol samples (n=3), were evaporated, and the resulting DNA was
suspended in TLE buffer (500 pl Tris(hydroxymethyllaminomethane
hydrochloride (Tris HCL) (1M), 10 ul EDTA (0.5M), and 50 ml dH,O) (26).
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DNA extraction, amplification, and sequencing

All samples, except for the ethanol washes, underwent an in-house,
silica based DNA extraction, as previously described (27). To account for
small sample sizes, total volumes of lysis and guanidinium DNA binding
buffer were reduced as follows: 1.8 mL lysis buffer (1.6 mL 0.5 M EDTA
(0.5M), 200 pL SDS (10%), and 20 pL proteinase K (20 mg/ml)) and 3 mL
guanidinium DNA binding buffer. Two extraction blank controls were
included for every seven dental calculus sample extractions. A 289 base pair
stretch from the V4 region of the 16S ribosomal RNA (rRNA) encoding gene
(position 515-806 of the E. coli reference genome) was amplified in triplicate
from all samples (dental calculus, resuspended ethanol washes, and
extraction blank controls) alongside an additional PCR negative control using
barcoded primers (28). Each PCR reaction contained: 17.5 pL sterile H,0, 1
uL of DNA extract, 0.25 yL of Hi-Fi taq (Life Technologies), 2.5 pL of 10X Hi-
Fi reaction buffer, 1 yL MgCl, (25mM), 0.2 yL dNTPs (10 mM), and 1 pL
each of the forward and reverse primers. Samples were amplified using the
following conditions: initial denaturing (95°C, 6 minutes), followed by 37
cycles of denaturing (95°C, 30 seconds), annealing (50°C, 30 seconds), and
elongation (72°C, 30 seconds), and finally adenylisation (60°C, 10 minutes).
Following ampilification, the triplicate reactions were pooled, and PCR
products were visualized by electrophoresis on a 2.5% agarose gel.
Samples were quantified (Qubit 2.0, Life Technologies) before being pooled
at equimolar concentrations and purified (Ampure, Agencourt Bioscience).
The pooled sample (e.g. DNA library) was quantified using the Tapestation
and the KAPA SYBR Fast Universal master mix gPCR assay (Geneworks),
and DNA sequencing was completed using the lllumina MiSeq 150bp paired
end chemistry (lllumina, San Diego, CA, USA).
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Figure 1: The five decontamination protocols applied. A workflow, from top

to bottom, for each of the decontamination protocols applied to the groups
of ancient dental calculus samples in this study. Green dots represent use of

that treatment on each sample being analysed.

OTU picking and filtering

Sequences were demultiplexed and quality filtered in QIIME (V1.8) (29)
using the split_libraries_fastq.py script with parameters: barcode error = O
and quality score > 20. Operational taxonomic unit (OTU) picking was
completed against GreenGenes (V13.8) (30) with 97% similarity using both
closed and open reference methods. The closed reference OTU dataset only
includes sequences that match references within the GreenGenes database;
the open reference dataset also included OTUs without reference matches.
To remove contaminant DNA introduced through laboratory processing,
OTUs identified in negative controls and as common laboratory
contaminants (20) were removed from dental calculus samples processed in
the same batch. Ethanol washes, which were not expected to have a high
biomass or necessarily to be representative of human microbiota, were
filtered by the OTUs present in the control ethanol samples. Finally,

singletons (OTUs present only once) were removed from the data.
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Comparison data

To provide comparative data, dental calculus from modern (n = 6)
and Industrial Revolution (n = 3) individuals that had been processed in the
same lab were added to the dataset. The ancient samples had previously
undergone the combined UV and bleach treatment described above, and
both sample sets underwent extraction, amplification, sequencing, and
filtering as described above. In addition, preprocessed 16S rRNA gene
datasets were downloaded from the Qiita database for comparison
(giita.microbio.me). These samples included: human skin samples (n = 11)
(31) and environmental samples from agricultural soil (n = 8), temperate soil
(n = 4), forest soil (n = 4), tropical soil (n = 5), and park soil (n = 6) (Study IDs:
232, 808, 846, and 1674. qgiita.microbio.me).

Bioinformatic and statistical analysis

Following filtering, all bioinformatics analyses were conducted within
QIIME (V1.8). First, SourceTracker (V0.9.6) (32) was used to identify the
proportions of endogenous and contaminant signal in each sample. To
complete the SourceTracker analysis, closed reference data were compared
to the following source populations: modern and Industrial Revolution dental
calculus samples (representing high quality oral microbiota), human skin, and
varied soil types (representing expected sources of contaminant DNA).
Specifically, a subset of skin samples was used to minimize bias from
unevenly sized reference groups (samples: P15024, P15268, P15733,
P16107, P16187, P16199, P16304, P16320, P16393, P16399, and
P16562 were used). SourceTracker was run with default parameters (1,000
subsampling, 10 iterations per sink sample) in R (V3.1.0) (33) using the
QIIME wrapper. The suitability of the source populations was confirmed
using the “take-one-out” method, which demonstrated that the samples
within each reference group were more similar to one another than samples

in any other group.
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To examine differences in diversity between the different
decontamination steps, a variety of analyses were performed. Alpha diversity
(observed species) was calculated for each treatment group at rarefaction
levels from O to 2,000 (in intervals of 10) using closed and open reference
datasets in QIIME. A Goodness of fit test (G-test) was applied to detect
significant differences in genera-level taxa between untreated samples and
each of the decontamination protocols. To reduce false positives generated
by rare taxa, OTUs below 0.1% of the total taxa present were removed
before performing the G-test. To identify the environmental taxa impacted by
the decontamination protocol genera level taxa that were significantly
different (p < 0.001) were classified as environmental or oral based on their
presence or absence (respectively) in the Human Oral Microbiome Database
(HOMD) (homd.orqg).

Several statistical assessments were performed to identify taxa that
were significantly altered by the different treatments. First, a one-way
ANOVA was applied to test if the average frequency of OTUs in each
protocol group had altered in relation to the untreated group. Next, for each
sample, OTUs identified in the G-test analysis were ranked as increasing or
decreasing relative to the untreated proportion. A one-way ANOVA was
performed to identify taxa that significantly differed between the four
treatment groups. Finally, taxa released into the ethanol washes were
classified as environmental or oral using HOMD, and the ratio of oral to

environmental taxa assessed.

Results

Reduction in detectable contaminant OTUSs

Our first aim was to identify samples with the lowest level of known
contaminant OTUs. SourceTracker analysis was applied to identify the
proportion of OTUs within each sample that originated from oral, skin, soil, or
unknown bacterial communities (Figure 2A). Interestingly, there was no
evidence of skin microbiota in any sample. On average, samples in the

untreated group were comprised of 9.1% soil and 27.8% oral OTUs. The
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remaining proportion came from unknown sources. The previously published
EDTA treatment and the combined UV and bleach treatment both
decreased the average proportion of soil OTUs to 4.3% and <0.01%,
respectively. Specifically, four out of the five EDTA treated samples had no
detectable soil component, while a single EDTA treated sample was
comprised of 21.5% soil OTUs. Similarly, only one sample from the
combined UV and bleach treatment had a detectable soil signal, which
represented <0.01% of the sample. An increase in the average oral
proportion was detected in both published treatments (33.8% in the EDTA
method and 33.6% in the combined method). When UV treatment and
bleach treatment were performed independently, UV treated samples had an
average soil component of 6.3%, while bleach treated samples had 5.3%.
Surprisingly, UV treated samples had the lowest average oral component of
all the groups (19.8%), and bleach treated had the highest (46.7%).
Importantly, all treatments reduced environmental contaminant OTUSs relative
to the untreated samples, although the combined UV and bleach treatment
was the most effective at removing soil contaminant OTUs across all
samples. The EDTA treatment averages are skewed by a single sample,

which may not be representative of the effectiveness of the EDTA treatment.
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Figure 2: Contamination and taxonomic profiles of each sample, grouped
by decontamination protocol. The proportion of oral, skin, soil, and unknown
OTUs in each sample. Proportions were defined by comparison to reference
samples of oral, skin and soil microbial communities using the Bayesian
modelling program SourceTracker (A). The OTUs identified within each
phylum are displayed for each calculus sample (>0.08% of total proportion)
(B) and for each ethanol wash (C). These analyses used closed reference

OTUs (i.e. OTUs identified in the GreenGenes database).

108



Decontamination alters sample diversity

An effective decontamination method should reduce both the number
of contaminant taxa and therefore the overall diversity within calculus
samples. To test this, alpha diversity was examined in both open and closed
reference OTU data sets (Figure 3). The untreated group had the largest
variation among samples, resulting in non-significant differences. However,
there were interesting trends across the different treatments. Both published
protocols reduced the microbial diversity in relation to the untreated
samples. For the closed reference data (where only OTUs matching the
GreenGenes database were considered), the average diversity in the EDTA
treatment was 7.4% lower than the untreated group. In contrast, the UV and
bleach treatment had a greater impact, and was 18.5% lower than the
untreated group. For open reference OTUs (which also include de novo
OTUs), the EDTA treatment was found to reduce diversity by 12.6%, while
UV and bleach treatment reduced diversity by 1.1%. UV treatment also
reduced diversity in both closed and open reference datasets (26.4% and
0.9%, respectively). Conversely, the bleach treatment increased the diversity
in both cases. This is particularly notable in the open reference data, where
an average 29.4% increase was observed in the bleach treated group in
comparison to the untreated group. This suggests that bleach treatment
artificially increases bacterial diversity by causing DNA damage that is
recognized as sequence divergence and a unique OTU. Together, this data
indicates that the DNA being removed from the calculus surface were from
unique taxa in comparison to the taxa with preserved DNA within the

sample, supporting the need for effective decontamination protocols.
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Figure 3: Average alpha diversity within protocols. Lines represent the
average alpha diversity (observed species) of all samples processed with the
same decontamination protocol. Dotted lines signify the diversity calculated
within the closed reference OTUs (OTUs identified in the GreenGenes
database) and solid lines represent diversity detected within the open
reference OTUs (Closed reference OTUs plus OTUs without matching
sequences in the GreenGenes database). The colours represent the different

protocols, and the error bars (one standard deviation) are shown in grey.

Exclusion of environmental taxa following decontamination

We used a G-test to determine which genus level OTUs significantly
changed in frequency during each treatment relative to the untreated group.
Methanobrevibacter taxa were excluded from this analysis as abundance
measures based on 16S rRNA gene sequencing are heavily biased for this
taxon (34). We summarized the percentage of environmental taxa (absent
from the Human Oral Microbiome Database (HOMD)) with significantly
different frequencies (p < 0.001) relative to the no treatment controls (Figure
4A), and the percentage of oral OTUs (present in HOMD) that increased
relative to no treatment controls (Figure 4B). Of the published protocols,

EDTA treatment reduced a smaller proportion of environmental taxa
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compared to the combined UV and bleach protocol (55.6% compared to
63.6%). In both published protocols, the majority of oral taxa were increased
relative to no treatment (85.0% for EDTA protocol and 64.8% for UV and
bleach protocol). In contrast, UV treatment alone had limited impacts,
reducing 53.8% of environmental taxa, and increasing only 28.9% of oral.
Bleach treatment also reduced 53.8% of environmental taxa, but promoted
the highest proportion of oral taxa (93.3%). However, these differences were
non-significant when tested with a one-way ANOVA (Environmental: p =
0.553, and Oral: p = 0.235). Similarly, when OTUs were ranked as increasing
or decreasing in each sample, relative to the untreated samples, the
protocols did not have significantly different impacts (one-way ANOVA,
Environmental: p = 0. 0.178 and Oral: p = 0.908). Despite non-significance,
the published protocols perform better than the individual UV or bleach
treatments. However, while oral taxa were predominantly increased (except
with UV treatment alone), some oral OTUs were reduced following each
treatment, indicating that while decontamination is effective, it also impacts

endogenous DNA.
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Figure 4: Percentage change in environmental and oral taxa. Taxa with
significantly different abundances from the no treatment controls were
identified using the G-test. Of these significant taxa, we summarized the
percentage of environmental taxa (absent from HOMD) that decreased
relative to the no treatment controls (A), and the percentage of oral OTUs

(oresent in HOMD) that increased relative to no treatment controls (B).

Contaminant genera are primarily soil taxa

To identify the major sources of environmental contaminant OTUs in
calculus samples, the likely habitats of all identified genera not present in the
HOMD (12 of 44) were explored. Soil is the habitat of eight of the genera.
The Archaeal genus, Candidtus nitrososphaera, is a common soil
microorganism (35) and bacteria from soil types expected in the
archaeological context (irrigated agricultural soil, landfill and freshwater
sediments) were identified, namely Pseudonocardia, Paludibacter,
Paenisporosarcina, Pedomicrobium, Propionivibrio, Steroidobacter, and
DA101 (36-44). Schwartzia was also identified as an environmental
contaminant, and is found in ruminants, particularly cows (45). Cattle
markets within York may have resulted in this taxa being present
environmentally (46). Several taxa are known to be present in both

environmental and human microbiota, and include SHD-231 (ruminants and
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human periodontal pockets) (47) and Hydrogenphaga (Daphnia gut and
human disease) (48,49) and so may be endogenous or contaminant taxa.
The final genera, TG5, which was not recorded in the HOMD has previously
been reported in the human mouth (50), indicating disparity between
methods of classifying oral taxa. Together, this suggests that soil is the
primary source of contaminant DNA within ancient calculus samples, as all
non-oral genera were primarily isolated from soils and sediments.
Microorganisms from non-oral human body sites were not detected,
suggesting minimal contamination from handling. However, other
contributing factors, such as storage environment, should be assessed

further.

Taxa profile of ethanol washes

DNA within the ethanol washes was sequenced to identify the taxa
that were released from the calculus samples during the decontamination
process. We assessed the potential of gaining insight into the environmental
information preserved on the outer surface of calculus by examining the taxa
present within the ethanol washes. Ethanol washes contained low diversity
and had a limited numbers of reads, as expected (26). Not all samples could
be successfully sequenced, resulting in only three datasets for the samples
decontaminated with EDTA (Figure 2C). In total, 77 genera level OTUs were
identified within the ethanol washes across samples, and 59 of these were
classified as environmental taxa (i.e. not present in HOMD database). Of the
10.2 genera observed on average within the untreated samples, nearly half
(47%) were environmental (4.8 genera). The largest proportion of
environmental taxa was observed in the EDTA treatment group (n=3); eight
of ten genera in ethanol washes following EDTA treatment were
environmental. The ethanol washes following the combined UV and bleach
treatment had fewer total genera than the untreated samples, and 33% were
environmental (2.4 of 7.2 OTUs). Ethanol washes from UV treated samples
contained more environmental genera than the untreated (51%; 6.4 of the

12.6 genera present). Ethanol used to wash bleach treated samples had 4.7
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taxa, the lowest average of all groups (2.5 environmental genera (53.2%)).
While these findings indicate that amplifiable DNA is being recovered from
the dental calculus surface following decontamination procedures, only
limited, stochastic taxa could be recovered, limiting the effectiveness of

ethanol washes to monitor environmental taxa.

Discussion

Using archaeological calculus samples representative of the
conditions present during ancient microbiota studies, the results of this study
indicate that laboratory based decontamination treatments reduce
detectable environmental contaminant taxa and improve oral taxa
proportions within ancient samples. The previously published methods using
a combined UV radiation and bleach submersion, or a predigestion in EDTA

are more effective than single treatment with either UV radiation or bleach.

UV and bleach combined treatment and EDTA treatment are

similarly effective decontamination methods

All of the decontamination methods resulted in fewer identifiable
contaminant taxa and increased levels of oral taxa in comparison to
untreated samples. Both the EDTA treatment and UV and bleach treatment
showed a decrease in alpha diversity, and the G-test results show that both
methods decrease environmental contaminant OTUs. However, the
SourceTracker results indicated that the combined approach of UV and
bleach treatment resulted in the lowest levels of known soil contaminant
OTUs. Within this study, the average proportion of soil OTUs was higher in
the EDTA treatment group. However, this is driven by a heavy load of
contaminant OTUs in a single sample within the EDTA was group.
Consequently, we note that the two treatments both appear to be effective
at removing soil contaminant DNA from calculus samples. However, analysis
of more samples, and decontamination analysis on samples from the same

individual, should be performed to confirm this finding.
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UV treatment and bleach treatment alone are not effective

decontamination methods

The individual use of a UV treatment or bleach treatment did not
perform comparably to the combined UV and bleach or the EDTA, despite
the ability of both single treatments to decrease the level of contaminant
OTUs compared to the untreated samples (SourceTracker and the G-test
results). There differences between the two methods were likely due to their
different coverage of the calculus surface and their actions on DNA. The
limited effectiveness of UV treatment may have been due to the inability to
irradiate the entire calculus surface. The ridged, three-dimensional surface of
dental calculus creates pockets where environmental DNA may be shielded
from the UV radiation. In addition, UV radiation is less efficient at destroying
short DNA fragments, characteristic of ancient samples, compared to
bleach. For example, the 16S rRNA V4 fragment amplified in this study is
289 base pairs (28), and fragments of this size are less susceptible to UV
destruction than larger fragments (~700 base pairs) (51). In contrast, bleach
treatment demonstrated the ability to decrease environmental taxa.
However, despite the reduction in environmental OTUs, the total and oral
OTU count increased, particularly in open reference datasets where de novo
OTUs are incorporated. It is likely that bleach treatment is creating non-
biological and novel DNA fragments by altering the DNA sequence through
oxidative action. Low concentration of bleach can cause base modifications
and create chlorinated base products, while only higher concentrations of
bleach are capable of fully destroying DNA by breaking the phosphate bonds
between nucleotides (52). Low concentrations of bleach have been
traditionally used in decontamination protocols, because high bleach
concentrations may damage the low, endogenous DNA content within the
calculus samples. Nevertheless, bleach treatment alone at these
concentrations appears to create novel OTUs. Further studies should assess
different bleach concentrations and immersion times to explore the varying
impacts, particularly as bleach is a recommended treatment for ancient

samples (23). UV treatment can also cause base oxidation but this is only
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one of several mechanisms that UV radiation can cause DNA destruction
(51). Consequently, novel OTUs are likely being produced as a result of UV
radiation. However, the proportion is likely lower due to the other impacts on
DNA preventing amplification. The results here indicate that use of UV or
bleach treatment alone should be avoided.

The combination of UV radiation and bleach immersion did not result
in an increased alpha diversity. This is likely because the oxidative effects of
bleach treatment are occurring, in part, on DNA fragments that have been
crosslinked by the UV irradiation (51). Crosslinking of the DNA strands with
surrounding molecules prevents the strand being read by a polymerase
enzyme, thus preventing PCR amplification and sequencing. Even if the
crosslinked DNA fragments experience sequence modification rather than
destruction as a result of the bleach treatment, the novel, non-biological
sequences are not available for DNA replication during the PCR. However,
the combined use of these treatments does not eliminate the possibility that
novel OTUs will be produced as a result of oxidative action. As newly
generated DNA sequences are likely to be unique, the OTUs they form will
be relatively rare within the dataset. Removal of rare OTUs (i.e. singletons),
which is already a common requirement of statistical tests during OTU

analysis, may largely reduce the impacts on analysis.

Soil and sediment are the main sources of contaminant OTUSs

Environmental contaminant DNA can originate from a wide variety of
sources, including soil, water, plant matter, decomposition of the body,
archaeologists and museum curators, archaeologist tools, museum dust,
etc. Our analysis identified that the matrix that surrounds the archaeological
samples (e.g. soil) is the major source of DNA contaminating calculus
samples. Of the 12 environmental genera removed by all decontamination
protocols, we were able to identify eight of them from known soil or
sediment sources. SourceTracker analysis also specifically matched the
contaminant DNA within calculus samples to microorganisms within

parkland and agriculture soils, which is consistent with the urban gravesites
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where these samples were recovered. However, soil from different locations
has very different microbial communities (53), and sediment from the actual
archaeological site, when and if available, will provide the best comparison of
contaminant DNA, rather than relying on soil microbial databases. If soil is
not available from the site, then comparisons to these databases serve as
the next best option to examine these effects.

Surprisingly, no human skin associated genera were observed in any
of the samples. This may reflect particularly minimal handling during this
specific excavation. The Jewbury site is a primary example of rescue
archaeology, where very limited time was available to complete the survey
and very minimal sample handling occurred (24). Further, the samples
analysed in this study were not housed in a museum collection, which also
likely limited their exposure to human skin. These specific circumstances
may have limited exposure to human skin microorganisms, but future studies
should continue to monitor for skin contaminant OTUs or unique taxa that
could be introduced through additional sample exposure once the
archaeological material is unearthed.

As this study was conducted with amplicon data (16S rRNA
sequences), only genera level analysis was possible, which may have
masked unique environmental contaminant DNA (54). For example,
Actinomyces and Streptococcus are genera considered part of the oral
bacterial community, and are included in HOMD. However, both of these
genera contain multiple species that are commonly found in the environment
(55,56) Consequently, 14 of the known 47 Actinomyces species are not
included on HOMD, as are 73 of 116 known Streptococcus species.
However, with genera level identification, the signal from environmental
species cannot be detected and removed from the oral signal. Inference of
biologically or culturally relevant patterns may then result from incorrect
abundance measures. Shotgun sequencing approaches are preferable as
they provide the ability to obtain detailed species and strain information,

providing greater resolution of the microbial community within the sample
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(34), and allow a more refined identification of contaminants. This approach

will also provide data on the functional capacity of the community.

Decontamination of ancient samples is necessary

The combined UV and bleach treatment and EDTA treatment
increased the sequencing depth of oral taxa by removing up to 9.1% of
environmental contaminants within the sample. This increases data quality
and reduces sequencing efforts and costs. Recent studies of dental calculus
have applied shotgun sequencing approaches, rather than amplicon based
strategies, as several significant biases have been detected in amplicon
sequences of ancient microbiota analysis (17,57). However, there are
currently few protocols, programs, or databases designed to handle shotgun
metagenomic data sets or potential contamination introduced into them.
Consequently, basic laboratory practice is still a key element of acquiring
high quality data. However, variation still occurs between samples, as
indicated by the highly contaminated sample in the EDTA treatment group,

and application of a standard protocol does not ensure sample quality.

Conclusion

The susceptibility of ancient microbiota analyses to contaminant DNA
is a major concern. While sterile working facilities and effective methods can
reduce the influx of contaminating taxa during laboratory work, contaminant
DNA gained during preservation, excavation, and storage cannot be
accounted for by these methods. To combat this, effective decontamination
prior to DNA extraction is critical. The removal of soil taxa and maintenance
of oral taxa across samples leads us to suggest the combined UV and
bleach treatment or EDTA treatment as suitable protocols to obtain robust,

oral microbiota data from ancient dental calculus.
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Abstract

Modern oral microbiota can trigger severe oral and systemic disease.
Developing medical treatments to alter the microbiota and combat these
diseases requires identification of the environmental factors that drive
microbiota structure in everyday life. Ancient DNA studies of dental calculus
allow direct analysis of historical oral microbiota, providing insight into the
key drivers of microbiota structure through time. We demonstrate that a
complex of dietary factors differentiated the historical populations of Great
Britain into two major groups using functional analysis of dental calculus
samples from across England and Scotland. We suggest that these groups
represent socio-economic differences based on the access to high status
foods such as meat and dairy products. These results demonstrate potential
archaeological applications to study multiple dietary components in ancient
populations and suggest that altering available nutrients may be a simple but

powerful method of altering oral microbiota in modern populations.
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Today, the oral microbiota of industrialized populations are associated
with both local and systemic disease’. Oral microbes have been linked to
oral disease, such as dental caries and periodontitis?, and to wider health
impacts including cardiovascular disease®, cancer!, and mental health®.
Microbiota across the body are known to be defined and altered by
environmental pressures®. Modern studies have indicated that microbiota
can be significantly altered by the living environment, interactions between
people, disease, and diet”™'". Consequently, it is critical to understand the
diversity, specific species, and functions of oral microbiota at both the
individual and the population level to develop medical treatments for
microbiota related diseases and to identify the aspects of the living
environment that define these properties.

Comparisons of microbiota in industrialized and non-industrialized groups
have been used to identify differences between modern, industrialized life
and the assumed ancestral state with the aim of identifying the cultural and
environmental factors that have resulted in modern, disease associated

microbiota'? .

These comparative studies have revealed that non-
industrialized groups typically do not suffer from the same local or systemic
disease loads as industrialized peoples, and that significant variation exists
between gut microbiota from different non-industrialized peoples', which is
likely explained by the unique cultural and environmental histories of each
group. As different modern, non-industrialized groups have unique
microbiota, it is unclear which, if any, are representative of the ancestral
state of industrialized peoples. Consequently, the direct study of historical
populations is necessary to specifically identify the historical factors that have
defined and altered the microbiota in individual populations. This information
is critical to identify which modern cultural behaviours might be involved in
altering microbiota and leading to disease.

Ancient DNA studies have the ability to examine historical microbiota and
test hypotheses about the impacts of changes in environmental and cultural
factors through time. Oral microbiota are preserved in calcified dental plaque

deposits (calculus)™ which are routinely found on archaeological human
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remains'® and can be removed without damaging the tooth surface. Studies
examining ancient bacterial DNA trapped within calculus in European
specimens have identified that both the agricultural (Neolithic) revolution
(~8,000 BCE) and the industrial revolution (~1750 CE) were associated with
major changes in the oral microbiota which are likely linked to increases in
the overall intake of dietary carbohydrates'’. However, the individual and
population level structure of oral microbiota directly prior to these revolutions
and the lifestyle factors that defined them, remain unknown. Changes in the
historical environment potentially exposed people to densely populated
cities, poor waste removal, human movement and trade while impacting
dietary access and exposure to diseases, each of which may have defined
the microbiota of individuals and, potentially, the population'®.

Diet is a major driving factor of microbiota diversity'®, and dietary
changes impact microbiotia composition and function at both the population
and individual level. For example, the community structure of gut microbiota
has been observed to alter within 24 hours of a change in diet (i.e. high
protein and fat to high fibre) indicating the large impact of nutrient
availability'". Furthermore, multiple studies have shown that dietary groups
can be differentiated by microbial function; for example, carnivorous or
herbivorous mammals can be separated by key microbial functions
associated with amino acid metabolism'. The humanization of diet (i.e. a
reduction in fibre) from wild to captive non-human primates is also
associated with a reduction in the microbial fibre-digestion pathways®.

Given that diet will have been a key driver of human microbiota through
history', it is likely that changes in microbial functions linked to diet (i.e.
meat, fibre, and carbohydrate consumption) will be observable in historical
oral microbiota and indicate altered dietary patterns between and during the
agricultural and industrial revolutions. However, amino acid, fibre, and
carbohydrate metabolism of microbiota have not yet been explored within
any ancient population. Therefore, detailed studies of ancient microbiota and

their functions from different populations must be undertaken to understand
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how cultural and dietary factors may have impacted the microbiota through
time.

Here, we analyse a detailed transect of ancient dental calculus samples
from Great Britain to identify specific factors that altered microbiota prior to
industrialization. Sixty-two samples were collected from Pre-Roman (prior to
43 CE) to Medieval (~1700 CE) periods from twelve archaeological sites
across England and Scotland, including: Breedon on the Hill (Leicestershire,
Anglo-Saxon), Hinxton (Cambridgeshire, Iron Age and Anglo-Saxon),
Jewbury (York, Medieval), Kirk Hill (Fife), Kirkwall Cathedral (Orkney, Viking),
Linton (Cambridgeshire, Anglo-Saxon), Newark Bay (Orkney, Viking),
Oakington (Cambridgeshire, Anglo-Saxon), Raunds (Northamptonshire,
Anglo-Saxon), St. Brides (London, post-Medieval), St. Helens-on-Walls
(York, Medieval), St Ninnians Isle (Orkney, Viking), Bronze Age Yorkshire, and
Pictish (Scotland). These samples have thorough archaeological reports that
provide detailed information on culture, paleopathology, age, and sex,
allowing us to interrogate the cultural and dietary changes that influenced
microbiota. This data set provides the first detailed resolution of microbial

species and function in an ancient human population.
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Results

Robust oral microbiota are retrieved from ancient British specimens
Careful consideration was given to the risk of laboratory and
environmental contamination, as endogenous signals can easily be obscured
or misinterpreted due to contaminating microbial DNA?'**, To minimize
contamination, samples were processed in an ultra-sterile, specialized
ancient DNA laboratory and underwent a decontamination protocol to
remove environmental contamination present on the outer surface (i.e. UV
radiation for 30 minutes on each side followed by a three-minute submersion
in 5% bleach)'”. Optimized silica-based ancient DNA extraction and

metagenomic library preparation protocols were applied'”

and negative
controls were incorporated throughout to monitor laboratory and reagent
contamination. We also obtained modern plaque (n = 5)*° and dental
calculus (n = 1)?" data for comparison.

Ancient DNA samples contain low amounts of endogenous DNA (<
1%)*. Consequently, dental calculus samples may not contain sufficient
preserved DNA to provide a representation of the ancient oral microbiota. In
addition, when handling such low biomass samples, a large proportion of the
DNA recovered may come from contamination by the low concentration of
microbial DNA present within “sterile” reagents and laboratories?. To
minimize the risk of misinterpretation due to DNA degradation and
contaminating DNA, we applied four assessment procedures to identify high
quality samples and remove potential contaminant DNA in the dataset. First,
Bray-Curtis pairwise dissimilarity was calculated between all samples (n =
62) and negative controls (n = 28). Of the negative controls, 21 had an
average Bray-Curtis dissimilarity of < 0.6 when compared to each other. The
minimal variation indicated that these controls were a consistent
representation of the laboratory environment (i.e. were not cross-
contaminated with samples). Dental calculus samples were excluded if they
lacked endogenous signal (i.e. had a dissimilarity less than four standard
deviations from the 21 laboratory representative negative controls). This

procedure only excluded two samples, reflecting the robust signal derived
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from dental calculus specimens. Secondly, any species detected within the
negative controls was removed from all calculus samples®. This removed
26.2% of all species level identifications from the data. Thirdly, we
normalized the data set to remove samples with fewer than 100,000 reads
resulting in a normalized dataset with 129,760 reads per sample. Fourthly,
we examined whether there were any correlations in the data with obvious
potential confounding factors to test for bias introduced by experimental
procedure. Data were not significantly correlated with sampling site within
the mouth (upper or lower jaw, left or right side of the mouth, and tooth type)
or laboratory handling (extraction, library, and sequencing groups) (ANOSIM,
R < 0.3 and p > 0.05, Table S1). However, oral microbiota are known to vary
with oral geography®’; therefore, only samples from molar teeth were
analysed to limit any potential bias within the ancient data. Ultimately, 33
ancient calculus samples, representing 10 archaeological sites from the Pre-
Roman to Medieval periods, and six published modern samples were

deemed robust and analysed further.

Three distinct microbiota groups are observed in ancient Britain

We first assessed the similarities and differences between the ancient
and modern samples. Bray Curtis dissimilarities of the rarefied data were
UPGMA clustered, revealing three statistically different groups (Figure 1;
ANOSIM, R = 0.785 p = 0.001, Table S1). Two groups consisted exclusively
of ancient samples (Group 1 (n=12) and Group 2 (n=20)). These clusters did
not have significantly different diversities (observed species, Figure 2a) and
had no correlation with time (ANOSIM, R < 0.3, p > 0.05, Table S1).
However, the dominant primary colonising microorganism (i.e. an oral
species that binds the tooth surface®) was distinct within each of the two
ancient groups. Streptococcus species were the dominant primary colonizer
in Group 1, while Methanobrevibacter species were dominant in Group 2b
(Figure 2). These differences in primary colonizers were also linked to
community level changes in the microbiota (Kruskall Wallis, p < 0.05. Table

S2). 35 taxa had increased abundance in Group 1 relative to Group 2, while
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68 taxa were increased in Group 2 relative to Group 1. This demonstrates
that the two distinct groups consisted of different microbial communities.
Interestingly, modern samples clustered together with a single ancient
sample (St. Helens on the Walls 2, York, 1100 — 1550 CE) in Group 3
(Modern). This group of generally modern samples was significantly different
from both ancient groups (ANOSIM, Modern vs. Group 1: R=0.797,
p=0.001; Modern vs. Group 2: R=0.989, p=0.001, Table S1), even though
Streptococcus species was also the primary colonizer of samples within the
Modern group, similar to Group 1. Indeed, samples within the Modern Group
showed no significantly different taxa with Group 1 {Kruskall Wallis, p < 0.05,
Table S3a), while 57 taxa were significantly different from Group 2 (Kruskall
Wallis, p < 0.05, Table S3b). The similarities between the Modern Group and
Group 1 suggest that Group 1 may be the precursor to modern microbiota

in Great Britain.
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Modern Plaque 2
Modern Plaque 3

Modern Dental Calculus
Modern Plaque 5
Modern Plaque 1
Modern Plaque 4

St. Ninians Isle 2
Kirkhill 1
St. Ninians Isle 3

irkhi
St. Ninians Isle 3

Kirkwall Cathedra

Figure 1: Ancient dental calculus samples clustered using the UPGMA
method based on Bray-Curtis dissimilarity. Samples fall into three major
groups as denoted on the right hand bar (Modern — Orange, Group 1 — Red,
Group 2 - Blue). Individual samples a coloured according to archaeological

site, which do not associate with the three groups.
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Location and disease do not define ancient microbiota diversity

We assessed archaeological, palaeopathological, and functional
information to search for factors that may have driven the formation of the
distinctive groups of oral microbiota within ancient Britain. Importantly, the
samples did not correlate with archaeological sites or with broader
geographical or cultural classifications (Region, Country, or Urban vs. Rural
groups (ANOSIM, R < 0.3 and p > 0.05, Table S1)), which were patterns that
had previously been observed in other datasets'’. This would suggest that
the clusters observed here are based on individualistic factors linked to a
person’s behaviour rather than factors that exist at the population level.
Therefore, we tested personal factors such as sex and age estimates.
However, these factors also did not explain the groupings (ANOSIM, R < 0.3
and p > 0.05, Table S1).

Next, we investigated the impacts of disease by correlating the 3 oral
microbiota groups with palaeopathological data, where available. While no
larger significant trends were identified, patterns within single archaeological
sites were suggestive of trends. For example, children from the Anglo-Saxon
site at Oakington (n = 2) were within Streptococcus-dominated Group 1,
while the adults (n = 4) from the same site fell within Methanobrevibacter-
dominated Group 2 (Figure 1a, Turquoise). Dental calculus is unusual in
children and normally only forms from the late teens® onwards, suggesting
that disease may have contributed to the formation of microbiota within
Group 1. Similarly, Group 1 also contained a diseased male from St. Brides
Church suffering from an abnormal growth in the mouth and a benign bony
swelling (torus palatinus), London (Figure 1a, Green). However, the lack of
disease related metadata from all individuals inhibited our ability to test
disease related links throughout Group 1.

We next examined the link between the groups and the presence of
known human pathogens preserved within the calculus as a marker of oral
and systemic disease®’ (Table S4). The Red Complex of oral pathogens
(Porphymonas gingivalis, Treponema denticola, and Tannerella forsynthia),

which is associated with severe periodontal disease®', was present in all
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ancient samples (Table S4). In addition, the two well-known oral pathogens
Streptococcus mutans and Fusobacterium nucleatum were present (n = 23
and n = 33, respectively) although they did not differentiate the two clusters.
However, a single non-oral pathogen (Clostridium botulinum, a food-borne
pathogen and environmental microbe®) was significantly increased in Group
2 (Kruskall-Walllis, p < 0.05, Table S1) and was the only known pathogen
statistically linked to a group. However, the low proportion of this pathogen
suggests that it was probably not driving overall microbiota diversity (present
in 27 samples, read count < 70 per sample). However, its presence does
suggest that historical individuals were regularly exposed to C. botulinum,
which could have been a healthy part of their microbiota acquired from food
sources or through environmental exposure. Interestingly, primary food
vectors at this time would have been fermented, salted, or smoked fish and
meat products. Consequently, to be increased within Group 2 is unexpected
but may be as a result of increased environmental exposure due to the social
status of individuals in Group 2. It is unlikely that this is environmental
contamination as it was preferentially observed in one group over another
across a mixture of archaeological sites. Despite these small-scale
observations with paleopathology and C. botulinum, large trends in oral
health and systemic disease do not appear to drive the different groups of

microbiota in ancient Britain.
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Figure 2: a. Mean alpha diversity (observed species) and one standard
deviation of each group when all taxonomic levels are rarefied to 120,000
reads. b. Indication of the two major primary colonizers in the three groups.
Stacked bar chart of genera with Streptococcus species (Red) and

Methanobrevibacter species (Blue).

Meat consumption is more prevalent in the Streptococcus-dominated
Group 1

While no eukaryotic sequences corresponding to dietary food sources
were identified within our low-coverage data, bacterial community structure
and functional differences can divulge large-scale dietary differences'®22"%,
Eukaryotic sequences were examined. However, the data available in low-
coverage data was insufficient to compare between samples. Therefore, we
compared previously published dental calculus samples with associated
dietary information to our data; these published datasets include Neandertals
with either meat eating or foraging habits, a foraging chimpanzee?, and
meat eating medieval European farmers® (Figure 3a). We examined

similarities in species between these published samples and Group 1 and

Group 2 individuals using SourceTracker (Figure 3b). Using our data as
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references, Bayesian modelling estimated the proportion of microbiota
diversity from the published samples with known diets as coming from
Group 1, Group 2, or an unknown source. Individuals that had evidence for
high meat consumption (Spy Il Neandertal and the Medieval farming
samples) contained more taxa from Group 1, while individuals evidenced to
have lower meat consumption (the ElI Sidron 1 Neandertal and
chimpanzee)?’, had the highest proportions of Group 2 taxa. However, the El
Sidron 2 Neandertal, previously designated as a low meat eating forager,
had mostly Group 1 microbes (96%). Overall, these patterns suggest that
the bacteria within Group 2 might be typically indicative of a diet that
contains little to no meat while Group 1 members had meat in their diet.

We examined this link to meat-eating by exploring amino acid
metabolism functions within the metagenomic diversity, as specific amino
acid metabolism pathways are linked to either carnivore or herbivore diets'.
Within our dataset, we identified 84.6% (33 of 39) of the amino acid
metabolism pathways previously identified within mammalian microbiota as
indicators of high or low meat consumption. 70 different individual functions
were identified within these 33 pathways. Of these, 24.3% (17 functions)
were significantly different between the three groups (Kruskal-Wallis, p <
0.05) and had a mean abundance > 10 reads in one of the three groups
(Figure 4, Table S5). All of the amino acid functions linked with meat eating
(n=4) were enriched in Group 1 and the Modern Group. The Streptococcus-
enriched Group 1 and Modern Group also contained four of the 13 functions
associated with plant eating, suggesting that these individuals were eating
both meat and plants. This reflects the dietary inferences previously
generated for the Spy Il Neandertal and the medieval farming individuals®’. In
contrast, only functions associated with plant eating were enriched in Group
2, suggesting a primarily plant-based diet. These data indicate that different
dietary strategies linked to the consumption of meat appear to have led to

differentiation of ancient oral microbiota in Britain.
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Figure 3: a. PCoA plot of three groups with previously published data.
Individuals previously identified as meat and plant eaters fall within Group 1
and exclusive foragers within Group 2. El Sidron 2 Neandertal (Red border)
unexpectedly falls within Group 1. b. Proportion of previously published

samples that match the ancient Group 1 or Group 2 communities.
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High fibre and carbohydrate consumption delineates ancient oral
microbiota groups

To examine the level of plant consumption between the groups, we
explored metabolic functions associated with high and low dietary fibre. We
identified 22 of 23 (97.5%) previously recognized marker functions for fibre
digestion, such as butanoate metabolism and lipopolysaccharide
biosynthesis #°, and 68.2% (15 functions) (Kruskal-Wallis, p < 0.05, mean
abundance > 10 reads in one of the three groups) (Figure 4, Table S5). All
the genes associated with a high fibre diet (n=5) and few of those linked to
low-fibre (3 of 10) were in greater abundance within the Methanobrevibacter-
enriched Group 2. The higher archaeal content of Group 2 samples further

suggests a herbivorous diet'

. This indicates that individuals within Group 2
consumed a higher fibre, plant-based diet than the two Streptococcus
dominated groups (Group 1 and Modern). Individuals within the Modern
group also possessed an increase in genes indicative of low fibre in
comparison to Group 1, reflecting a further decrease in high-fibre food
sources in the modern diet.

To further examine the low-fibrous dietary food sources we also
assessed carbohydrate metabolism. Carbohydrates have been shown to be
an important driver of ancient oral microbiota diversity'’. We examined
carbohydrate metabolism functions identified within the samples from Level
4 of the SEED database of microbial function, providing insight into gene
pathways associated with carbohydrates such as maltose and sucrose. 87
carbohydrate functions were present in our dataset, and 31 (35.6%)
significantly varied between the three groups (Kruskal Wallace p < 0.05).
Significantly higher levels of sugar metabolism were identified in meat eating,
low-fibore Group 1 and Modern Group individuals including sequences
associated with fructose, sucrose, trehalose, mannose, beta-glucosides,
and maltose metabolism (Figure 4, Table S5). These sugars are common
dietary sugars and are found in plants, particularly fruits and vegetables®,
indicating a diet rich in “high quality” plant material. In contrast, Group 2 was

enriched for metabolic functions that use other carbon sources for energy,
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such as formaldehyde and pyruvate (Figure 4, Table S5). Functions linked to
the production of methane (methanogenesis) were also observed in Group 2,
as expected given the presence of the methanogenic Methanobrevibacter
species (Table S5). These functions suggest a limited availability of
carbohydrates in the diet. Overall, this suggests that Streptococcus-
dominated Group 1 and Modern individuals consumed more dietary

carbohydrates than Group 2.

Metabolism of dairy products was different between ancient groups
We also analysed sugars present in milk as disparate consumption of
milk in England has been previously identified in dental calculus research®.
Gene groups involved in the utilization of the dairy sugars, lactose and
galactose, were enriched in the Streptococcus-dominated Group 1 and
Modern Group individuals. In contrast, Group 2 lacked the microbial
functions linked to milk digestion (Figure 4, Table S5). One third of individuals
from medieval England had milk proteins present in their dental calculus®.
Here, Group 1, whose members have microbiota enriched for diary
digestion, also represent one third of the ancient individuals. Concordance
with protein analysis suggests that microbiota functional analysis is providing
accurate indications of historical diet. This functional analysis suggests that
differences in milk consumption contribute to the different microbiota
observed in ancient Britain. Together, these patterns indicate that variation in
meat, carbohydrate, and dairy consumption shifted ancient oral microbiota
and may have selected for the modern industrialized microbiota observed

today.
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indicating abundance of significantly different

metabolic functions in each sample (Kruskall-Wallis, p < 0.05). Samples are
sorted into Groups (columns) and different metabolic functions (rows).
Modern and Group 1 are enriched for meat associated amino acid
metabolism, fibre digestion functions associated with low fibre diets, and
sugar digestion (including dairy sugars). Group 2 show an opposing pattern.
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Discussion

Ancient DNA studies of dental calculus provide a detailed assessment
of oral microbiota from historical individuals and represent a new tool to
answer detailed archaeological questions around population substructure,
diet, and disease. Here we have revealed a previously unappreciated level of
diversity within the ancient oral microbiota of Great Britain. Two major
groups of ancient microbiota existed and were stable over at least 1,800
years, suggesting that the many major events throughout this period,
including multiple invasions, cultural developments, and disease epidemics
failed to markedly alter oral microbiota. The apparent loss of one group also
highlights the dramatic impact that recent history has had on the
composition of oral microbiota. A suite of dietary factors was likely the key
driver of microbiota diversity within ancient British individuals. Diet may also
have provided the selection pressure for the community structure of modern
microbiota. We suggest that the two-group pattern is likely linked to
individualistic factors of lifestyle, wealth, and socio-economic rank. This
study demonstrates that ancient DNA analysis of both bacterial species and
their functions can provide unprecedented information about the past.

Socio-economic rank was associated with differential access to food
items throughout history. The Streptococcus-dominated Group 1 individuals
contain metabolic functions linked to meat, low-fibre carbohydrate, and dairy
consumption. This is in stark contrast to the Methanobrevibacter-dominated
Group 2, which was linked to a high-fibre, plant based diet. These
observations may be linked with diets that are related to different lifestyles or
socioeconomic ranks. For example, lower classes in Britain during the period
analysed had a diet dominated by cereals and vegetables, while wealthier
individuals (aristocracy, upper clergy, and wealthy townspeople) had
additional access to meat and fish®. Our data likely reflects this
socioeconomic split, with Group 1 indicative of the upper classes.
Interestingly, dairy consumption was tightly linked with the group indicative of
an upper class society. Although dairy products were ubiquitous in medieval

Britain®®, this suggests that upper class had a higher rate of consumption.
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Similarities between microbiota in Group 1 and modern individuals,
such as having Streptococcus as a dominant primary colonizer®., suggest
that the microbial species associated with Group 1 individuals are the pre-
cursor community structure to the modern, industrial oral microbiota. The
similarities in community and function indicate a continued selection for this
microbiota structure over time that has ultimately resulted in the loss of the
Group 2 microbiota in modern, industrialized individuals. We observe Group
2 individuals throughout our data, which finishes ~1700 CE. Consequently,
our data is compatible with major changes in oral microbiota occurring
during and following the Industrial Revolution. The Industrial Revolution saw
marked increases in sugar consumption, notably sucrose and fructose.
Processing of cereal grains became capable of removing germ and bran
from the milled flour, reducing the fibre content. Consumption of dairy
products and fatty meats also grew®. Therefore, the Industrial Revolution
provided a refined version of the Group 1 associated diet, which eventually
was accessible to the whole population. The functional suite of Group 1
microbiota is appropriate for this diet, suggesting the shift towards a
complex of dietary factors that was once a high status diet has moulded the
modern, industrialized oral microbiota.

Ancient groups of microbiota in this study do not match the
microbiota of modern non-industrialized populations. To date, only one study
has investigated oral microbiota of a non-industrialized population. This
study identified an decrease in Prevotella, Fusobacterium, and Gemella in
the non-industrialized Amerindians of South America compared to the
industrial controls (USA) . We do not observe a similar shift in bacterial taxa
in this study as those taxa remained stable or increased in modern
individuals in relation to the ancient samples. This demonstrates that ancient
British and Amerindians do not share oral microbial community structure,
which suggests that using modern non-industrial populations as ancestral
proxies for Western populations is not accurate. Indigenous groups, such as
the Amerindians, have unique cultural and environmental pressures and

histories that differed from those in ancient Britain. In addition, the ancient
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British populations included in this dataset had lived with agriculture for
~7,000 years “°, resulting in opportunities for unique co-evolution between
humans and their microbiota. This experience and its consequences do not
exist in modern individuals without any history of farming, such as modern,
non-industrialized groups.

Previous analysis of diet using ancient dental calculus has required
very deep sequencing (>5 million reads per individual) to allow direct
identification of preserved DNA from food items. However, this depth of
sequencing is costly, limiting the number of samples that can be analysed. In
this study, we describe the use of low-coverage shotgun sequencing and
microbial function analysis as an alternative means to infer dietary
information. This approach can be used as part of a growing toolbox to infer
dietary information. To date, biomolecular studies have generally analysed
diet using isotopic analysis. These studies use naturally occurring isotopes
(e.g. "N and C) to infer the use of marine and terrestrial protein, and C, vs.
C, plants®. Multiple studies have indicated the importance of marine fish in
Britain and their transport inland*'. However, unlike the microbiota data,
isotopic studies have not identified a single split within the population split.
The distinct differentiation in microbiota seen here may be biological, in that
while diet might vary more continuously across the whole population,
thresholds exist at which nutrient balances support one of the two
microbiota community structures. Alternatively, this initial study may lack the
resolution to discern shifts between further sub-divisions of dietary factors.
The combination of isotopic and microbiota analysis should provide further
resolution of diet in ancient populations. In addition, proteomics is now being
applied to dental calculus® and has the power to indicate tissue specific
identifications of dietary items. While isotopic and proteomic analysis permits
the detailed analysis of specific elements of diet (e.g. C; vs. C, plants or milk
proteins®), microbial DNA offers an opportunity to analyse multiple dietary
elements simultaneously. Microbiota may be used to identify broad-scale
patterns of dietary change within a population, one that is based on total

available bionutrients (i.e. amino acids, fibre, and carbohydrates), which
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cannot be observed with other dietary methods. Future studies will be
required to explore the impact of change in one dietary factor on functional
and taxonomic profiles. Such analyses will also need to ensure high quality
data to avoid misinterpretation.

Contamination is a major issue for low biomass samples® such as
ancient DNA specimens. Studies of microbial DNA are particularly vulnerable
to bias from contamination due to the ubiquity of microbes and microbial
DNA in the environment. In this study, 441 species (26.2%) of all species
level identifications were removed by filtering laboratory contamination. This
indicates the need for careful implementation and further development of
laboratory and bioinformatic methods to obtain high quality data for future
studies. In this study, we address this issue by performing a field standard
decontamination protocol to limit environmental DNA contamination and by
presenting a novel filtering strategy to remove low quality samples that have
low endogenous DNA and/or have become contaminated with DNA from the
laboratory environment and reagents. We use a comparison of all samples
using Bray-Curtis dissimilarity metrics to exclude samples that are similar to
negative controls. This method is a simple way to further increase
confidence in the quality of samples to be analysed. In addition, this method
can highlight a sample batch for further investigation of cross-contamination.
A control sample that has experienced cross-contamination with dental
calculus microbial DNA will fall away from other control samples, likely
outside the 0.6 Bray-Curtis dissimilarity threshold, indicating that the
samples processed with that negative control should be additionally
assessed. This tool provides a novel approach to analysing ancient microbial
communities and ensures that studies of dietary related functions can be
effectively conducted in other ancient human populations.

The observation that diet appears to have driven population level
differentiation of microbiota in historic times suggests that consideration of
diet in modern populations may be a simple but effective way to manage
microbiota. Further, specific seeding of nutrients may promote specific taxa

and allow manipulation of community composition to prevent or cure

1563



microbiota-based disease. Additional study is required to identify the fine
scale role of nutrients and to examine the competition between microbial
taxa. However, the stark pattern of microbiota differentiation seen here
indicates the prospective use of microbiota analysis as an archaeological
tool for diet and social structure, as well as the potential for effective pre-

biotic medical treatments.
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Methods

Sample collection

Samples were handled using sterile procedures as previously
outlined™. Gloves were worn to limit contamination from the researcher and
a sterile dental pick was used to remove the dental calculus deposit from the
tooth surface. Enamel damage was avoided by applying pressure applied in
parallel to the tooth. Calculus fragments were stored in labeled, sterile, zip
seal bags. Sample metadata, including the oral location of the fragment, was
recorded. Samples were transported to the ancient DNA facility at the
Australian Centre for Ancient DNA, University of Adelaide, Australia. Access
to samples was provided by the Natural History Museum (NHM), Royal
College of Surgeons, Cambridge Archaeology East, and the Aberdeen

Museum.

Decontamination protocols
Individual dental calculus fragments were exposed to UV radiation for
30 minutes on each side, followed by submerging the calculus sample in 3

mL of 5% bleach in a sterile petri dish for 3 minutes '’

. Following
decontamination, all samples were washed in 1 mL of sterile 80% ethanol for
one minute to remove residual chemicals (i.e. bleach) prior to DNA

extraction.

DNA extraction, shotgun library preparation, and sequencing

Each sample underwent an in-house, silica based DNA extraction, as
previously described 2°. Total volumes of lysis and guanidine DNA binding
buffer were altered to account for small sample sizes as follows: 1.8 mL lysis
buffer (1.6 mL 0.5 M EDTA (0.5M), 200 pyL SDS (10%), and 20 uL proteinase
K (20 mg/ml)) and 3 mL guanidinium DNA binding buffer. Two negative
controls were included for every seven dental calculus samples. Shotgun
libraries were generated without enzymatic damage repair using the protocol
described previously®’. Briefly, 20 pL of DNA extract was had single-strand

overhangs removed prior to ligation of truncated, barcoded lllumina adaptors
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and filing of the adaptor sequences. Samples had enzymes removed
between each step (Qiagen MiniElute Reaction Clean-up Kits). Truncated
lllumina adaptors were bound and the sample amplified in a 13 cycle,
triplicate PCR ampilification (HiFi). Agencourt AMPure XP system was used to
purify pooled PCR products. Full length indexed sequencing adaptors were
incorporated in a second 13 cycle, triplicate amplification*?. Samples were
pooled, purified, and diluted to form a 2 nM sequencing library.
Quantification was completed using a TapeStation (Agilent) and quantitative
PCR (KAPA lllumina quantification kit). The lllumina NextSeq, High sensitivity

2 x 150 bp kit was used for sequencing.

Bioinformatic analysis

Indices were used to demultiplex FastQ files using sabre (available
here: https://github.com/najoshi/sabre). Reads were merged and samples
fully demultiplexed and the 5’ and 3’ barcodes and adaptor sequence
removed using bbmerge (available here:

|43

http://sourceforge.net/projects/bbmap/) and Adaptor Removal™. Taxonomy
was derived from collapsed reads using MALTX*. Only collapsed reads were
used because fragments greater than 300 bp were considered to be
contamination®’. MEGAN5* was used to calculate Bray-Curtis dissimilarity
matrix of samples and negative controls based on genera level taxa
identifications. Negative controls with Bray-Curtis dissimilarity > 0.6 in
comparison to any other negative control was excluded. Four times the
standard deviation of the remaining negative controls was calculated, and
any sample within this range removed from the analysis. Samples were
normalized, ignoring unassigned reads. All species identifications within
negative control samples were removed from all samples. Finally, calculus

from non-molar teeth was removed from the dataset.

Statistical analysis
To explore population level structure of microbiota, a UPGMA tree

was generated using Bray-Curtis dissimilarity in MEGANS. To identify
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correlations with metadata and identification of taxa shifts, modern and
ancient samples were exported from MEGANS and converted into QIIME
format. Correlations with multiple metadata fields were completed in QIIME
(V1.8)*. The dataset was filtered for singletons, Bray-Curtis dissimilarity
calculated at a rarefaction depth of 120,000 reads, and the ANOSIM test
applied (9999 permutations). If a sample did not have a known value for the
metadata field being tested, that sample was excluded from that specific
test. For metadata fields that were significantly correlated, Kruskall-\Wallis
was calculated from the singleton-filtered dataset. Alpha diversity was
assessed within the identified groups by calculating the observed species
from the singleton-filtered dataset at a rarefaction depth of 120,000 reads.
Pathogens?” were identified within the dataset and presence or absence
metrics calculated.

To identify links with diet, published samples were compared to the
dataset by generating a PCoA analysis of Bray-Curtis values and assignment
of previously published data to ancient British samples using SourceTracker
(V0.9.6)*. For analysis, ancient samples were denoted as sources, based on
the two ancient groups identified with the UPGMA tree. Previously published
data were labelled as sinks. SourceTracker was run with default parameters
(1,000 subsampling, 10 iterations per sink sample) in R (V3.1.0)*® using the
QIIME wrapper. The suitability of the source populations was confirmed
using the “take-one-out” method. To explore functional profiles of
microbiota, functional tables were exported from MEGAN5 into QIIME and
analysed as the taxonomic data. Amino Acid and Carbohydrate functions
were extracted from the SEED database. For Amino Acids, all functions
matching the Enzyme Commission numbers identified as distinguishing of
carnivores and herbivores' were exported. For carbohydrates, all Level 4
functional groups were exported. Fibre metabolism functions®® were
exported from the KEGG database withink MEGANS. The 26 specific

functions identified as relating to high and low fibre were exported to QIIME.
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Abstract

There is limited understanding of the cultural and environmental factors that
defined ancient microbiota. The oral microbiota has been analysed in
previous ancient DNA studies of dental calculus. However, these studies
lacked the resolution to identify the factors that defined the microbiota within
individuals. Here, we present 128 oral microbiota from Medieval and Post-
Medieval London, UK (1066 CE — 1853 CE). Using this detailed survey of a
single ancient population through time, we explore microbiota association
with extensive experimental, archaeological, and historical metadata. We
identify a significant association between microbiota and oral geography,
which has potentially confounded microbiota studies to date. However, by
controlling for tooth type and surface, we are able to demonstrate the first
associations between ancient microbiota and systemic health. In addition,
we observe a change through time that, we suggest, correlates with the
changing human demographic of London through time. This study indicates
the potential of ancient microbiota to infer detailed health and socio-
economic information and provides the baseline data to explore further

populations.
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Introduction

Microbial communities on and in the human body (microbiota) fulfill
key functional roles including releasing otherwise inaccessible nutrients from
food, removing dead epithelial cells, restoring tooth enamel, and interacting
with the immune system (1-5). However, many diseases have now been
linked to alterations in microbiota composition and/or function including oral
disease, arthritis, respiratory disorders, cancer, obesity, and mental
disorders (6-10). Therefore, understanding the microbiota and its roles in the
body are of major importance to the future of medicine. Consequently,
examining how microbial communities relate to health and respond to
cultural and environmental factors is an important facet to understanding
human health.

Studies examining how microbiota can be altered in modern, living
people are generally unable to track the long-time impacts over multiple
generations. Alternatively, archaeological studies provide a natural
experiment to examine the adaption of microbiota within human populations
and can reveal the history of the bacterial communities found in modern
populations. Studies of historical microbiota could also monitor the impacts
of changing lifestyle, such as different living environments, social economic
status, disease, and diets, on specific bacteria and microbiota community
structure. To explore this potential and to examine how microbiota can be
related to lifestyle characteristics, studies of well-documented historical
individuals are needed. Such analysis can develop the groundwork for
understanding how much historical information can be inferred directly from
an individual’s microbiota composition and function (11).

The analysis of historical microbiota is routinely possible through
ancient DNA (aDNA) analysis of calcified dental plague (calculus), which is
widespread in the archaeological record (12). Dental plaque consists of a
microbial biofilm that grows on the surface of the teeth and forms part of the
oral microbiota. Dental calculus forms during life as a result of calcium ions
precipitating from the saliva and crystallizing within the plaque layer (13). This

fossilization process means that dental calculus remains the only known
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accurate record of archaeological microbiota (12,14-19). Oral bacterial
communities respond to changes in lifestyle and environment and play key
roles in oral and systemic disease making dental calculus an excellent
marker to examine how microbiota and health were altered in past
populations. Bacterial DNA from ancient dental calculus has been used to
reveal major changes in human oral microbiota during the Neolithic
(agricultural) and Industrial Revolutions (~10,000 ybp and ~200 ybp,
respectively) (12), to perform highly detailed analyses of diet (17,18), and to
track pathogen evolution through time (17,18). However, there are still no
studies of microbiota within a single human population through time, and
such a record is critical to understanding how microbiota differ and change
through time in relation to life history.

Several technical factors have also not yet been resolved in aDNA
analysis of dental calculus. For example, the approaches to contamination
control and detection need to be constantly addressed and advanced, as
non-endogenous DNA entering the analytical pathway will continue to be a
major issue for the analysis of microbiota (20). Another key area is the
influence of oral geography (i.e. the specific location in the mouth) because
microbial composition is known to vary between different tooth surfaces in
modern individuals (21). Surprisingly, this has not been considered in detail in
studies of ancient oral microbiota to date. Variation resulting from oral
geography might potentially provide false positive results or mask true,
historical patterns, and this issue is set to become more intrusive as studies
increase resolution. Failure to appreciate the potential variation or risks
inherent in the research of dental calculus samples is likely to result in
misinterpretation or errors and needs to be explored in further depth.

Here, we use 128 dental calculus samples with extensive biological
and cultural metadata to gain fine scale insight into microbiota alterations
within a population of Medieval and Post Medieval Londoners (1066 — 1853).
The Museum of London collections have been extensively studied, providing
detailed dating, paleopathology, and cultural information for each sample. In

addition, London is an important city in the development of western,
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industrialized civilization, and the history of the area reflects that of many
other cities across Europe. Focusing on a single city removes the impact of
geographical variation that may mask the finer scale microbiota changes
relating to the environment of an individual. It also allows us to examine how
microbiota within historical London were linked to age, sex, diet, location,
oral and systemic disease, and socio-economic rank. We also explore
technical factors that can potentially confound ancient dental calculus
research, such as oral geography, sample size, and sampling and laboratory

protocols.

Methods

Archaeological Context and Site Information

161 samples were collected from nine archaeological sites in a 10-
square mile section of London (16km?), forming a continuous transect from
1066 — 1853 CE (Figure 1). This included monastic (Bermondsey Abbey,
Spital Square, Merton Priory, St. Benet Sharehog, St. Mary Graces, and St.
Brides), laymen (Guildhall Yard), low class (Cross Bones), and upper class
(Chelsea Old Church) burial sites and cemeteries. All individuals were over 18
years old and had extensive metadata collated in the Wellcome Osteological
Research Database (WORD), which is hosted by the Museum of London
(Table S1). This included information about sex and age estimates, blood

disorders, dental and vertebral anomalies and pathologies, and joint disease.

Sample collection

All sampling was completed using sterile procedures as previously
published (11). Briefly, a facemask and gloves were worn to limit
contamination from the researcher, and the gloves were changed between
each sample to limit cross contamination between samples. A sterile dental
pick was used to remove the dental calculus deposit from the tooth surface.
Pressure was applied in parallel to the tooth surface to ensure that no

damage was done to the enamel. Calculus fragments were collected in
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sterile aluminum foil and stored in sterile plastic bags for transport to the
ancient DNA facility at the Australian Centre for Ancient DNA, University of

Adelaide, Australia.

Bermondsey Abbey

Cross Bones

Merton Priory

Guildhall St. Benet Sherehog
Yard
Chelsea
Spital St. Mary Old
Square Graces Church
1066 CE 1232 CE 1460 CE 1622 CE 1853 CE

Figure 1: The eight archaeological sites included in this study and the
length of time each site was actively used for burials. Samples throughout

these periods are included in this studly.

Sample Decontamination

All laboratory work was conducted in a specialized aDNA facility at
the University of Adelaide that was specifically designed and built to conduct
aDNA research. Prior to DNA extraction, each sample underwent a
decontamination protocol to limit environmental microbial DNA on the
calculus surface, as previously described (12). Samples were exposed to UV
radiation for 30 minutes on each side in sterile sample trays, followed by
emersion in three mL of 5% bleach in a sterile petri dish. Following
decontamination, all samples were rinsed in one mL of 80% ethanol for one

minute to remove residual bleach prior to extraction.

DNA Extraction, Shotgun Library preparation, and Sequencing

To recover preserved DNA, dry samples were powdered in a sterile
tube, immediately following decontamination. A modified silica-based DNA

extraction was used on all samples, as previously described (18). The total
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volumes of lysis and DNA binding buffers were modified to account for the
small sample size: 1.7 mL lysis buffer (1.6 mL 0.5 M EDTA (0.5M); 100 pL
SDS (10 %); and 20 yL proteinase K (20mg/ml)) and 3 mL guanidinium DNA
binding buffer. Each DNA extraction also included two negative controls at a
ratio of one negative control per seven calculus samples. Next, shotgun
libraries were generated without enzymatic damage repair as previously
applied to dental calculus samples (18). Briefly, 20 pL of DNA extract was
prepared by enzymatic polishing to produce blunt ended fragments before
ligation of truncated barcoded lllumina adaptors, and filling of gaps in
adaptor sequences. Qiagen MiniElute Reaction Clean-ups were completed
after each step, and each sample underwent triplicate PCR amplification for
13 cycles (HiFi) with full length indexed lllumina adaptor (22) to increase
concentration while maintaining complexity. PCR products were pooled and
purified with the Agencourt AMPure XP system. A 2 nM sequencing library
was produced following a second round of pooling, purification, and
quantification using a TapeStation (Agilent) and quantitative PCR (KAPA
lllumina quantification kit). In total, 128 out of the 161 dental calculus
samples yielded DNA after sequencing using a high output 2 x 150 bp kit on

the lllumina NextSeq.

Bioinformatic analysis and quality filtering

To identify the microbial communities preserved within samples, raw
FastQ files were demultiplexed wusing sabre (available here:
https://github.com/najoshi/sabre). Bbmerge (available here:
http://sourceforge.net/projects/bbmap/) was used to merge reads (5 bp
overlap), and Adaptor Removal (23) was applied to identify and remove the
5’ and 3’ barcode and adaptor sequences. Reads greater than 300 bp were
discarded, as they likely represent modern contamination (15). Next,
microbial species and functions were identified using MALTX (18,24) against
the NCBI nr database (2014), and the resulting information was uploaded
and filtered using default LCA parameters in MEGANS (25). To identify

samples that lack endogenous signal, Bray-Curtis dissimilarities were
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calculated in MEGANS for all in-house metagenomic samples and compared
with negative controls. Negative controls that formed a tight cluster with an
average dissimilarity less than 0.6 were considered representative of the
laboratory environment, and any sample that fell within four times the mean
standard deviation of this group was removed from the analysis on the basis
of the lack of endogenous oral microbiota signal. Samples with < 100,000
reads were also removed from downstream analysis to ensure accurate
reconstruction of the ancient bacterial community, as these were clearly
poorly preserved. The identified reads within all remaining samples were
normalized to 129,760 sequences, which was the lowest number of reads
observed in any sample. Lastly, laboratory contaminant signal was removed
from all samples by filtering any species observed in the negative controls
from the calculus samples. All 128 sequenced samples from the Museum of
London were retained throughout the bioinformatics analysis and were

considered suitable for further analysis.

Analysis of bias associated with oral geography or sample processing
To assess the impact of oral geography and sample handling, the
physical location of the sample and the workflow metadata were compared
to the microbiota. All reads assigned to cellular organisms for each sample
were exported from MEGANS and transformed for use in QIIME (V1.8) (26).
Within QIIME, Bray-Curtis dissimilarity was calculated for all samples at a
rarefaction of 120,000 reads per sample. ANOSIM tests (9999 permutations)
were used to correlate oral sampling location (e.g. upper or lower jaw, tooth
type and surface), sample information (i.e. fragment size and sub- or supra-
gingival), and processing details (i.e. date of sampling, extraction,
sequencing) with the Bray-Curtis matrix (Table S1). Following this analysis,
samples were filtered based on tooth type, tooth surface, and sub- or supra-
gingival calculus. The three largest datasets were taken forward for further
analysis (Molar, Lingual/Palatal, Supra-gingival (n = 36); Premolar,
Lingual/Palatal, Supra-gingival (n = 18); and Incisor, Lingual/Palatal, Supra-

gingival (n = 18)).
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Linking microbiota with health, culture, and environment of historical
individuals

To identify the health, cultural, and environmental factors that
correlated with the species identified within calculus, Bray Curtis
dissimilarities were calculated (120,000 read rarefaction) from the filtered
QIIME datasets. ANOSIM tests (9999 permutations) were used to identify
metadata (Table S1) that were significantly associated with microbiota
diversity. To ensure statistical tests were valid, a minimum of five samples
per group was needed when comparing only two metadata categories, while
a minimum of three samples per group was enforced when three metadata
categories were compared. Sample without metadata for a certain category
were excluded from specific tests. Correlations were deemed significant with
a p < 0.05. For metadata categories that were significant, Kruskall-\Wallis
was used to identify specific species that contributed to the differences

observed in each metadata category (p < 0.05).

Linking microbiota functional variation with individual metadata

To explore shifts in any function identified within these oral microbiota,
abundance of annotated genes observed in each sample were exported
from MEGANS to QIIME. Gene functions were annotated in level 5 of the
SEED database (27). A Goodness of fit (G) test was used to identify microbial
functions that significantly varied in frequency (p < 0.05) between the groups

identified from taxonomic analysis.

Identifying dietary differences that contribute to microbiota variation
To assess if alterations in diet were related to the microbiota groups
associated with lifestyle, amino acid and fibre metabolism functions
previously identified to delineate carnivory vs. herbivory and high or low
dietary fibre, respectively (28,29). In addition, carbohydrate metabolism
pathways from the SEED database (level 4) were exported from MEGANS to
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QIIME (19). The specific functions linked to each metadata-category were

filtered by oral geography as above, and assessed with the G-test (p < 0.05).

Results

Robust oral microbiota are recovered from historic London samples
Samples were assessed for quality and bias to increase the resolution
of changes in endogenous DNA between samples. First, comparison of
samples to negative controls provided an assessment of sample quality and
the limits of any potential contamination, as previously published (19). All
sequenced samples (n = 128) fell more than four standard deviations from
the cluster of negative controls, indicating that they all contained
endogenous signal. We then removed any species identified in negative
controls from the calculus samples, removing 464 taxa (26.4% of all species
level identifications) from the overall dataset. Lastly, ANOSIM tests against
laboratory methods were conducted and indicated that there was no
correlation between the data and date of sampling, DNA extraction, or library
preparation (ANOSIM, p > 0.01, Table S1). Consequently, no experimental

biases were apparent.

Oral geography accounts for some variation between individuals
Previous studies of the modern oral microbiota have indicated that
oral geography (i.e. where the bacterial community is within the mouth) can
drastically impact microbial diversity (21). We correlated the complete
ancient dataset (n = 128) with the oral sampling location of the dental
calculus samples to assess if oral geography impacts the microbiota present
in historical samples. ANOSIM results identified that tooth type significantly
correlated with the observed microbiota in each sample (ANOSIM p=0.0001,
Table S2). The variation between tooth type was also the variable that
explained the first axis on PCoA plot calculated from Bray-Curtis values of all
samples (Figure 2) accounting for 44.9 % of the variation in the data. This is

an unexpectedly high proportion of total variation, and brings into question
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previous studies that have not controlled for oral geography. To control for
tooth type, we processed samples from each tooth type independently.
Within tooth types, we observed that tooth surface (buccal, lingual/palatal,
interproximal) was a significant driver of diversity (p < 0.01, Figure 3, Table
S2) except for canines (n=14). However, as the canine data set contained
the fewest samples this lack of correlation may be associated lack of
statistical power. As tooth surface had impacted the data from other tooth
types, lack of association between microbiota from canine teeth and tooth
surface could not be seen as a confirmation of no association.
Consequently, canine samples were not included in further analysis. Lastly,
differences between sub- and supra-gingival microbiota community
physiology have also been reported in modern populations (30), so we
examined this parameter as well. Sub- and supra-gingival calculus samples
were not statistically different when controlled for tooth type and tooth
surface (p > 0.05, Table S3). However, very few samples were representative
of sub-gingival dental calculus (5 of 128 samples, Table S1) and correct
classification of sub-gingival calculus is complex in archaeological samples
because of the lack of soft tissue (gum tissue), potentially biasing the
analysis. However, to minimize contributions of this potential bias these five
sub-gingival samples were removed from downstream analysis. Overall,
these data indicate that oral geography has the potential to drive microbiota
diversity within ancient calculus analyses and will need to be accounted for

to avoid introducing bias.
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Figure 2: PCoA plot of Bray-Curtis dissimilarity for all dental calculus
samples (n = 128). Individual samples are coded by the tooth type from
which the sample was taken. The first axis indicates the separation of tooth

types, notably molar and incisor

Microbiota are correlated with disease and time

While alterations in modern microbiota have been linked to disease
and lifestyle (15), these factors have not yet been explored in ancient
samples. Therefore, we explored the difference in microbiota between
individuals with known oral and systemic diseases and a wide range of
lifestyle factors. We also explored microbiota variation through time. First, we
examined potential relationships between sample metadata and microbiota
from supra-gingival dental calculus samples within three data sets: the
lingual/palatal side of the molar (n=36), premolar (n=18), and incisor (n=18)
teeth. An ANOSIM test was performed to examine the ability of any of 66
different metadata fields (Table S1) to explain some of the variation within

each data set, including archaeological site, paleopathology, cultural factors,
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disease, and period. While no metadata category significantly explained
variation within the incisor group, disease factors were related to variation
within the molar and premolar groups. Abscesses (oral disease) and various
joint pathologies (porosity, osteophytic lipping, and non-specific periostitis —
examples of systemic disease) were significantly associated with variation
within the molar data set. Similarly, variation within the premolar teeth data
set was correlated with chronic bone pathologies of the spine (Schmorls
nodes). In addition, when the data was split into 300-year blocks (1000-
1300, 1300-1600, and 1600-1900 CE) the date of the sample also explained
variation in both premolar and molar teeth. Notably, there was no significant
correlation with other time factors (change between 100-year, 200-year,
400-year, or 500-year blocks, or 100-year blocks within each of the 300-
year divisions) (ANOSIM p < 0.01, Table S4). These results indicate that
historical microbiota in London were impacted by disease, and the microbial
communities shifted in increments recognizable with 300-year time bins,
likely around two time points which potentially relate to the beginning and
end of the presence of plague in Britain (1300 and 1600 CE). Each of these
factors was investigated further to examine why these factors altered

microbiota in the past.
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Figure 3: PCoA plot of Bray-Curtis dissimilarity for all dental calculus
samples divided by tooth type. Individual samples are coded by the tooth

surface from which the sample was taken.

Common oral pathogens were associated with microbiota alteration
The presence/absence of abscesses within the oral cavity correlated

with microbiota within supra-gingival, lingual/palatal dental calculus of molar

teeth. Therefore, we explored the taxonomic and functional traits associated

with dental abscesses in historical London. The taxonomic variation
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associated with dental abscesses was polymicrobial, and 30 bacteria
species were increased in individuals with dental abscesses, while 20
species were decreased (Kruskall-Wallis, p < 0.05, Table 1, Table S5).
Notably, Prevotella species and Streptococcus species (bacteria associated
with dental abscesses) (31) were significantly increased in individuals with
abscesses. However, the abscesses associated Porphymonas species and
Treponema species were significantly lower in individuals with abscesses. In
addition, other potential microbes involved in abscess formation were not
significantly different (e.g. Clostridium, Fusobacterium, and Bacteroides).
However, individuals with dental abscesses did have increased proportions
of Methanobrevibacter species. Methanobrevibacter species have been
associated with severe periodontal disease in modern populations (32), but
they have also been shown to be a healthy component of ancient oral
microbiota (19) serving as a primary colonizer.

Despite the significantly different species, there was little change in
the microbial functions linked with ancient dental abscesses. A single genetic
function was identified in the metagenomic sequence data, which is involved
in production of flagella on bacteria (Flagella hook length protein (FliK)) (G-
test, p < 0.05). Flagella allow bacteria to be motile (33), and their presence
can be associated with bacterial pathogenicity, allowing bacteria to move
through mucus layers (34) and gain access below the gum line. Flagella can
also act as anchors, adhering bacteria to surfaces (34), which could allow
pathogenic bacteria to adhere to the tooth surface and trigger abscess
formation. Motility has previously been linked to oral disease (35,36)
providing a potential link between higher flagella production and disease

(dental abscess) presence.

Relationships exist between bone pathologies and microbiota
composition

Microbiota variation in the calculus samples from molar teeth was
also found to be associated with two joint diseases (porosity and osteophytic

lipping) and a bone disorder (non-specific periostitis). Observations of
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porosity indicate excessive opening of the pores in bone to allow blood,
nerve, and other soft tissue to enter (37) and can be associated with age of
the individual (38) as well as many diseases including anemia and rickets
(39). Osteophytic lipping occurs when bone spurs (outgrowths of bone) form
around the joint surfaces; they are often present alongside arthritis (40).
Within our data set, the group of individuals with porosity and osteophytic
lipping overlapped (Table S1). All individuals with porosity (n = 9) also had
osteophytic lipping while five additional individuals only had osteophytic
lipping. Consequently, taxonomic and functional differences may not be
specifically associated with either trait individually. The final disease
association is periostitis, an inflammation of tissue surrounding the bone,
which is often indicative of disease in the underlying bone (41). In living
patients, it can be associated with various diseases (including syphilis and
skin ulcers) and is linked with trauma (41). In contrast to the molar samples,
within premolar teeth microbiota were correlated with Schmorl’s nodes, a
vertebral bone pathology. While the nodes are common, their pathological
status is not understood. However, it is thought that they appear in response
to weakening of the vertebra by other pathologies or stress (42,43). While
each of these bone pathologies is classified independently, it is possible that
they have arisen from a similar cause, such as an increase in manual labor

within this population.

Porosity
Microbiota variation was explored between those samples with and

without signs of bone porosity. Porosity was linked to an increase in 28
microbiota taxa and a decrease in 28 taxa (Kruskall-Wallis, p < 0.05, Table
S6). Increases included Prevotella species, which have previously been
associated with bone disease such as arthritis (44). However, as with
abscesses, the three Red Complex taxa were decreased in individuals with
the disease state. The repeated reduction of the Red Complex in association
with different disease is likely a genuine pattern as different individuals

contain the highest levels of each taxon. Consequently, while the presence
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of a single individual may skew the statistical interpretation of one member, it
is unlikely that this would be consistent across all three members. Only two
inferred microbiota functions showed significant differences between those
samples with and without porosity, both increasing with the disease (G-test
p < 0.05). The flagella associated protein was also associated with porosity,
as it was for abscesses. An archaeal DNA polymerase (EC.2.7.7.7)
representing a core cellular function was also associated with this disease
and is likely linked to the increase in the archaeal Methanobrevibacter
species. Next, an assessment of dietary functions demonstrated an increase
in a high fibre associated metabolic function (G-test p < 0.05), suggesting
that individuals with bone porosity ate a diet with high levels of dietary fibre.
In addition, two single-carbon carbohydrate metabolism functional groups
were also identified (methanogenesis and ethanolamine utilization, G-test p <
0.05). Methanogenesis is a key function of Methanobrevibacter species, and
the significant increase in frequency is likely linked to an increase of these
taxa with these individuals. Ethanolamine is a non-sugar carbohydrate found
in animal and vegetable foods (45) and can be used as a carbon and/or
nitrogen source by multiple bacteria, including Clostridium, which was at
higher abundance in diseased individuals (46). The presence of these
specific carbohydrate utilization functions suggests there may have been a

lack of rich carbohydrates, such as sugar, in the diet.

Osteophvtic lipping

Osteophytic lipping was associated with an increase in 19 microbiota
taxa (Kruskall-Wallis, p < 0.05) compared to specimens without the
pathology. These taxa are similar to those increased with porosity, which
was to be expected given the overlap of individuals with these diseases. For
example, Prevotella species and Methanobrevibacter species are also
present in higher abundance in individuals with osteophytic lipping. Both the
flagella associated protein and the archaeal DNA polymerase were enriched
in the diseased individuals, as with those suffering from porosity. However, a

second archaeal methanogen function that is part of the folate pathway was
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also enriched (CoB--CoM heterodisulfide reductase (EC 2.8.4.1.)). Folate is a
B vitamin necessary for DNA and RNA synthesis and is therefore
fundamental to cellular processes (47). Notably, microbiota that produce B
vitamins have been identified in the gut (47). Therefore, it is possible, that
Methanobrevibacter species may be an unappreciated source of B vitamins
for the host. Lastly, increased abundance of dietary related functions also
identified methanogenesis (carbohydrates) and a high fibre marker function
(Table S7). Together, these findings indicate that microbiota alterations linked
to porosity and osteophytic lipping are similar, and may be associated with

groups experiencing a high fibre diet.

Periostitis

Within calculus samples from individuals with periostitis, Prevotella
species and Methanobrevibacter species were again increased, as observed
with porosity and osteophytic lipping. However, several unique bacterial
species were linked with this disease, including Capnocytophaga, Clostridia,
Eubacterium, Firmicutes, Mogibacterium, Neisseria, and Pyramidobacter
(Kruskall-Wallis, p < 0.05, Table S8). This indicates that periostitis may be
linked to a unique shift in the human microbiota, which is different to those
observed for porosity and osteophytic lipping. Functional metabolic changes
linked to this disease included the archaeal folate pathway (CoB-CoM
heterodisulfide reductase (EC 2.8.4.1.). The repeated observation of
archaeal-associated functional alterations in these disease states is likely to
reflect the shared increase in Methanobrevibacter species prevalence. A
single high fibre marker function was also associated with periostitis, again

indicating that bone disease is linked to high-fibre diets.

Schmorls nodes

Variation in premolar microbiota was correlated with Schmorl’s
nodes, a vertebral bone pathology. However, no individual microbiota
species or functions were significantly different between diseased and non-

diseased individuals (Kruskal-Wallis, p > 0.05, Table S9). Schmorl’s nodes
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can originate from developmental disease, pathologies that weaken the
vertebral disks, or physical stress on the spine (42). The lack of a specific
causal factor for this paleopathology would explain why no association with
the oral microbiota could be inferred. Together, these results indicate that
systemic bone diseases and the oral microbiota are correlated. Theincrease
in metabolic functions linked to the digestion of high fibre foods and non-
sugar carbohydrates suggests that alterations in diet and lifestyle may also
be indirectly contributing to this disease, and may be associated with lower

socio-economic status (19).

Microbiota taxa and functions indicate a decrease in diet quality over
time

Alterations in oral microbiota across multiple generations are key to
understanding the impacts of cultural and environmental factors. Variation in
both molar and premolar data sets seemed to relate to 300-year periods.
Within these periods, 43 taxa decreased and 19 increased (Kruskall-Wallis, p
< 0.05) in the calculus from molar teeth. This included an increase in taxa
such as Methanobrevibacter species, while Streptococcus species and
Prevotella species decreased. However, the Kruskal-Wallis test could detect
no differences in premolar teeth over these periods. This suggests that
Methanobrevibacter species-associated microbiota communities increased
over time in London. These communities have been previously linked to
high-fibre, low meat diets (19) and are likely representative of a low
socioeconomic class. The change through time in molar teeth was also
linked with an increase in the disease associated flagella hook length control
protein (FIIK) (g-test, p < 0.05) and two hypothetical proteins (D-serine
permease (DsdX) and FIGO19733 possible DNA binding protein). In relation
to dietary functions, both calculus samples from molar and premolar teeth
indicated a reduction in meat and sugar metabolism (specific genes; Table
S10). This was particularly evident in the premolar communities, where
metabolism of sucrose and dairy sugars (lactose and galactose) was

decreased in later time points (Figure 4). In premolar teeth, an increase in
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coarse fibre metabolism was observed through time, while three low fibre
related functions were decreased through time (Table S10). Together, this
functional analysis suggests a reduction in diet quality over the 800 years
studied.
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Figure 4: Bar Chart showing change in sucrose and dairy sugar through
time. Bars represent the mean number of sequences for each time period
associated with each functional trait. These functional traits were significantly
different between individuals of different time periods (Kruskal-Wallace, p <

0.05) Premolar-Lingual/Palatal-Supragingival sub-group

Discussion

In the largest ancient dental calculus study to date, we reveal that the

oral geography of the mouth is an important factor to be considered in order
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to identify fine scale factors that impact the human microbiota. To complete
the analysis in this study, we controlled for tooth type and tooth surface, as
each were shown to be significantly associated with variation in the data. We
additionally accounted for sub- vs. supra-gingival dental calculus to remove
potential bias that was previously reported (48). Once these factors were
considered, variation in the microbiota associated with oral health, systemic
disease, alterations through time, and diet could be observed. This indicates
the potential of dental calculus as a high-resolution archaeological tool to
reveal new information about past human lifestyles and health.

Modern studies have previously identified different microbiota
communities in different locations of the mouth (21). Despite this, it had not
yet been examined in studies of ancient dental calculus. Within this study,
the oral geography of dental calculus proved to be a significant source of
variation within the data, raising questions about the potential validity of
conclusions drawn from previous ancient calculus research. In future, such
studies must account for tooth type and surface when analysing dental
calculus samples to prevent bias. To address this issue, we performed
statistical analysis on calculus samples from the same oral location, which
allowed the detection of previously masked signals even though it markedly
reduced the total sample size per group. Notably, different sampling
locations within the mouth revealed different associations with metadata.
This may indicate that the communities from different teeth respond
differently and that there are unknown factors that impact specific areas of
the mouth differently - or that there are still too few samples available to
consistently recover trends. It is important to note that the different tooth
samples come from different individuals, which limits the ability to directly
compare the results. Consequently, these results represent the first
associations of ancient microbiota with disease, but replication and further
high-resolution studies are required to determine the extent and accuracy of
these observations. To combat this, future studies should sample from a
single oral location across individuals where possible, as well as examine

calculus from multiple locations within the mouth of a single individual to
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assess within-individual variation. The expansion of current bioinformatic
methods to analyse ancient microbiota data should also be modified to
account for or remove variation that results from oral geography. In addition,
dental calculus samples from different regions within the mouth should not
be combined into a bulk sample for analysis.

Although oral pathogens have been previously identified in other
studies of ancient dental calculus (12,16-19), the microbiota community
structure has not yet been linked to the presence of oral diseases. In this
study, we examine alterations in community structure that are associated
with the presence of oral pathogens. Association of abscesses with
microbiota structure included the significant increase in some of the known,
abscess-associated pathogens, including Prevotella species and
Streptococcus species. Suggesting that the association seen was linked to
the disease state and not an artifact. Notably, both Streptococcus species
and Methanobrevibacter species were both increased in individuals with
abscesses, even though these taxa have been found to be mutually
exclusive in healthy individuals (19), which suggests that signals of lower-
socio-economic  status (increased Methanobrevibacter species) and
abscesses (increased  Streptococcus species) can  be identified
simultaneously in high resolution studies. While further study is required to
confirm microbiota and cultural and environmental associations, this
demonstrates the potential of microbiota studies to explore a wide range of
lifestyle factors simultaneously.

In modern populations, oral microbiota have been linked to a wide
range of systemic diseases, as diverse as arthritis, heart disease, and mental
disorders (5,6,9). In this study, several indicators of different bone diseases
were related to microbiota structure. This is the first study to indicate a
correlation between systemic disease and the oral microbiota in ancient
individuals. Microbiota from molar teeth showed correlations with two joint
diseases, porosity and osteophytic lipping, and a link with peristotitis
(inflammation of the tissue surrounding bone). In all cases, oral Prevotella

species were enriched when the diseases were present. In modern
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populations, Prevotella species are associated with arthritis in modern
individuals (6) although the link between this species and disease is not yet
known. Two possibilities may explain the association of Prevotella species
and bone disease. First, there may be a direct link between this species and
the disease, as oral bacteria can escape the mouth and cause inflammation
and lesions elsewhere in the body (49). This option is consistent with the
increased presence of bacterial sequences related to motility, which directly
provides oral bacteria with a method of moving into the gum line and more
easily entering the blood stream. Second, Prevotella species may serve as a
marker for overall community alterations that are linked to socioeconomic
status or lifestyles. This may explain the association between diseases and
increases in Prevotella taxa within the Methanobrevibacter species-
dominated microbiota community. The latter is an indicator of a high-fibre,
low-carbohydrate diet that is expected in individuals without access to high-
status foods, such as meat (19). Individuals with low socioeconomic rank are
likely to suffer more bone disease through manual labor, which may result in
the correlation between disease and microbiota.

In the premolar data set, oral microbiota composition was linked to
the presence of bone spurs in the vertebra (Schmorl’s nodes). However, the
causative microorganisms for this disease are less clear, as no taxa were
significantly altered when tested with the Kruskall-Wallis test and no
functional differences were observed. However, the lack of clarity about the
causes of these nodes in modern individuals suggests this is not an
unexpected result and that the consistent patterns of taxa and functional
change associated with socio-economic rank (.e. poor diet and working
conditions) throughout the data support the formation of such pathologies.

In this study, microbiota community structure and function were
associated with different periods in ancient London and appeared to reflect a
decrease in diet quality over time. Previous studies of rural populations have
identified major microbiota shifts that likely correspond to dietary change
during or following the Industrial Revolution (~1750) (12). This has been

related to the increasing availability of processed flour and sugar across
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society. The Industrial Revolution was presumed to be the second of two
major alterations (the first being the Neolithic Revolution) that resulted in the
modern oral microbiota. The modern oral microbiota is dominated by
Streptococcus species as primary colonizers (50). In our study, individuals
examined from the 1800s are likely to have experienced the effects of the
industrial revolution, suggesting that more modern-like microbiota should
have been observed. However, the oral microbiota shows a trend toward
Methanobrevibacter  species-dominated microbiota becoming more
prevalent in the 1600-1900 CE period compared to earlier times (1000-1300
CE and 1300-1600 CE). Microbiota with high proportions of
Methanobrevibacter species are associated with low socio-economic rank
(19). This shift toward a population highly dominated by lower socio-
economic groups could be explained by the alterations in the demographic
structure of London. London’s population almost doubled from 600,000 in
1700 to 1,000,000 in 1800 (51). Much of this growth came from an influx of
rural people, particularly workers moving into the city for work.
Consequently, the shift in microbiota may represent the increasing
proportion of low socio-economic classes, rather than a population-level
dietary shift.

This study reveals individualistic disease patterns that impacted the
human oral microbiota and explores the use of dental calculus as an
archaeological tool to study lifestyle alterations in ancient populations. We
also identified significant impacts of different oral geographies, highlighting
that future ancient calculus samples and detailed metadata must be carefully
collected, documented, and analysed to accurately interpret these disease
patterns. Once these biases were controlled for, we were able to identify
potential links between oral microbiota and an array of oral and bone-related
diseases. Controlling for bias can allow changes in community structure and
function to be linked to unique factors, such as ancient disease and socio-
economic rank and the associated lifestyle and diet. Large-scale sampling of
a single population allows detailed information about our past to be revealed.

In addition, this study lays the groundwork to build a comprehensive
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understanding of oral microbiota, allowing researchers to gain individualistic

information when other information is unavailable.
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Abstract

Science communication provides society with direct and
comprehensible access to research, and academics profit from an increased
public profile that provides professional and personal benefits. Here, we
provide a framework to establish a free and sustainable communication
programme within a research group, which minimizes an individual
researcher’s time investment. We draw upon our experience at the
Australian Centre for Ancient DNA, University of Adelaide, Australia to outline
key considerations in planning, producing, and promoting communication
efforts. We also demonstrate outcomes with direct research relevance to
indicate the power of science communication for engagement and as a

research tool.
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Introduction

Science communication is the core of informing and engaging non-
specialists on the state and relevance of research (1), and has been shown
to have professional and personal benefits to researchers (2,3). However,
time spent producing, promoting, and evaluating content is commonly
bemoaned as lost research time (4). Here, we present a framework for
sustainably incorporating science communication into the standard
operating practice of a research group using free resources and team
contributions to minimize workload (Fig. 1). This method has directly
benefitted our research at the Australian Centre for Ancient DNA (ACAD),
University of Adelaide, Australia through the establishment of research and
public collaborations, attraction of new staff and students, and promaotion of
research. By involving the whole research group, this framework also offers
supported opportunities for students to develop presentation and editing
skills, and, through volunteer roles, skills in team and digital management.
Based on our experience, we outline three areas of consideration: planning
and building a science communication programme, producing and
promoting content, and evaluating success.

Define Topic, Insight,
and Audience

\
| Content Type |
Talk Demonstration Interview Article (e.g. Blog post) Podcast Hands-on activity Video
v
External Input «—— Content Production «—— Group Editing
\
| Hosting |
Blogging platform Traditional media Public event Institution facilities

| Content Promotion |

Social media Posters/Pamphlets Partner networks Subscribers
v
| Evaluate |
Audience feedback Analytics Outside feedback

— New content

Figure 1: Workflow for producing, promoting, and evaluating content.
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1. Planning and building a science communication programme

It is necessary to consider a trio of objectives when setting up a
science communication programme: desired outcomes, target audience,
and content hosting. Our initial phase of development focused on group
discussion of these objectives, before a group of volunteers set up the
required online infrastructure. Volunteer roles then focused on researching
and promoting communication opportunities to group members, and
establishing and maintaining online platforms. Volunteer roles particularly
suited members interested in developing skills in team and media
management. However, this framework relied on whole group participation,
which was made an expectation, to achieve the distribution of workloads.

Discussion of desired outcomes focused on previous positive
experience with media and citizen science projects to identify successful
strategies. Following this, we defined our primary goal as maintenance and
growth of an existing profile to engage the public with our research, justify
government funding, and encourage citizen science. ACAD is a 90% grant-
funded research group of 25 — 30 active researchers with dedicated
administrative support. The majority of members are PhD candidates and
early career researchers. Consequently it was key that the programme
allowed all members to contribute in order to develop their communication
skills: a key attribute required of academics.

Appreciation of the target audience is a vital aspect of successful
communication. As a group, we agreed that a high school level of science
understanding was suitable, given our broad target audience. Skills in
assessing audience knowledge level and interest were introduced to the
group by partnering with science communication initiatives, such as the
international Children’s University programme. Many institutions have
science communication initiatives that can provide expert advice, and offer
opportunities to present in a range of content styles to pre-existing
audiences. We recommend partnering with such initiatives to gain skills and

to form and expand an audience base.
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Hosting platforms, where content can be made public, should also be
selected to limit effort in curating and posting content and to maximize ease
of use by the audience. We initially provided written content on a blogging
platform (Wordpress.com). Free blogging platforms, such as Wordpress.com
and Blogger, provide customizable templates, store text and image, and
allow simple embedding of audio and video players from other hosting sites
(e.g. YouTube or Vimeo). This flexibility allowed us to incorporate multiple
media without our audience needing to follow us across multiple websites.
ACAD platforms were made relatable by using group photographs over
more generic laboratory or logo visuals, and allowed reader subscription to
promote audience retention. Social media were used to promote our blog.
Different social media networks are home to different audiences and are
effective at targeting and expanding an audience base (5). Since our group
aims for broad appeal, ACAD promoted its content on two of the most
popular social networks: Facebook and Twitter (6). However, if the target
audience is more specific, other networks may be more suitable (e.g.
LinkedIn, for business). We integrated our communication programme into
our research presence by embedding social media feeds and links into our
university-based website using code automatically generated by Facebook

and Twitter.

2. Producing and promoting content

Content should be a self-contained narrative that communicates
novel, relatable insights into research and researchers (1). People do not
relate to abstract concepts effectively, and are more engaged by discussion
which is emotionally engaging (7). This does not mean that science
communication should be excessively emotive, but that content must show
a human element (excitement, concern, etc.) for the topic, alongside factual
information (8). To achieve this, content can describe studies and the
personal inspiration behind them, use specialist knowledge to address social
themes, or promote events, awards, and graduations (indicating the human

and emotional element to research groups). To limit production commitment
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and enforce careful consideration of how to present all necessary concepts,
we used limits of 1,000 words or 10 minutes (with accompanying images
and graphics). This also made content accessible and engaging to a
browsing audience. Authors may include third-party information, graphics,
photographs, or videos to help convey concepts. However, when doing so,
pboth author and the group must be aware of the privacy, copyright, and
plagiarism laws associated with reusing third-party material. Obtaining
permission or identifying CreativeCommons licenses should be completed in
advance and the required attribution given. Failure to do so harms the
reputation of the group, so appropriate acknowledgment of intellectual
property must be taken seriously. Group, volunteer, and/or partner editing is
a key element of this framework, providing a knowledge base and test
audience for guidance when producing content (Fig. 1).

Group editing ensures maintenance of relevance, interest value, and
quality. Communication with a lay audience is difficult (9), and appropriate
editing for effective communication is typically the greatest hurdle for both
authors and editors. Opportunities to give and receive edits allow members
to gain skills from one another, which is particularly relevant when some
members have experience with partner initiatives (e.g. Children’s University).
Content editing by a putative member of the target audience is ideal,
highlighting difficult areas that fellow researchers may not appreciate (9). At
ACAD, our administrative coordinator volunteered for this role, and noted
that editing requirements lessened as members submitted more content,
indicating authors’ improved confidence and efficiency over time.

Once production is complete, and the content released on a hosting
platform, it should be promoted in order to maximize viewership and impact.
Social media are a powerful tool for content promotion, providing access to
a large range of social and interest groups. However, social media networks
are highly structured, and groups of individual users can become distinct
and isolated from posts and conversations occurring outside their primary
interests (10). These groups can be engaged using existing functionality and

by tailoring the discussion of science to apply to specific interests or needs.
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Hashtags (keywords), tagging (alerting specific users to the content), and
incorporation of key questions, call-to-action statements, images, and video
should be used to target and inform audience members of the relevance of
the promoted content to their interests. For example, ACAD used hashtags
to direct posts to an interest group (e.g. #forensics, a group that may not
recognise the relevance of our work from the centre title), and used tagging
to alert people or groups (e.g. our institution, @UniAdelaide) of relevant posts
and to converse with audience members. However, while bringing content to
the attention of a variety of interest groups is beneficial and necessary for
audience growth, the rate of posting should be limited so your content does
not become spam. Engagement rates should be monitored to identify posts
that are ignored, and additional consideration should be given to determine
why specific posts fail to engage the target audience. Additionally, tagging
an institution should not replace alerting the media office to new research or
events in advance. Finally, use of social media management tools, such as
Hootsuite and Tweetdeck, can reduce monitoring times by allowing
simultaneous organization of multiple accounts and scheduling of posts in

advance.

3. Evaluating success

Assessment of success in meeting agreed-upon objectives of the
outreach programme can be carried out using freely available metrics on
audience engagement. Quantifying audience interaction with platforms and
content gives demonstrable measures of success and provides important
feedback to improve the production cycle. It is important to convey such
analytics to the whole group, so that everyone can be motivated by the
impacts of their work (9). At ACAD, our main objective was to engage a
broad audience. Consequently, we tracked how all audience members were
viewing and interacting with our content. Here, we present data from ACAD
during 2015 to demonstrate the reach of our programme and lessons from

our experience.
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Contrary to popular opinion, use of social media does not have to be
intense to grow and engage an audience. Throughout 2015, ACAD made 42
posts (x = 0.8 per week) on Facebook and 104 posts (X = 2 per week) on
Twitter. As shown in Fig. 2, this was accompanied by a steadily growing
number of followers (i.e. audience members signing up to the ACAD prdfile).
Increasing the total number of followers also increases the potential number
of people who can engage with the content (e.g. click to expand the post,
view image, or follow a URL). This signal of active consideration is important
to identify content that engages the audience. However, observations have
shown that engagement rates drop as follower count increases (11). At
ACAD, we set our goal engagement rate at > 5% of the number of followers,
though > 1% would have been appropriate given our follower count (11).
Analytics revealed that 98% of ACAD Facebook posts and 89% of ACAD
Twitter posts were above the 1% threshold in 2015. However, only 29% of
Twitter posts passed our 5% goal, in contrast to 86% on Facebook (Fig. 2).
Consequently, we are working to improve our Twitter engagement, and are

using analytics to identify the audience preferences specific to this platform.

—‘ Facebook Twitter

I I T ) )
Jan. Apr. Jul. Oct. Jan. Apr. Jul. Oct.

B Engaged people = — Followers — 5 % of followers  — 1 % of followers

Figure 2: Growth of follower count (blue line) and engagement with the 42
Facebook posts (left) and 104 Twitter posts (right) placed during 2075 in
comparison to the benchmarks of 5 % (grey line) and 1 % (black line) of follower

count. Each green bar represents the number of people engaged with a single post.

Targeting content to the relevant audience can maximize
engagement. However, audience preferences may contrast with the goals of

the group. Analysis of preferred post types on ACAD’s Facebook page
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showed that this audience preferred social post types (Fig. 3). While we
wanted to engage the public with our researchers, our primary goal was to
focus on research topics, and deviating from this goal would not have
achieved the desired research image. Thus, we did not alter the balance of
our post types, despite the potential to increase our engagement metrics by
including more purely social posts. In contrast, we altered our strategy on
Twitter, as it became apparent that the audience did not favour social posts,
and preferred information regarding opportunities (e.g. the chance to work or
study at ACAD) and alerts of new blog posts. Such analysis improved
management and planning of posts for each platform, particularly by saving
time on formatting ineffective posts for Twitter. While social media was a key
area of active promotion, we noted that individuals who found content via
internet searches and promotion on non-ACAD websites also engaged with
ACAD content.

Facebook

Publicity, Blog

O C| al Research

Publicity Research

Blog
Social

Figure 3: Normalized audience engagement with different post categories on

ACAD Facebook (left) and Twitter (right) profiles in 2015. Larger font size relates to
an increased average engagement per post. Post categories: “Blog”: Link to ACAD
hosted content, “Social”: ACAD social events, graduations, and member
recognition, “Opportunity”: Chance to work or study at ACAD, “Publicity”:
Appearance in media, and public or school talks, “Research”: Published paper,
conference presentation, or grant success, and “Resource”: Service provided by

ACAD (e.g. OAGR, workshops, and training seminars).
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Once released, outreach content forms an online legacy, which can
continue to engage the public some time after the date of content release. In
total, the ACAD Wordpress.com site gained more views from web searches
than from social media referrals. Although the highest views per day were
associated with ACAD social media posts, audience engagement via social
media was short-lived. We observed a three-day lifespan (from the time of
posting) for views coming from our social media links. However, views from
internet searches continued indefinitely. This legacy allows for future
resurgence of interest when a new user redistributes content. For example, a
YouTube video received 1,000 views in a single week, nearly seven months
after it was initially posted, because a new user promoted the content on a
third-party website. Hence, the legacy of online content continually draws
new viewers, contributing to science communication with no additional effort
from the group.

Finally, we note a range of research outcomes that resulted from
ACAD'’s increased visibility online that were not captured by analytics. These
included public donation of over 400 human DNA samples for forensic war
dead identification projects, and invitations to speak in schools and feature
on popular science television and radio shows. It is also important to note
that our communication efforts also engaged our peers, being cited as an
element that inspired applications for research and student positions. It also
directly resulted in an international collaboration to share genomic data for
the new, open access Online Ancient Genome Repository (OAGR) (12).
These outcomes, alongside reporting of analytics, are now incorporated into
research grant applications as an effective way to promote research. Further,
researchers have noted that involvement in science communication was

both informative and enjoyable.

Conclusion

Academic researchers are increasingly engaging with science
communication tools and sharing their research passions with the public.

Here, we have presented a framework that incorporates science
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communication into the standard operating practice of a research group,
and demonstrated that engagement and enthusiasm from public and peers
has resulted in significant research benefits. Sharing of responsibilities across
multiple members of a research group, and monitoring and analysing
audience engagement, reduces workload on any single individual.
Furthermore, the framework provides researchers and students with
opportunities to actively build communication and editing skills with the
support and advice of the research group and partner initiatives. In
recognition of the research benefits gained, science communication should
not be viewed as an addition to academic work, but as a powerful tool within

it.
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Overall summary and significance

This thesis aimed to identify the structure of oral microbiota within a
historical population and the aspects of historical life that defined and altered
this microbial community. In addition, it presents methods to optimize the
recovery of microbiota from dental calculus, allowing for the high-resolution
studies of a population utilized here. The data presented in this paper
provides important insights into the association of microbiota and human
lifestyle. These results are relevant to medical and archaeological fields for
progressing the understanding and application of microbiota.

In Chapter |, | explored the use of aDNA analysis of DC as an
archaeological tool. | discussed the currently known factors that define
microbiota structure and indicate how microbiota composition can be used
to identify past lifestyle traits. This review suggested how studies of
populations with detailed historical records, such as the British population
analysed in the following chapters, could be used to calibrate microbiota
studies for application to poorly understood populations. In addition, this
chapter discussed the considerations needed for aDNA studies of dental
calculus to be completed successfully, including assessments of
environmental and laboratory contamination, DNA marker type, and
sequencing technology.

Chapter Il addressed the issue of environmental contamination on the
outside of ancient dental calculus samples. | explored multiple
decontamination protocols to remove microbes and microbial DNA from the
surface of dental calculus that had been introduced from the preservation
matrix (.e. soil), handling during excavation and storage, or the storage
environment. This is a critical issue, as incorporation of contaminant DNA
into analysis can mask endogenous signal, or generate a signal that results
in misinterpretation of the data. In addition, removal of contamination prior to
sequencing maximizes sequencing capacity and thus sequencing quality of
endogenous DNA. This is the first study to test decontamination methods on
dental calculus, including a comparison of the two published protocols to

date. In this analysis, | indicated that UV irradiation (30 minutes, each side)
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and bleach submersion (5%, 3 minutes) was the most efficient at removing
identifiable contamination. This method of decontamination was then applied
in Chapters lll and IV.

Chapter Il applies the principles and observations in Chapters | and |l
to reveal two distinct microbiota present in an ancient population. In addition
to the decontamination method introduced in Chapter I, | also develop a
novel bioinformatics filtering step that compares samples to negative
controls and applys stringent, standard controls for microbiota. This study of
33 ancient samples from Great Britain revealed two distinct groups of
unidentified diversity that were present through British history from pre-
Roman (pre 43 CE) to Early Victorian (~1850 CE) periods. This was also the
first ancient DNA study to examine microbial function within the human
microbiota and identify that metabolic functional data related to diet primarily
drive variation between the two groups. The impact of diet on the microbiota
also suggests that socio-economic rank, which defined access to food in
past populations, may play a significant role in determining microbiota
community structure within the population. The higher socio-economic rank
group was defined by an increased microbial metabolism for meats, sugar,
and dairy foods, while the second group was associated with dietary food
sources linked to lower socioeconomic ranks.

Chapter IV was able to examine changes beyond diet and identify
microbiota associations with oral and systemic disease and an alteration
through time from the 1000’s CE to the 1800s CE. This study was
conducted in collaboration with the Museum of London where | collected
161 dental calculus samples from a single city, producing the largest study
of historical microbiota from a single location to date. The decontamination
protocols put in place during Chapter Il and Il allowed me to analyse 128
robust samples. This large sample size allowed me to examine and identify
the contributions of oral geography to sample variation. This is a major issue
that needs to be addressed in all future studies to ensure genuine
interpretation of ancient and oral microbiota data. Once oral geography was

considered during data analysis, a detailed study examining factors that alter
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microbiota was completed. This high-resolution data identifies several novel
facets of disease, diet, and socio-economic status that drive microbiota
diversity. Changes in these facets were linked to a demographic shift in
London, as the population grew with a bias towards an increase in lower
socio-economic classes, rather than an overall shift in microbiota among the
population.

Finally, Chapter V addresses the issue of making research accessible
to academics and the public. This chapter outlines and discusses a
framework for (large) research groups to produce a science communication
programme that will benefit the group, the individual researchers, and the
research, while minimizing the time input for individual researchers. This kind
of framework is critical for the future of science outreach to maximize the
benefits of science communication to research. | demonstrate that public
facing communication has provided the Australian Centre for Ancient DNA,
University of Adelaide, Australia with multiple direct benefits to research by
creating awareness that sparked collaboration between the Centre and its
peers and the public. This paper indicates the potential of public facing
science communication to breach the barriers between disciplines and
initiate academic communication and collaboration.

In summary, this thesis demonstrates the capacity, and thus
potential, for dental calculus to be used to detect fine scale changes in the
bacterial community in relation to diet, disease, and time. It provides the first
insights into the ancient microbiota within a single population through time,
producing the initial observations and data sets from which future studies
can expand and use as a baseline for comparison. In the early stages of
historical microbiota research, this thesis specifies three key
recommendations for study methods to optimize future microbiota recovery
and avoid bias. In this discussion chapter, | summarise and explore the
significant outcomes of this research and look forward to future research
avenues and the practices that promote communication between academic

fields and with the public.
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Oral microbiota are defined by individualistic factors

In this thesis, the diet and disease state of an individual were
identified as the key defining factors of ancient oral microbiota. Previous
studies of ancient microbiota have suggested that geography and population
culture drove microbiota diversity. For example, Adler et al. demonstrated
that individuals from the same archaeological site and culture were more
similar (1). However, these observations were made when studying large
time frames and geographies with a limited number of samples. In Chapter
lll, | demonstrate that samples do not follow this pattern when the
geographical variation is reduced to a single country (Great Britain) and the
time frame is reduced to ~ 2,000 years, rather than ~ 8,000 years. This was
repeated again within the higher resolution data set of Chapter IV, which
came from seven nearby, yet different, archaeological sites, in London, UK.
This indicates that geography or shared environment of living location were

not the major definers of microbiota in ancient populations.

Microbiota function is associated with diet

In living individuals, changes in diet can alter the microbiota rapidly (2).
These links between diet and microbiota have led some researchers to
suggest that dietary alterations may have played a key role during human
evolutionary history by shaping the modern microbiota. For example, the gut
microbiota of non-human primates becomes human-like following a shift
from their natural diet to one more closely resembling that of modern
humans (3). Previous studies of ancient DC have also identified diet as a
significant driver of microbiota structure (1,4,5). However, limited sample
availability in ancient studies could only predict large dietary changes by
comparing different cultures (in different geographies) over time, which would
also have been linked to a wide range of cultural and social differences.
While direct inference of diet was possible in more recent studies due to the
recovery of eukaryotic DNA (4,5), these studies still compared samples
across expansive periods and lacked resolution to understand how a single

population would be affected by the observed variations in diet. In Chapter Il
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and IV, examination of microbial metabolic functions demonstrated that
several specific dietary components varied among the population. These
functions included signals of meat, fibre, and carbohydrate (including dairy)
metabolism. Diet explained the differentiation of two taxonomically distinct
microbiota groups present within the ancient British population. This is the
first ancient DNA study to use microbial metabolic function as a proxy of diet
(rather than direct evidence from eukaryotic DNA) and provides new insights
into the nutrition available in ancient diets. Notably, this information
correlated with known dietary differences between socio-economic groups.
Of the two groups of microbiota that were identified, one group was shown
to have increased metabolic functions associated with meat and sugar
metabolism, including an increased capacity to break down sugars indicative
of dairy products. In the past, diets of this nature were associated with
higher status individuals (6). The second microbiota group contained a
functional profile indicative of the poor quality diet of a lower class individual,
which included higher fibre and non-sugar carbohydrate metabolism.
Identification of these specific dietary elements as drivers of
microbiota structure has not yet been demonstrated in modern humans.
While the impact of diet has been studied, many of these studies used 16S
rRNA gene sequencing and thus cannot examine microbial functions
directly. In the few studies where functional information has been linked to
diet, focus has been placed on changes as a result of experimental dietary
shifts in relation to the production of disease associated metabolites (7,8).
However, functional profiles associated with plant-based and meat-based
diets have been identified in modern individuals following short term, major,
experimental dietary shifts in humans (2). In both previously published
modern human data and the ancient humans studied here, the functions
used to differentiate between the levels of meat and fibre in the diet came
from studies of mammalian, non-human carnivores and herbivores, and
captive and wild non-human primates, respectively. This indicates how little
is known about the specific impacts of diet on human microbiota diversity

and function. In this thesis, | directly identify, and demonstrate distinct
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functional profiles related to dietary factors, providing the first study to infer
diet from metabolic functions. However, future studies should investigate
functional profiles further, with the aim of identifying other distinguishing,
human specific, functional factors across multiple populations and host
species. Additional functions linked to diet that should be explored further in
archaeological individuals include functions associated with marine
resources, the presence of fermentation products, and characteristic
compounds of differing grain crops (such as flavonoids (9)). These factors
need to be assessed in controlled experiments and could not be assessed
within the British population because the level of dietary information is not
sufficient in archaeological samples. However, once identified, the functions
could be assessed in historical populations to provide detailed inferences of
diet.

Inference of diet using microbial metabolic function required a much
lower sequencing depth than assessment of eukaryotic DNA from dental
calculus (~ 120,000 reads per sample compared to 45 million reads (5)). This
reduces the cost of sequencing per sample, allowing larger-scale surveys to
be completed. Savings in sequencing costs could be directed toward
isotopic and proteomic analyses of dental calculus. Together, these methods
could provide broad and specific dietary information (such as animal tissue
or G,/C, plant information (10,11)), indication of the geographical origin of the
human host (12), and human health (by identification of immune proteins (5)).
However, isotopic and proteomic studies of dental calculus are even more
recent fields than microbiota analysis. Proteomic analysis of diet has, to
date, only been applied to milk protein (11), while isotopic analysis requires
calibrating against traditional methods (e.g. collagen) to assess what
information can be inferred (13). Further studies are required to refine and
streamline the analysis, and create technical protocols that allow easy
integration of isotopic, proteomic, and DNA assessment within the same

individual or sample.
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Oral Disease

Previous studies identified key oral pathogens in ancient
individuals(1,4,5). However, they did not look at overall community shifts in
association with oral disease. In Chapter lll, microbiota composition was not
associated with the presence or absence of oral pathogens such as the Red
Three Complex (Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola), Streptococcus mutans, or Fusobacterium nucleatum.
However, Chapter IV identified links between abscesses and microbiota
community structure, including increases in the known abscess pathogens:
Prevotella species and Streptococcus species. This is the first time that an
ancient oral pathology has been linked to large-scale changes of the
microbiota structure. Dental abscesses are known to be a polymicrobial
disease (14), and several modern studies using metagenomic tools have
begun to report the polymicrobial incidence of dental caries (cavities) or
periodontal disease (gum disease) (15-17). These studies and the
observations made here, support whole community composition being
related to pathology It may be that novel oral pathogens, or unique
combinations of microbiota, are also linked to abscesses in ancient
populations. Future studies should look to identify functional traits present in
modern and ancient abscesses and other oral diseases to identify potential

microbes that caused ancient diseases.

Systemic Disease

The relationship between systemic disease and the oral microbiota is
likely to be complex, as associations can be due to both direct and indirect
factors. Direct associations may be due to the entry of oral microbes into the
bloodstream, which has been associated with various systemic disease,
such as arthritis, cancer, and mental disorders (18-20). Alternatively,
systemic disease within the body may trigger or exacerbate other diseases
(Le. infammation in the mouth or gut (19)), altering the body and, thus, the
microbiota. However, a cultural or environmental variable may impact both

without any direct link between the disease and the microbiota. For example,
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a person of high socio-economic rank with a rich diet is more susceptible to
diseases such as gout (21). Similarly, a rich diet will alter the microbiota
structure (as demonstrated in Chapter Ill) independently of the presence of
the gout. To date, ancient DNA analyses of microbiota have not identified a
link between oral microbiota and systemic disease. However, the data set
used in Chapter IV provided the resolution and metadata to test these
associations. From the paleopathological data, osteoarthritis and identifiable
blood disorders were considered the most likely diseases to be linked to
ancient microbiota. Osteoarthritis has been associated with modern oral
microbiota (22), and blood disorders are likely to impact the oral environment
and influence inflammation in bone tissue. However, in Chapter IV, | identify
that ancient microbiota were linked to the presence or absence of two joint
diseases (porosity and lipping), periostosis (inflammation of the outer bone
tissues), and Schmorl’s nodes on the vertebra. This is the first evidence of an
association between ancient microbiota and systemic disease. While the
specific mechanism that links the microbiota and these diseases remains
unknown, the microbial functional shifts associated with these diseases
indicate that individuals had poor diets and were likely of lower socio-
economic class. It is plausible that the link between microbiota and these
diseases may not be causal, and may be correlative. For example, stress on
bones, which may have contributed to these diseases, are more likely in the
lives of poorer working class individuals. Previous studies lacked the
resolution to identify these factors, likely due to the large geographically
spread, the limited sample number, and the biasing contributions of oral
geography. However, the observations of Chapter IV are initial and require
further study to confirm. It is of particular importance to examine multiple
dental calculus samples from a single individual to explore whether different
teeth respond differently to the same disease state. Despite this, the link
between oral microbiota and systemic health indicates the potential to
examine the health status of past individuals using dental calculus and
demonstrates the complex array of factors that drive microbiota variation

that need to be considered in modern medical research.
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Overarching drivers of microbiota in ancient Britain

The links between microbiota and both diet and disease suggests
that socio-economic status is the overall driver of microbiota structure in
ancient Britain. This is a finer level of social structure than has previously
been identified using ancient dental calculus, and the appearance of
microbiota groups representing upper and lower socio-economic groups at
multiple archaeological sites highlights the significance of a suite of individual
factors, such as lifestyle and disease, on microbiota diversity. This has
drastic implications for modern medical studies; all factors of a person’s life
must be addressed when looking to assess or restore a healthy microbiota
state. The results of this thesis are also an important archaeological finding
that indicates the detailed lifestyle information that can be derived from
ancient dental calculus. Future studies should explore historical individuals
with extensive information regarding their social rank to assess the
associations identified in this study and to identify the socio-economic status
at which one type of microbiota is maintained over the other. A similar study
could also utilize known family groups to assess how microbial inheritance
from the mother obscures the signals linked to socio-economic status.

It is clear that microbiota are shaped by a complex series of drivers,
as demonstrated in this thesis, and that further study is required to fully
understand the precise nature of each interaction and to identify further
drivers. However, several drivers can be ruled out. Notably, there are no
significant correlations with age or sex. In modern hunter-gatherer
individuals, microbiota have been associated with sex (23). However, this
has not been seen in modern individuals or here, in Chapters Ill and IV. Sex
divisions were associated with division of labour and the resulting differential
access to resources. The results here indicate that resources were not
sufficiently different between men and women in ancient Britain to alter the
microbiota. It remains unknown whether sex differences were present in
Europe and, if so, when they disappeared in European populations.
Microbiota have also been shown to alter with age (24,25), although the age

groupings focus on more extreme age differences than could be applied with
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the archaeological data (i.e. individuals in their 30’s compared to individuals
in their 60’s). Consequently, age related changes might have been too fine to

be detected in these studies.

Changes through time

Microbiota are known to alter over time. Human microbiota have also
diverged dramatically from the Great Ape ancestral community, potentially
linked to dietary changes (3,26), and human microbiota have differentiated
significantly within themselves, likely due to cultural differences between
industrialised and non-industrialised lifestyles (1,4,23,27,28). However, there
were previously no studies with sufficient resolution to identify the specific
drivers of change through time. This thesis addresses this issue by
presenting a continuous transect from the pre-Roman to Early Victorian
period (pre-43 CE to ~1850 CE) in Great Britain. The combined data set of
Chapter lll and IV examines the impacts of events outside the agricultural
and industrial revolutions. The data of this thesis suggest that the oral
microbiota and its population level diversity in Great Britain were stable
through time. This is unexpected, as the history of this period had many
events that were predicted to impact the microbiota, as outlined in Chapter |.
These included invasion, war, human migration, trade, and disease
epidemics. Within Britain, | hypothesised that the Viking invasions during the
900s CE and the Norman invasion of 1066 CE would have caused change
due to the introduction of novel microbiota into the population. | also
hypothesized that major disease events, most notably the Black Death (1348
CE), also would have influenced microbiota diversity at the population level.
However, these factors did not correlate with microbiota change. The two
groups of microbiota identified in Chapter Il were present in all periods,
including the additional periods covered by Chapter V. There are several
possibilities as to why the hypothesized events did not produce detectable
signatures within the microbiota data presented here. Firstly, there may be a

lack of samples or sequencing data to resolve the shifts that occurred.
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Thousands of samples or more detailed species identifications may be
needed to identify specific events in the microbiota, such as the Viking or
Norman invasions. With increased sampling, Chapter IV was able to resolve
some of the factors (individual disease) that were undetectable in Chapter I,
suggesting that alterations linked to invasions may be detectable with
greater sampling depths. Despite this, the analysis generally suggests that
there were minimal differences between the invaders and locals during
invasions, and that any impacts were minimal in comparison to diet and
disease. To further investigate the impact of invasion, large studies need to
focus on single periods and target documented burial sites used before,
during, and after the major invasion period. However, it is also plausible that
these events did not have an impact on the microbiota. For example,
Chapter IV covers the period of the Black Death, yet no microbiota
alterations linked to this infectious disease were observed. While filtering may
have reduced the sensitivity to an extent that the shift could not be detected,
the acute disease may have also occurred too rapidly to impact microbiota
composition within the slowly forming calculus sample. However, significant
shifts in microbiota through time were observed in 300 year blocks, which
split the data into pre-1300, 1300-1600, and post-1600. Given that the
bubonic plague was present in Great Britain from the first incidence in 1348
CE (Black Death) until 1666 CE (Great Plague) (29), it is tempting to link this
shift to a pre-plague microbiota, a plague exposed microbiota, and a post-
plague microbiota. However, this time frame covers many other historical
events. For example, the 1300 CE shift may be linked to the poor harvests
and food shortages associated with the Little Ice Age, and the 1600 CE shift
to the cultural impacts of the Reformation or the Great Fire of London.
Equally, as suggested in Chapter IV, this change through time may be an
artefact of the changing demography of London as the population grew.
These potential explanations highlight the dangers of correlating observed
biomolecular shifts with historical events. To ascertain the impact of the

Black Death and the other historical events noted, specific studies must be
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conducted, targeting specific sites and utilising samples and analyses to
directly analyse these events.

The microbiota structure in ancient British calculus was maintained
until the end of the time transect in Chapter IV. This was unexpected, as the
industrial revolution was previously reported to have shifted the modern
microbiota community structure (1). While the benefits of the industrial
revolution would have taken time to reach the majority of the population (29),
this data suggests that the impacts of industrialization did not affect the
microbiota throughout the population until after 1850, and potentially the
1900s. Consequently, the data in this thesis indicate that the transition to the
modern microbiota structure was later, and therefore even more rapid than
expected. The stability of the microbiota through the preceding 2,000 years,
and potentially longer, indicates how extreme the cultural changes must
have been to trigger the formation of a distinct microbiota structure in
modern individuals. Given that 66% of the population were part of the
second microbiota group in Chapter Ill, and 90% in Chapter IV, the majority
of the population experienced a rapid alteration, which makes the modern
microbiota dysbiosis even less surprising. The 1900s include a range of
developments that likely impacted the microbiota, such as antibiotics, food
additives, further heavy metal contamination (lead), the first and second
world wars, and globalization. While the data presented here provides a
baseline for further studies and indicates the degree of change, future
studies need to assess microbiota throughout the 1900s to identify how and
why the transition to the modern microbiota began.

This thesis demonstrated that the population level structure of the
microbiota was stable through time and was largely robust to major changes
like invasion, disease epidemics, or other factors during the ~2,000 year
period studied. This work also indicates that the transition from the historical
microbiota structure to the modern structure began later than previously
reported. Medically, this demonstrates how significant recent events were in
the history of our microbiota, and how the modern “healthy” microbiota is

unlikely to represent a healthy, natural state. However, this data cannot
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indicate the health status of historical microbiota, and it should not be

assumed that the ancestral (or historical state) was necessarily healthier.

Working with ancient DNA

Throughout this thesis, three key technical issues and protocols were
discussed. First, Chapter Il examined the control of environmental
contamination. This was followed by Chapter Ill, which described a method
to utilise negative controls to identify low quality samples prior to filtering of
contaminant species. Finally, Chapter IV identified the risks of sampling bias
(Le. oral geography) by creating false signal within the data set. In future
studies, each of these issues will require consideration, both at the time of
sampling (e.g. oral geography) and during laboratory procedures (e.g.
environmental and laboratory contamination.

Oral microbiota are known to vary across the different tooth types
and surfaces (30). However, this has not previously been analysed or
controlled in ancient DNA studies. In chapter IV, the association between the
microbiota population structure and oral sampling site was tested. This
revealed that a large percentage of the variation present within the data
(~44%) was linked to tooth type (.e. molar, premolar, canine, or incisor) and
tooth surface (.e. buccal, lingual/palatal, or interproximal). Without
accounting for this variation, associations with disease and time were
masked. Consequently, this is a major issue that must be accounted for in
future studies, particularly in studies exploring fine scale variation between
individuals, as done in this thesis. Importantly, observations in Chapter llI
were present when only molar teeth were analysed, demonstrating that the
patterns identified are genuine. Failure to account for oral geography in
future studies will include, at best, variation that masks signal or, at worst,
the introduction of a false signal that appears to be cultural or environmental.
To account for this variation, calculus samples should be collected from a
single oral location, and where possible, detailed metadata should be kept

on the specific location the sample was taken from (i.e. tooth type, number,
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surface, mandible/maxillia, left/right, etc.). Further, previous studies have
pooled dental calculus taken from multiple teeth (from the same individual)
prior to DNA extraction (5). The findings within Chapter IV indicate that this
method should not be used as it mixes different biological signals. If multiple
oral locations are examined, the data needs to be compared to sampling
metadata and filtered to remove confounding variation. Consequently,
obtaining comparable microbiota from different individuals requires care
during sampling, laboratory, and analysis stages.

Environmental contamination must also be accounted for to limit false
positive results. Environmental contamination is any microbial DNA that is
present on the dental calculus having being deposited post-mortem, and
includes DNA from the microbial community that degrades the human body,
the matrix the remains are preserved within (e.g. water or soil), handling by
excavators, museum curators, other researchers, and the storage
environment. These factors apply to all ancient DNA samples, and
decontamination of samples is a standard practice in the field. However, the
most common contaminant are microbes (31), which pose little threat to
large mammalian genomic studies, as microbial sequences are disregarded
during mapping to reference genomes. However, when the target DNA is
microbial, the successful physical removal of environmental prior to DNA
extraction is critical to avoid these biases. Despite this, there is not a field
standard for decontaminating dental calculus. This is addressed in Chapter
ll, when | assessed a range of decontamination methods for efficiency,
including two published protocols. As a result of this comparison, |
recommend a 30-minute UV exposure to each side of the dental calculus
fragment, followed by submergence in 5% bleach for three minutes. This
method was the most successful at removing soil microorganisms and was
consistent across a test group of real-world, archaeological dental calculus
samples. Implementation of a decontamination standard across the field will
allow for more confident meta-analysis of data as it becomes available.
However, further studies should continue to pose and test novel

decontamination methods to improve the removal of contaminant DNA,
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while limiting the impacts on endogenous DNA. For example, variations in
UV exposure and bleach concentration could be assessed to identify optimal
conditions for the removal of contaminating DNA.

Reliance on databases and bioinformatics tools as the sole method to
identify contamination post sequencing should be used with caution. In
Chapter I, bioinformatic filtering methods were applied, yet SourceTracker
analysis still assigned large proportions of reads as unknown, despite having
human oral and skin, and soil microbe comparison data. This proportion was
highest in untreated samples, suggesting that many ‘unknown’ species likely
arise from contamination. This also signifies that the reference samples
provided to SourceTracker are not extensive enough to account for all the
species present in ancient dental calculus. This could be improved by using
soil data from the specific sites where the samples were collected, and by
using skin microbiota data obtained from swabs of the team that handled
the samples after excavation. However, constructing a comprehensive
comparison data set is difficult given the variation in preservation, microbial
content of soil (32), and handling of different samples. Consequently,
practical procedures to minimize contamination are critical.

Laboratory contamination cannot be removed or accounted for using
the protocols outlined in Chapter I, as this contaminating DNA is introduced
into the samples from the laboratory environment during processing.
Consequently, negative controls (e.g. samples processed in tubes with no
sample added) are critical to monitor this type of contamination. Negative
controls are, again, an ancient DNA field standard (33). However, laboratory
contamination mostly consists of microbial DNA (34), which again does not
pose issues for mammalian genomic studies but is problematic for ancient
microbiota analysis. In Chapters Ill and IV, species identified within negative
controls accounted for ~25% of the total detected species. This highlights
the critical need to sequence and assess negative controls when working
with ancient samples that have low endogenous DNA levels. In addition,
poor quality samples with low endogenous DNA will more closely resemble a

negative control than a well-preserved sample. Consequently, | introduced a
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simple analysis in Chapter lll that uses Bray-Curtis dissimilarity values to
identify microbial communities that were not distinct from the negative
controls. These samples were excluded from further analysis, further
removing bias from my data sets. Stringent methods such as these must be
applied to obtain a robust data set, and it is recommended that this analysis
be incorporated as a field standard in future studies to ensure that laboratory
microorganisms are not driving the signals observed in ancient microbiota
studies.

It is concerning that ~25 % of identified species must be removed
from the data during the filtering of laboratory contamination. However, 16S
rRNA gene analysis of ancient microbiota studies have identified up to 97%
of species as laboratory contaminations (4). The rate of contamination in the
two methods may be different, but shotgun sequencing also provides a
single read count for each species identified, rather than multiple blocks of
reads assigned to unique operational taxonomic units (OTUs) that are
assigned to a single taxon. Therefore, reads without species level
identifications cannot be removed from shotgun data sets as the entire taxon
would be lost. However, a tool commonly used in ancient eukaryotic analysis
is assessment of the damage patterns on the DNA fragments. Future
development of bioinformatics for calculus analysis could exploit
contamination to better identify modern microbial contamination within
sequencing. DNA fragments are already being aligned to reference genomes
in programs such as MALT and MALTX (35), and an assessment of
mismatches along the fragment based on these existing alignments could
identify potentially endogenous, ancient DNA from modern contaminants.
While the exclusion of modern DNA would not remove all remaining
contaminants, this method would improve confidence in the microbiota
community being analysed.

The analysis of DNA from ancient dental calculus is a young field and
consequently there is not a standardised analytical framework for analysis of

these data. Info here = things that must be considered for future work and
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will be key in developing such a standard. It is also, then, critical that data is
freely available such that future studies can

Working with ancient DNA is a delicate process, particularly when the
target DNA is microbial. In this thesis, | have explored and presented several
methods to account for confounding factors during the analysis of ancient
dental calculus. It is critical that these factors (oral geography, sample
decontamination, and assessment of negative controls) are accounted for in
future studies to maintain and improve data quality and allow correct

inferences of historical microbiota.

Future work

Ancient DNA analysis of dental calculus is increasingly becoming an
accepted tool within medical and archaeological research. This thesis
expands on this premise and identifies detailed alterations in historical
microbiota. However, during this research, several issues have arisen that
need to be addressed in future analyses. In addition, the high-resolution data
obtainable from dental calculus suggests potential future research directions.
In this section, | present eight future directions that can build upon the work

presented here.

1. Detailed assessment of calculus from different regions of mouth

The impacts of oral geography cannot be full understood until the
variation of microbiota at different oral locations is fully examined. In Chapter
IV, different oral locations significantly impacted microbiota diversity and
masked signals linked with disease. Therefore, calculus samples from
different oral locations were not utilized to examine individuals within the time
transect. Further analyses of living individuals will aid in this issue, particularly
by detailing the taxonomic and functional differences of microbiota from
different oral locations. Community differences also need to be examined in
relationship to temporal changes within the oral environment (e.g. level of

saliva present). If these variables can be quantitatively described, then there
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is a potential to apply statistical or bioinformatic methods to account for this
variation (see point 4). If the communities are unique and no large-scale
trends in microbiota can be linked with oral geography (i.e. the microbiota in
different areas of the mouth respond differently to external factors), oral
geography can only be addressed by sampling single locations. Future
ancient DNA studies should also compare different samples from the same
individual to confirm that the trends observed in modern individuals are true
in the past. These studies are critical to control for oral geography variation in

ancient studies.

2. Integrated sampling procedures

This thesis has presented the first high-resolution analysis of ancient oral
microbiota and past living environments. However, the human genome can
also play key roles in shaping the microbiota. Ancient DNA studies have the
potential to observe the co-adaption of the human genome and the
microbiota. For example, microbiota could be analysed through time as
lactase persistence was being selected for in the human genome. Building
on the observations within Chapter lll, dental calculus would provide an
alternate measure of the proportion of the population consuming dairy and
an indication of the quantity, providing insight into the use of dairy and thus
the level of selection upon the genome. Such comparisons could be
extended to all dietary associated genes, including carbohydrates and fatty
acids (36). The results of Chapter IV indicate that microbiota shifts could be
identified in relation to evolution of disease resistance in the human genome.
Consequently, future studies should assess ancient microbiota, genomes,
and environments from the same individual. While human DNA has been
recovered from dental calculus, multiple rounds of enrichment are required
to obtain mitochondrial genome (37). Therefore, a tooth or bone sample
should be collected alongside the dental calculus and metadata. It may also
be possible to revisit archaeological remains that have previously been
sampled (for genomic or microbiota analysis) and take the partner (dental

calculus or bone/tooth) sample. However, new studies and excavations
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should integrate human and microbiota sampling to gain the maximum
amount of data with minimal damage to the remains. As the genomic era
expands, microbiota analyses should be routinely integrated now to avoid

retroactively accessing material.

3. Integrated extraction methods

To maximise the information recovered from samples of dental calculus,
integrated extraction protocols to recover multiple biomolecules, such as
proteins and DNA should be applied. Proteomic analysis of dental calculus is
a powerful tool to assess microbial and eukaryotic proteins (.e. immune
proteins and dietary constituents (2,9)). For example, the presence of dairy
items in the diet has been demonstrated by identification of the j-
lactoglobulin protein (11). Further analyses can target proteins from a wide
range of dietary items. The tissue specificity of proteins may allow
identifications of species and the tissue type consumed. Additionally,
identification of human immune proteins can reveal the immune responses
occurring within the mouth, providing an insight into oral disease (5). Isotopic
analysis of dental calculus has isolated 6'°C and 6N isotopes to study diet
(13), and may be used to indicate marine resources and C,/C, plant use.
However, this method is controversial. It has been stated that analysis of
isotopes from dental calculus is flawed and does not correlate with data
from collagen. The complex and variable formation of dental calculus also
confounds standardisation of isotopic results (38). Future studies may
demonstrate that isotopes from dental calculus provide important insights,
which may not be the same as can be acquired from other biological isotope
sources (e.g. bone, teeth, hair, nails). However, if isotopic analyses are to be
undertaken, considerable theoretical and developmental work is required.
Until such methods can be defended, archaeological use of isotopes from
dental calculus should not be undertaken. In addition, microfossils, which
were the original target of research (39), are important sources of dietary and
environmental information. To allow the integration of these methods,

extraction protocols should be optimised to recover DNA, proteins,
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microfossils, and (potentially) isotopes simultaneously from the same dental
calculus fragment. Multiple extraction methods have been developed for
recovering DNA and proteins from a single sample, which also can capture
RNA and metabolites (40-43). However, further development is required to
include microfossil and isotopic recovery. Currently, these extraction
methods have not been applied to ancient samples where the
concentrations of the biomolecules are in low concentrations. Optimization
for ancient samples will be critical to recover high quality data. However,
analysis of multiple biomolecules from a single sample will broaden the array
of lifestyle factors, such as diet and disease, that can be analysed and allow

complementation of methods to provide greater confidence of inferences.

4. Improvement of microbial identification

Current microbiota studies use comprehensive databases of microbial
genomes to identify the microbes preserved with the dental calculus sample.
However, the total diversity of ancient microbes is poorly understood, which
limits the ability to identify new taxa or novel functions, and may result in
misidentification of sequences due to unappreciated bacterial evolution.
Studies should continue to assess the microbes within the human body and
the environment to expand the reference databases, and ensure that
taxonomic and functional assignments are more robust (44). In addition,
ancient DNA studies should also continue the recovery of ancient microbial
genomes from metagenomic samples. This has been done in modern
samples using methods such as GroopM. GroopM compares related
metagenomes and uses coverage similarity to reconstruct individual
microbial genomes. This method reduces the need for sequencing depth to
identify genomes, which is necessary for ancient DNA analyses. However,
further development will be required to optimize for ancient DNA, which
contains short fragments of damaged DNA potentially confounding current
methods. While many ancient DNA studies have focused on ancient
pathogens, commensals represent the microbiota present throughout the life

and provide most of the functions critical to health and disease. Current
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studies of ancient microbiota may be missing unique microbial and functional
diversity that has been lost in modern microbiota and thus is not present in
the current databases. Incorporating ancient genomes into reference
databases would provide greater resolution when identifying ancient
microbial species and their functions and may allow the appreciation of
unigue species within ancient microbiota. Recovering and reconstructing
ancient microbial genomes on a large-scale is difficult and costly, but should

be a long-term goal that remains a widespread theme within the field.

5. Development of multivariate analyses for ancient microbiota
Chapters Il and IV demonstrate that microbiota are altered in
response to multiple factors simultaneously. Current analytical methods
applied in the ancient DNA field can only assess the association of the
microbiota with a single metadata field. However, a clear understanding of
the hierarchy of external factors that alter the microbiota can only be
established through multivariate analyses. In this thesis, the contributions of
oral geography and disease metadata had to be analysed individually, due to
the lack of multivariate approaches. In Chapter IV, | created sub-sets of data
from the total 128 samples to account for variation associated with oral
geography. Once the data was split, | analysed the links between microbiota
and disease. While sampling can be utilised to avoid bias from oral
geography, other overlapping metadata characteristics cannot be analysed
in this way (e.g. consumption of meat and oral disease). Consequently,
multivariate analysis could be applied to discern individual contributions of
individual metadata fields, removing variation due to oral geography (or any
other factor). This would allow data sets, such as those in Chapters IV, to
utilize all samples for analysis, increasing the statistical power to detect fine
scale alterations. Statistical methods capable of indicating the relative impact
of multiple metadata fields have been applied to data from modern
microbiota analyses. These include direct and indirect gradient analyses and
display the drivers of sample distribution on ordination plots (such as a plot

from a Principal Coordinates Analysis) (45). While these analyses indicate the
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major drivers of the inter-sample variation, they do not allow for variation of
one factor to be removed from the data. An analysis method to overcome
this is the MaAsLin (Multivariate Association with Linear Models) package
(46). This pipeline can account for variation within the microbial taxonomy or
function as described by one or more metadata fields and remove this trend,
allowing observation of finer scale associations. However, this method has
not been applied to ancient DNA samples and further analysis is required to
determine if it can be used with ancient DNA data sets with confidence.
Simulated ancient DNA reads and microbiota should be used to test the
MaAsLin pipeline under controlled conditions. However, Chapter IV provides

a large data set upon which these trials with real data could be applied.

6. Examination of additional populations and geographies

This thesis has focussed on Great Britain as a model population to
examine historical microbiota. However, Great Britain cannot be assumed to
harbour microbiota representative of Europe, other colonised Western
countries (e.g. United States or Australia), or uncontacted regions. Therefore,
the analyses conducted in this thesis should be repeated in different
geographical regions around Europe and the world. It remains unknown if
the presence of two microbiota groups is present in other European
populations. Although, | would predict that this would be the case. The level
of trade and movement between countries prior to the Industrial Revolution
(29,47) ,the fact that two German samples (5) fell within the diversity of the
British samples (Chapter lll, Figure 3a), and that there were no significant
associations with influx of people or goods into Britain (via invasion,
migration, or trade) suggests that there was sufficient interconnection
between populations throughout time that the microbiota would be
consistent across Europe.. The basic diets of social groups are also similar
across Europe (48), which would support two similar microbiota groups. The
data present in this thesis provides a baseline for comparison, and will allow
researchers to qualify and quantify the variation that exists between different

regions and assess these assumptions.
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7. Ildentifying the micriobiota of colonization

The microbiota data from Britain and Europe provide an opportunity to
appreciate the microbiota that were introduced during the Colonial period in
the New World and elsewhere. Native peoples of colonised countries likely
possessed unique microbiota compared to those examined in Britain, and
the resultant shifts in native peoples’ microbiota as a result of colonization
are partially dependent on the novel microbes that were introduced by
colonialists. As Chapters Ill and IV show, the microbiota of Britain during the
colonial period was significantly different from that observed in modern,
industrialised populations, indicating that modern Western microbiota are not
a suitable proxy for colonialists. This is particularly true for early colonial
periods prior to the Industrial Revolution. Ideally, a comparison of the
European population, the individuals who arrived in the new colony, and the
native people of that region should be assessed. This will allow indication of
what microbes were brought by the colonialists, whether this marked a
random sampling or specific sub-group of the European population, and
how these microbiota differed from the local, native microbial communities.
Appreciating this will impact our understanding of how colonialists initially
impacted the health and microbial diversity within indigenous people,
providing insight into how treatments can be tailored to overcome the

pattern of poorer health in colonised, native populations.

8. Using microbiota to track migrations

Human migration has resulted in humans that inhabit a wide-range range
of different environments with unique resources. How microbiota respond to
an altered diet and the specific pattern of microbes that are retained as
humans pass through different environments, may leave signatures that
allow populations to be compared and traced through time. It may be
possible to use these signatures in the microbiota to reconstruct human
migratory patterns or paths. Examining the evolution of core microbial
species could be applied to identify these patterns. Future studies of dental

calculus should assess this possibility. The rapid adaptive ability of the
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microbiota community and microbial genomes suggests that microbiota may
offer a resolution that allows tracking of rapid migrations, such as the

peopling of Polynesia (49,50).

Around the world, ancient DNA studies of dental calculus are still in the
early stages. In the future, techniques must be refined to obtain robust,
reproducible results from dental calculus. These techniques must then be
used to produce a field standard so that microbiota reconstructions are not
biased by different assumptions in independent studies. Ancient DNA
studies must also look to combine their findings with those from other
molecular analyses (e.g. proteomics), bioarchaeology methods (e.g.
isotopes), and archaeological and historical information. Extensive
collaborations will provide unique context to the data, and foster new
questions to further develop dental calculus as an archaeological tool.
Partnerships with medical researchers will also ensure that the data provided
from ancient dental calculus can become medically relevant and reveal

causal factors of modern diseases.

Science communication

In the final chapter of this thesis, | outlined a framework for science
communication within a research group. Analysis of science communication
efforts at the Australian Centre for Ancient DNA demonstrated that both the
public and the Centre’s academic peers were part of the audience engaged
with blog posts, videos, and social media output. Further, both the public
and peers entered into collaborations with the Centre. The public donated
DNA samples to build a DNA database for war dead identification, while the
academic collaboration resulted in the sharing of data, which was made
publically available via the Online Ancient Genome Repository (OAGR, (51)).
These two outcomes directly demonstrate the potential of science

communication to benefit research.
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The future of science communication at the Centre now has a solid
base, both in terms of the infrastructure though which science
communication can be conducted and an audience. Consistency is critical in
maintaining an audience (52). Consequently, the focus for future
communication is to maintain a regular output of science content. Novel
formats will be explored and, where suitable, utilised, but as an addition to
the current framework, not as a replacement for existing elements. By doing
this, the centre can build upon its current audience and focus on increasing
interaction with the existing audience as well as gaining new audience
groups.

As noted in Chapter V, social media platforms are not homogenous,
and individual users form interconnected groups who share information (53).
Information posted by users outside of this group is unlikely to be visible to
the group members. Academic disciplines are likely to also form such
groups, as individual researchers follow (“keep up to date with”) other
members of their field who share relevant information. The followers of the
Australian Centre for Ancient DNA social media accounts tend to be other
ancient DNA researchers. This communication within the field is important
and, as noted above, has resulted in a collaboration. However, for a
research group to expose members of other disciplines to their research, it is
important that the group identify the tags and language of various groups in
order to place content into the forum of the other group. On Twitter this may
mean the use of hashtags (key words). Examples of hashtags that could be
used in relation to the research presented here include: #twitterstorians
(historians),  #archaeology (archaeology), #medicalresearch (medical
research), and #microbiome (microbiota and microbiome research). These
key words are likely to capture both public and academic users and offer a
way to breach the barriers within social media and between academic
disciplines.

The framework presented in Chapter V, places science in a public
forum in an engaging manner. It does not address the complexities of

engaging with specific ideas and looking to remove culturally engrained
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opinions or pseudo-science. Academics involvement in such debates (e.g.
vaccinations) is cautioned unless sufficient time can be devoted to
understanding the argument and creating well though-out responses and
examples. An understanding of the psychology behind changing opinions is
also required for such debates to be effective. It is critical that scientists
engage with these pseudo-science issues, and to work toward a science-
literate society. The collaborations noted within the framework can include
groups that provide guidance on entering this element of science
communication. However, it should be noted that high quality science
communication is important and provides a resource for professional
science communicators and the interested public.

In Chapter V, the targeted audience included academic peers and the
public. However, the time and effort put into making science comprehensible
to a lay audience, including academics in separate and different fields, can
also be directed at a third group — high school and undergraduate students.
Students receive little insight into active research during their formal
education. However, science communication content provides an accessible
source of information on active research pitched at a suitable level for
students toward the end of high school and in undergraduate degrees.
Science communication outputs should be advertised to students and,
potentially, incorporated into lessons/tutorials to provide an introduction to a
topic, to inspire critical thinking and to further research. In addition, this
insight could be a method to inspire a passion for science and inform future
career pathways

In the context of this thesis, science communication has been used to
promote its research across and beyond the multiple research fields it
incorporates. Public facing communication was an aspect of the Museum of
London application to sample (Chapter V). Communication can benefit this
research as described above. However, it is also important to the Museum.
Science communication allows the Museum to promote its collections and
the research benefits that they provide. To provide benefits to the research

presented in Chapter IV and the Museum, three activities were planned.
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Firstly, at the time of sampling, a small display was placed in the Museum
galleries for an afternoon. The Museum osteology curators and | (as the
researcher) were present to describe and discuss the project with Museum
visitors. This was followed by a series of talks to academics and school
students in the UK and Australia. The final communication project is to
produce a series of short videos describing the research project from
inception to results. These videos will be pitched toward high school
students and made available via YouTube to promote microbiota research
and provide insight into the elements and timeframe of a research project.
These videos are still in production, although, filming has occurred
throughout the research process to capture dental calculus sampling at the
Museum, DNA extraction, library preparation, and data analysis at the
Australian Centre of Ancient DNA. These films will allow viewers to watch the
research at each stage, rather than only see a report of the results.
Consequently, planning of science communication from the beginning of the
project helped to support the sampling application, allowing this research to
be undertaken. Through multiple communication events this research has

been (and will continue to be) distributed.

Conclusion

Microbiota are a critical part of the human body, carrying out key
functions of which the human body is incapable itself. However, modern,
industrialized microbiota are in a disease state, which modern medicine
needs to address. Unfortunately, studies of living people cannot trace the
development of this modern disease state, identify the key cultural and
environmental changes that drove this development, or explore how
alterations impact the microbiota of subsequent generations. Ancient DNA
studies of dental calculus allow direct insight into the structure of oral
microbiota through time, allowing these questions to be addressed. Dental

calculus is a calcified microbial biofilm, a preserved representation of the oral
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microbiota, and the only known accurate representative of historical
microbiota structure. Studies of ancient dental calculus have revealed that
the microbial community was significantly altered during the agricultural and
industrial revolutions. However, the population level structure of microbiota
and the specific factors that drove this change remained unknown.

This thesis presents the largest study of dental calculus to date,
totalling 281 samples, to identify the individualistic factors that defined and
altered the microbiota in a historical population. Findings indicate that
historical Britain contained two distinct groups of microbiota that were
defined by diet and linked to the socio-economic rank of the individual. In
addition, these groups were present throughout the ~2,000-year time
transect, indicating the minimal impact of the multiple invasions and disease
epidemics that struck the population. Further detailed study also revealed
associations with oral and systemic disease for the first time. Together, these
results indicate that the key drivers of microbiota structure are diet and
disease and suggest that nutrient control may be a way to medically
manipulate the microbiota. However, the potential for dental calculus to be
used as an archaeological tool to study diet, disease, and socio-economic
rank — areas of major archaeological, anthropological, and historical research
—is also indicated.

To provide this high-resolution data, several key elements of sample
processing were identified and addressed to provide robust data. These
experimental and analytical methods should be used in further analyses of
dental calculus and be key considerations in developing a standardised
research method. Standardisation should identify the optimal methods to
produce accurate and precise data, and account for the practicalities of
archaeological, laboratory, and analytical work and biological patterns that
need to identified or controlled for. In this thesis it is demonstrated that future
studies must account for the oral geography of samples, apply a UV and
bleach decontamination  treatment  to remove  environmental
decontamination, and sequence negative controls to assess sample quality

and filter laboratory contamination from samples. High-resolution analyses,
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as conducted here, are reliant on the recovery of high quality data to
confidently make claims about cultural and environmental impacts on
microbiota.

This thesis also addressed the need for science communication,
outlining a group framework to maximise communication outputs and
minimise investment from individual researchers. This framework should be
exploited to target three major audience groups: academic peers, the public,
and students. The benefits of doing so provide collaborations with peers and
the public, help improve science literacy in society, and can inspire future
researchers. Ciritically, in the context of this thesis, public facing science
communication is a method to engage with academics in disparate fields
(.e. molecular biologists informing historians, archaeologists, and medical
researchers of the research concepts and results). Ultimately this aims to
create an awareness of research methods that may create the environment
for new, trans-disciplinary research collaborations, and the advancement of

scientific research.
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Figure S1: Average Bray curtis of each modern sample compared to the
others. Calculus sample in red, plaque samples in blue. No significant
difference between samples, which indicates that plaque and calculus
samples are directly comparable.
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Table ST

Test

Group 1 vs.Group 2 vs.Modern
Group 1 vs.Group 2

Group 1 vs. Modern

Group 2 vs .Modern

## 3 Groups ##
BlockPeriod

## Ancient Groups (Group 1 & Group 2) ##
Cemetry

Clade

Country

Region

RuralUrban

## 3 Groups ##

Acinetobacter calcoaceticus baumannii
complex

Bordetella parapertussis
Campylobacter jejuni
Clostridium botulinum
Clostridium tetani
Corynebacterium diphtheriae
Enterococcus faecium
Fusobacterium nucleatum
Helicobacter pylori
Mycobacterium tuberculosis complex
Neisseria gonorrhoeae
Porphyromonas gingivalis
Prevotella denticola
Pseudomonas aeruginosa group
Staphylococcus aureus
Streptococcus mutans
Streptococcus pyogenes
Tannerella forsythia

Treponema denticola

R statistic p-value
0.8153 0.0001
0.7861 0.0001
0.7965 0.0001
0.9886 0.0001

-0.0291 0.5752

-0.0276 0.5914
0.7861 0.0001
0.0033 0.408
0.0689 0.2293
0.1224 0.1358

0.616 0.0017
-0.0989 0.6241
0.7186 0.053
0.6817 0.0001
-0.1558 0.8128
0.6807 0.0003
0.2617 0.0012

NA NA
0.7186 0.0545
-0.0517 0.461
0.7277 0.0001

NA NA

-0.024 0.6489
0.0245 0.3769
0.0346 0.3593
-0.1111 0.9024
-0.0147 0.4739

NA NA
0.7967 0.0228

ANOSIM results showing significant differences (R < 0.3 and
p > 0.05) between the three groups but not with period,
geography, or pathogens (except for Clostridium botulinum)
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Table S2a

Test Bonferroni Group 1 Group 2
Statisticp value mean mean
Aggregatibacter segnis 17.57 0.03 51.42 0.75
Campylobacter 19.69 0.01 1902.83 357.6
Campylobacter showae 20.39 0.01 547.50 52.4
Campylobacteraceae 18.36 0.02 51.92 15.95
Campylobacterales 18.71 0.01 89.67 21.8
Capnocytophaga 18.00 0.02 1364.33 143.75
Capnocytophaga gingivalis 16.79 0.04 59.00 1.2
Capnocytophaga sp CM59 18.02 0.02 137.08 2.65
Capnocytophaga sp oral taxon 326 23.59 0.00 46.83 0.8
Capnocytophaga sp oral taxon 329 17.57 0.03 82.33 0.85
Capnocytophaga sp oral taxon 332 16.76 0.04 32.75 0
Capnocytophaga sputigena 22.43 0.00 36.50 0
Cardiobacteriaceae 19.41 0.01 21.17 2.6
Cardiobacterium 19.36 0.01  280.67 27
Cardiobacterium hominis 19.63 0.01 148.92 12.5
Cardiobacterium valvarum 19.39 0.01 709.17 53.9
Eikenella corrodens 19.44 0.01 385.25 38.15
Epsilonproteobacteria 17.10 0.03 62.42 16.55
Flavobacteriaceae 17.36 0.03 263.42 78.8
Flavobacteriales 18.88 0.01 51.08 14.35
Flavobacteriia 19.39 0.01 47.42 7.75
Haemophilus 19.51 0.01 34.33 0
Kingella 19.52 0.01 10.00 0
Leptotrichia goodfellowii 19.52 0.01 75.83 0
Neisseria 19.70 0.01 1564.25 62.1
Neisseria elongata 20.69 0.01 277.00 0.75
Neisseria mucosa 16.76 0.04 76.92 0
Neisseria sp oral taxon 014 18.85 0.01 40.50 2
Neisseriaceae 19.70 0.01  533.75 49.95
Pasteurellaceae 17.68 0.03 309.58 46.95
Peptoclostridium 18.47 0.02 20.75 7.6
Prevotella saccharolytica 18.37 0.02 183.92 9.8
Prevotella sp oral taxon 472 17.37 0.03 368.50 11.45
Rothia 17.72 0.02 35.25 1.6
Selenomonas sp oral taxon 138 17.58 0.03 24.33 0.85

Part a: Kruskall-Wallis results indicating taxa that differ significantly (p <
0.05) between the two ancient groups of microbiota



Table S2b

Test Bonferroni Group 1 Group 2
Statisticp value mean mean
Clostridium clariflavum 17.72 0.02 0.00 13.7
Clostridium hiranonis 20.32 0.01 1.25 204
Clostridium hylemonae 20.42 0.01 5.17 25
Clostridium methylpentosum 17.59 0.03 0.00 20.5
Clostridium stercorarium 20.11 0.01 7.50 36.65
Eubacterium cellulosolvens 19.38 0.01 18.00 46.65
Ruminococcus obeum 21.72 0.00 11.58 35.7
Alkaliphilus metalliredigens 23.07 0.00 0.00 25.85
Alkaliphilus oremlandii 19.93 0.01 1.33 22.7
Anaerococcus hydrogenalis 17.59 0.03 0.00 16.3
Anaerofustis stercorihominis 20.08 0.01 8.33 55.1
Anaerotruncus colihominis 21.38 0.00 10.25 34.65
Archaea 19.03 0.01 12.17 65.45
Bacillaceae 20.24 0.01 27.83 51.45
Bacillales 20.23 0.01 69.58 120.55
Bacillus 21.87 0.00 45.75 82.65
Bacteria 20.39 0.01 13706.17 24454.95
Blautia hydrogenotrophica 17.26 0.03 13.42 38.95
Butyrivibrio fibrisolvens 20.26 0.01 1.33 30.1
Cellulosilyticum lentocellum 21.96 0.00 3.67 27.3
Clostridia 21.82 0.00 316.17 1032.35
Clostridiaceae 20.25 0.01 22.25 38.25
Clostridiales 21.10 0.00 2889.33 6741
Clostridiales Family Xlll Incertae Sedis 19.01 0.01 114.17 442.6
Clostridium 21.82 0.00 136.17 277.45
Clostridium botulinum 21.98 0.00 8.17 37.2
Clostridium sp D5 20.06 0.01 15.92 38.65
Clostridium ultunense 19.56 0.01 18.67 58.55
Coprococcus catus 21.44 0.00 3.33 26.05
Desulfosporosinus 18.38 0.02 21.25 47 1
Desulfotomaculum 21.14 0.00 23.50 49.1
Dorea formicigenerans 18.39 0.02 9.17 23.1
Eggerthia catenaformis 20.39 0.01 33.00 168.9
Ethanoligenens harbinense 16.71 0.04 1.08 19.55
Eubacteriaceae 16.60 0.04 15.00 86.35
Eubacterium limosum 21.96 0.00 2.25 34.15
Eubacterium ventriosum 18.46 0.02 2.50 18.75
Euryarchaeota 18.33 0.02 109.25 855.15
Faecalibacterium prausnitzii 16.41 0.05 29.50 60.95

Part b: Kruskall-Wallis results indicating taxa that differ significantly (p <
0.05) between the two ancient groups of microbiota
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Table S2¢

Test Bonferroni Group 1 Group 2
Statistic p value  mean mean

Firmicutes 21.82 0.00 3195.00 8422.5
Gottschalkia acidurici 22.16 0.00 2.83 29.85
Halanaerobium 19.46 0.01 0.00 13.8
Jonquetella anthropi 17.51 0.03 102.08 239
Listeria 20.10 0.01 16.67 30.55
Methanobacteriaceae 18.67 0.02 184.67 1852.6
Methanobacteriales 18.34 0.02 50.00 551.2
Methanobrevibacter 18.67 0.02 198.67 2133.15
Methanobrevibacter ruminantium 18.70 0.01 73.42 719.2
Methanobrevibacter smithii 18.67 0.02 586.17 6045
Methanococcales 19.38 0.01 0.00 14.85
Methanomicrobiales 18.61 0.02 1.17 19.4
Mogibacterium sp CM50 20.39 0.01 346.75 1315.8
Oscillibacter valericigenes 17.20 0.03 36.33 80
Pelosinus fermentans 19.47 0.01 3.58 22.35
Peptoclostridium difficile 22.10 0.00 6.17 39.6
Peptococcaceae 18.88 0.01 33.00 56.05
Peptoniphilus indolicus 19.94 0.01 8.00 129.75
Peptoniphilus sp oral taxon 386 21.10 0.00 47.58 256.5
Peptostreptococcaceae bacterium

OBRC8 17.21 0.03 24.83 55.3
Pseudoflavonifractor capillosus 16.57 0.05 15.75 36.9
Pseudoramibacter alactolyticus 18.17 0.02 73.25 2072.75
Ruminococcaceae 19.05 0.01 48.50 80.5
Ruminococcaceae bacterium D16 18.38 0.02 18.17 46.55
Ruminococcus bromii 21.06 0.00 3.58 371
Ruminococcus flavefaciens 18.25 0.02 1.25 22.25
Shuttleworthia satelles 19.88 0.01 2217 95.35
Thermoanaerobacterium 21.13 0.00 0.00 21
Thermotogaceae 16.76 0.04 18.58 37.2

Part c: Kruskall-Wallis results indicating taxa that differ significantly (p <
0.05) between the two ancient groups of microbiota



Table S3a

Test Bonferroni Group 1 Modern

Statistic p value mean mean
Prevotella sp oral taxon 473 15.28 0.09 1.17 437.29
Prevotella sp oral taxon 299 13.60 0.22 0.00 62.00
Capnocytophaga canimorsus 13.60 0.22 0.00 2214
Granulicatella elegans 13.60 0.22 0.00 46.57
Veillonella atypica 13.60 0.22 0.00 94.43
Veillonella dispar 13.60 0.22 0.00 82.29
Veillonella parvula 13.60 0.22 0.00 236.71
Veillonellasp 3144 13.60 0.22 0.00 50.86
Veillonellasp 6 127 13.60 0.22 0.00 42.43
Veillonella sp oral taxon 158 13.60 0.22 0.00 38.71

Kruskall-Wallis results indicating that no taxa differ significantly (p < 0.05)
between Group 1 and Modern microbiota groups
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Table S3b - 1

Test Bonferroni Group 1 Group 2
Statistic  p value  mean mean

Rothia aeria 25.26 0.00 0.00 174.00
Fusobacterium hwasookii 25.26 0.00 0.00 70.00
Prevotella melaninogenica 25.25 0.00 0.00 630.29
Gemella haemolysans 25.25 0.00 0.00 88.71
Streptococcus infantis 25.25 0.00 0.00 61.14
Streptococcus parasanguinis 25.25 0.00 0.00 93.29
Leptotrichia goodfellowii 25.25 0.00 0.00 360.86
Rothia 21.30 0.00 1.60  428.57
Caudovirales 20.84 0.01 0.00 5.43
Capnocytophaga sp oral taxon

380 20.81 0.01 0.00 2243
Streptococcus sp oral taxon 058 20.81 0.01 0.00 16.86
dsDNA viruses no RNA stage 20.81 0.01 0.00 3.57
unclassified Siphoviridae 20.81 0.01 0.00 22.71
Rothia dentocariosa 20.80 0.01 0.00 597.14
Prevotella sp oral taxon 299 20.80 0.01 0.00 62.00
Capnocytophaga canimorsus 20.80 0.01 0.00 2214
Capnocytophaga sp oral taxon

324 20.80 0.01 0.00 35.57
Capnocytophaga sp oral taxon

332 20.80 0.01 0.00 120.57
Capnocytophaga sputigena 20.80 0.01 0.00 122.86
Streptococcus tigurinus 20.80 0.01 0.00 24.29
Veillonella atypica 20.80 0.01 0.00 94.43
Veillonella dispar 20.80 0.01 0.00 82.29
Veillonella parvula 20.80 0.01 0.00 236.71
Veillonellasp 3144 20.80 0.01 0.00 50.86
Veillonella sp 6 1 27 20.80 0.01 0.00 42.43
Veillonella sp oral taxon 158 20.80 0.01 0.00 38.71
Kingella 20.80 0.01 0.00 31.71
Kingella oralis 20.80 0.01 0.00 221.00
Neisseria mucosa 20.80 0.01 0.00 827.71
Neisseria sicca 20.80 0.01 0.00 230.14
Neisseria sp oral taxon 020 20.80 0.01 0.00 42.71
Haemophilus 20.80 0.01 0.00 1084.00
Haemophilus parainfluenzae 20.80 0.01 0.00 1137.00
Streptococcus oralis 20.10 0.01 2.00 75.43
Streptococcus mitis 19.41 0.01 3.15 99.14
Prevotella sp oral taxon 473 18.86 0.02 2.25 437.29
Fusobacterium periodonticum 18.85 0.02 3.25 158.29
Capnocytophaga ochracea 18.25 0.02 0.65 34.14
Porphyromonas catoniae 18.24 0.02 1.25 384.14

Kruskall-Wallis results indicating taxa that differ significantly (p < 0.05)
between Group 2 and Modern microbiota groups



Table S3b - 2

Test Bonferroni Group 1 Group 2
Statistic  p value mean mean

Porphyromonas sp oral taxon 279 18.24 0.02 1.60 1522.86
Capnocytophaga gingivalis 18.24 0.02 1.20 301.71
Capnocytophaga sp oral taxon 326 18.24 0.02 0.80 181.57
Capnocytophaga sp oral taxon 329 18.24 0.02 0.85 756.57
Neisseria elongata 18.24 0.02 0.75 807.71
Veillonella ratti 16.67 0.05 0.00 44 .57
Campylobacter concisus 16.67 0.05 0.00 24.43
Myoviridae 16.67 0.05 0.00 8.86
Prevotella oulorum 16.66 0.05 0.00 490.86
Prevotella veroralis 16.66 0.05 0.00 87.29
Capnocytophaga sp oral taxon 335 16.66 0.05 0.00 17.29
Streptococcus gordonii 16.66 0.05 0.00 30.00
Streptococcus sp oral taxon 056 16.66 0.05 0.00 14.14
Neisseria bacilliformis 16.66 0.05 0.00 85.86
Neisseria flavescens 16.66 0.05 0.00 57.14
Neisseria gonorrhoeae 16.66 0.05 0.00 67.43
Neisseria macacae 16.66 0.05 0.00 73.86
Neisseria sp GT4A CT1 16.66 0.05 0.00 48.71
Granulicatella adiacens 16.58 0.05 5.45 556.86
Prevotella sp oral taxon 472 15.92 0.07 11.45 494.43
Gemella morbillorum 15.60 0.08 15.05 166.57
Rhodobacterales 15.50 0.09 6.95 0.00
Alkaliphilus 15.42 0.09 8.20 0.14
Thermoanaerobacterales Family Il

Incertae Sedis 15.41 0.09 9.10 0.00
Methanosarcinales 15.40 0.09 5.35 0.00
Desulfitobacterium 15.39 0.09 19.30 0.00
Halanaerobiaceae 15.39 0.09 7.90 0.00
Halanaerobiales 15.38 0.09 8.25 0.00

Kruskall-Wallis results indicating taxa that differ significantly (p < 0.05)
between Group 2 and Modern microbiota groups
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Table S5a

Carbohydrate Group 1 Group 2 Modern
(SEED, Level 4) Test-Statistic Bonferroni_P mean mean mean
Pyruvate ferredoxin

oxidoreductase 31.96 0.00 167.83 398.68 59.13
Pyruvate metabolism |

anaplerotic reactions PEP 29.71 0.00 339.92 544 .16 245.50
Lactose utilization 29.67 0.00 51.08 24.00 95.25
Lactate utilization 28.97 0.00 83.83 50.32 176.63
Methanogenesis 28.01 0.00 81.00 608.37 7.75
Isobutyryl CoA to Propionyl

CoA Module 27.73 0.00 25.08 47.95 12.63
Formaldehyde assimilation

Ribulose monophosphate

pathway 27.67 0.00 3.50 28.26 1.00
Di Inositol Phosphate

biosynthesis 26.48 0.00 12.17 29.16 1.88
Mannose Metabolism 26.42 0.00 97.25 53.05 149.63
L rhamnose utilization 25.93 0.00 51.83 29.79 80.13
Fructose utilization 25.27 0.00 63.00 36.05 99.75
Glycolysis and

Gluconeogenesis including

Archaeal enzymes 25.11 0.00 390.92 532.89 318.13
Acetyl CoA fermentation to

Butyrate 24.89 0.00 131.00 203.74 104.38
Alpha acetolactate operon 24.73 0.00 3.83 0.53 7.00
Mannitol Utilization 23.59 0.00 54.08 29.05 83.00
Methylglyoxal Metabolism 22.94 0.00 29.92 17.16 50.25
Serine glyoxylate cycle 21.88 0.00 637.83 771.84 513.25
Maltose and Maltodextrin

Utilization 21.80 0.00 305.75 186.37 308.75
Carboxysome 21.47 0.00 17.50 13.58 42.75
Sucrose utilization 20.79 0.00 42.08 17.37 63.25
Beta Glucoside Metabolism 19.86 0.00 68.25 33.42 75.50
Glycolysis and

Gluconeogenesis 19.71 0.00 532.92 611.32 44713
Chitin and N

acetylglucosamine utilization 19.23 0.01 68.25 49.00 92.63
Glycerol fermenationto 1 3

propanediol 17.84 0.01 19.25 14.95 33.25
L fucose utilization temp 17.73 0.01 17.92 11.79 27.13
Fructooligosaccharides FOS

and Raffinose Utilization 17.07 0.02 161.17 83.00 151.13
Trehalose Uptake and

Utilization 16.91 0.02 31.92 18.16 32.38
Predicted carbohydrate

hydrolases 15.61 0.03 49.33 38.84 76.13
Trehalose Biosynthesis 15.38 0.04 132.25 99.89 90.63
Lactose and Galactose

Uptake and Utilization 15.08 0.04 220.33 145.11 261.50
Glycogen metabolism 14.90 0.05 284.08 196.58 247.38

Kruskal-Wallis output of the significantly different (p < 0.05) carbohydrate

functions (SEED, Level 4) between the three microbiota groups



Table S5b

Test- Bonferroni Group 1 Group 2 Group 3
Fibre (KEGG) Statistic mean mean mean
Other glycan degradation 30.52 0.00 20042 80.15 386.86
Glycosphingolipid
biosynthesis globo series 29.39 0.00 98.92 33.70  160.00
Glycosaminoglycan
degradation 27.20 0.00 48.83 1145 134.00
Lipopolysaccharide
biosynthesis 26.25 0.00 169.25 100.80 468.14
Glycosphingolipid
biosynthesis ganglio series 25.77 0.00 47.92 10.95 120.00
Various types of N glycan
biosynthesis 25.13 0.00 5.75 23.40 2.57
Galactose metabolism 24.05 0.00 706.83 48110 721.71
Phenylalanine metabolism 22.85 0.00 214.00 343.55 192.86
Alanine aspartate and
glutamate metabolism 22.83 0.00 1410.58 1732.75 1362.71
Butanoate metabolism 22.80 0.00 940.25 1146.95 733.00
Propanoate metabolism 19.93 0.00 793.17 93740 680.14
Purine metabolism 19.91 0.00 3939.92 4435.90 3766.57
Pyrimidine metabolism 19.69 0.00 3161.33 3581.50 3015.71
D Arginine and D ornithine
metabolism 19.32 0.00 2.25 0.65 6.43
Pyruvate metabolism 16.86 0.00 1718.25 1985.65 1517.86
Amino sugar and nucleotide
sugar metabolism 13.93 0.02 1457.25 1293.95 1558.43

Kruskal-Wallis output of the significantly different (p < 0.05) fibre functions
(Clayton et al. 2016) between the three microbiota groups
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Table S5¢

Amino Acids
(SEED, Level 5)

Test-Statistic P

mean

Bonferroni Group 1Group 2 Group 3

mean mean

Tryptophan synthase alpha
chain EC42120

31.06

0.00

5.83

1.60

14.86

Adenosylhomocysteinase
EC3311

30.48

0.00

37.00

79.35

13.14

Glutamine synthetase
clostridia type EC 631 2

29.81

0.00

7.50

32.20

1.86

Coproporphyrinogen |l
oxidase oxygen
independent EC 1 3 99 22

29.42

0.00

9.58

1.95

20.71

Serine
hydroxymethyltransferase
EC2121

28.76

0.00

76.00

104.30

46.43

Ketoisovalerate
oxidoreductase subunit
VorB EC1277

28.25

0.00

2.33

17.15

0.14

Ketoisovalerate
oxidoreductase subunit
VorA EC1277

26.64

0.00

2.08

21.85

0.14

S adenosylmethionine
synthetase EC 2516

26.62

0.00

62.75

88.75

45.71

NADP specific glutamate
dehydrogenase EC 14 1
4

24.57

0.00

49.58

81.40

32.00

UDP30 3
hydroxymyristoyl N
acetylglucosamine
deacetylase EC 351

23.13

0.00

7.50

2.95

13.57

Tryptophan synthase beta
chain EC421 20

22.85

0.00

40.92

23.05

39.14

L serine dehydratase EC 4
3117

20.91

0.00

9.75

6.75

21.71

Aromatic amino acid
aminotransferase EC 2 6
157

20.09

0.00

717

2.15

4.00

Threonine dehydratase
biosynthetic EC 431 19

18.90

0.00

10.08

4.60

13.14

D 3 phosphoglycerate
dehydrogenase EC 11 1
95

17.79

0.01

31.33

51.55

29.43

4 hydroxybenzoate
polyprenyltransferase EC
251

17.64

0.01

5.00

1.80

5.29

Part 1: Kruskal-Wallis output of the significantly different (p < 0.05) amino acid
functions (Muegge et al, 2014) between the three microbiota groups



Table S5d

Amino Acids Bonferroni Group 1 Group 2Group 3
(SEED, Level 5) Test-Statistic P mean mean mean

2 octaprenyl 3 methyl 6

methoxy 1 4 benzoquinol

hydroxylase EC 1 14 13 16.70 0.01 217  0.20 7.57
Glutamate decarboxylase EC 4

1115 16.59 0.01 6.75 6.20 043
Threonine dehydratase

catabolic EC43119 15.94 0.02 0.83 150 0.00
Archaeal S adenosylmethionine

synthetase EC2516 15.89 0.02 1.25 12.25 0.00
N acetylglutamate synthase

EC2311 15.88 0.02 4.42 1.10  4.71
Threonine dehydratase EC 4 3

119 15.25 0.03 1433 9.10 21.29
5

methyltetrahydropteroyltrigluta
mate homocysteine

methyltransferase EC2 11 14 14.21 0.05 35.33 15.05 42.00
Glutamate synthase NADPH

small chain EC 14113 13.83 0.06 10.08 12.85 5.57
Ketoisovalerate oxidoreductase

subunitVorC EC1277 13.38 0.07 0.17 1.65 0.00
Arginine deiminase EC 3536 12.93 0.09 32.75 20.10 14.29

Coproporphyrinogen Il oxidase

oxygen independent EC 1 3 99

22 divergent putative 12.52 0.11 0.58 0.00 0.00
Biosynthetic Aromatic amino

acid aminotransferase beta EC

26157 12.41 0.12 1.50 0.65 2.14
Biosynthetic Aromatic amino

acid aminotransferase alpha

EC26157 11.32 0.21 1.17 0.15 4.29
Glutamate synthase NADPH

large chain EC 14113 11.16 0.22 10.33 21.50 20.57
Branched chain amino acid

aminotransferase EC 26 1 42 10.33 0.34 3167 43.80 28.86

Peptidoglycan N
acetylglucosamine deacetylase
EC351 9.73 0.45 533 230 3.86

Part 2: Kruskal-Wallis output of the the significantly different (p < 0.05) amino acid
functions (Muegge et al, 2014) between the three microbiota groups
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significantly different between individuals with and without dental

Table S5a: Kruskall-Wallis results indicating taxa that were
abscesses (p < 0.05)
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significantly different between individuals with and without dental

Table S5b: Kruskall-Wallis results indicating taxa that were
abscesses (p < 0.05)
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Table S5a: Kruskall-Wallis results indicating the functions

(including dietary functions) that were significantly different

between individuals with and without dental abscesses (p < 0.05)
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Table S6a: Kruskall-Wallis results indicating taxa that were

significantly different between individuals with and without porosity of
the joints (p < 0.05) Molar-Lingual/Palatal-Supragingival sub-group
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Table S6b: Kruskall-Wallis results indicating functions (including

dietary) that were significantly different between individuals with and
without porosity of the joints (p < 0.05) Molar-Lingual/Palatal-

Supragingival sub-group
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different between individuals with and without osteophytic lipping of the joints

Table S7a: Kruskall-Wallis results indicating taxa that were significantly
(p < 0.05) Molar-Lingual/Palatal-Supragingival sub-group

pasessig 18'61 12'€9 000 eLve Z/ly uoxey |elo ds e|ejonsld
pesessig GZ'S/C 00'LO¥ 000 05°€Z e[|8jonald
pasessiq 69°297 6.¥29 000 vZve IIn"e||puss|O
pasessiq cLeey 00°0%9 000 66'7¥ 608 uoxe} [elo ds e|jauas|O
pasessiq 618G 98'8// 000 €128 B||auss|O
pasessig 88°¢ce 06'88 000 91'GZ seuewjpels elseydsoueyis|y
pasessig 1£°060E 62 298 000 Gz'Lele lIYyNWS™ 1ejoeqirsiqoueyIB|N
pesessig 88°/9% yo'vLLL 000 8lvLe wniueuiWwNI” J8joeqIAsIqouBYIB|N
pasessiq €1'966 116882 000 ¥1°€96 lsjoeqiraiqoueyis iy
pasessiq 90'991 ¥1°609 000 90'692 sejelajoeqouBylal
pasessig €90/ e¥'081e 000 11°€6. aeaoelvj0eqoUBYIBIN
pasessig 1£7182 62°€08 000 18°192 ejoeeyo.leling
pasessig GZ'89l £6'82 000 GE'0¢ Ioyonjew wnusjoeqaulio)
pesessig 90'0,02 L0'v¥82 000 Ly'2elL 9B80B1I8}J0BqOLI0D
pasessiq GZ'699¢ 62°€20v GO0 0£'9l swsiuebio Jenjjed
pasessig 90'2€€T 112262 000 €699 se|ejeoAwounoy
pasessig 18°G/S ev'LL8 000 0Z 0t sisualjissew saoAwounoy
pasessig 90'89.G 10900/ 000 11021 seoAwounoy
pasessig G.'€T/L RAXA 000 96'92 eLI8joeqouoY

‘Ul peseaou| uesw Ay)eeH uesw pasessiq d luoilajuog oNnsneIS-1sa|



different between individuals with and without osteophytic lipping of the joints

Table S7b: Kruskall-Wallis results indicating taxa that were significantly
(p < 0.05) Molar-Lingual/Palatal-Supragingival sub-group
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Table S7c: Kruskall-Wallis results indicating functions (including dietary) that

were significantly different between individuals with and without osteophytic
lipping of the joints (p < 0.05) Molar-Lingual/Palatal-Supragingival sub-group
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Table S8a: Kruskall-Wallis results indicating taxa that were

significantly different between individuals with and without

periostitis (p < 0.05) Molar-Lingual/Palatal-Supragingival sub-group

pasessi
pasessI
pasessi
paseasI
pasessI
paseasI
pasessi
paseasI
pasessi
paseasI
pasessI
pasessI
paseasI(
pasessI
paseasI(
pasessI
paseasI
pasessi
pasessI
pasessi
pasessI
pasessi
paseasI
pasessI
paseasI
ul
paseaJou|

68°2L9¢
19°G29
00'69v
¢c’08l
00'L8
8.'8/01
9G0LL
€€'v656
vy LCEL
v1°'686¢
LLELS
v1°660¢
680766
¢cc6l
19°249G¢
00°'LSL
LL'04L
006598
8.vESGL
YLl
L9VE
8.°L0OV
€eva8
81.°GLE

vy v801
ueaw

pasessi

0€°0L)
G8'eze
YAARS
0096
AN
€918
19°/€
¥/'G/6€
¥0°'G.S
0g€lel
81162
96°L¥01
18'¥€.8
L€ 10Y
617102
9z'19
L0°¥€S
GlL'eees
9G°L¥Z)
9z’ /1
0L°¢
v'661
€€°'989
25042
19758
ueaw
AuyesH

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
c00
€00
000

d luouiajuog onsie)s-1sal

68°LC
LG /6
Gv'6c
G0'9¢
GL¢e
Gv'9€
[ASUAS
v/, L6€C
11°G0€
€Lel9
18719
L0'8G€
Y6 LL
ce 0l
€9°€9
68°¢CE
v6 ey
8L6.
c0'LE
14224
Ly'8¢C
8€°69
Ge8l
VZ' L1
6L°LC

ejewse|dowlsay |

sug|oosid uayoeqopiwelid
e||910Aa1d

g/0 uoxej |es0 ds wnusyequO
ejebuojo elasSIaN

0OSIND ds™ wnuaoeqiboly
aeuew)pels elaeydsoueyla|n
YHWS J8)10BqIASIqOURYIDIN
winiueuIwWNI J8)oeqIA8IqouByIB|N
Jajoeqinalqoueyia
so|ellajoeqouRYIBN
aeaoelIa)oeqouBYI9

Sa)NoIWLI4

ejoeeyoliehing

wnLeoegng

2d9H ds wnipyso|o

sipag eepdou| ||IX Ajlweq ss[elpL}so|D
$9|eIpuIsoID

BIpuISO|D

6GIND ds ebeydojhooude)
sljealbulb ebeydojfooude)
ebeydojfooude)

sajaploliajoeg

saploiajoeg

so|eplolajoeyg

295



Table S8b: Kruskall-Wallis results indicating taxa that were

significantly different between individuals with and without

periostitis (p < 0.05) Molar-Lingual/Palatal-Supragingival sub-group
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Table S8c: Kruskall-Wallis results indicating functions (including dietary)

that were significantly different between individuals with and without

periostitis (p < 0.05) Molar-Lingual/Palatal-Supragingival sub-group
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Table S9a: Kruskall-Wallis results indicating taxa that were significantly

different between individuals with and without Scmorl’s nodes (p < 0.05)

Premolar-Lingual/Palatal-Supragingival sub-group
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different between individuals with and without Scmorl’s nodes (p < 0.05)

Table S9b: Kruskall-Wallis results indicating taxa that were significantly
Premolar-L|nguaI/PaIataI-Supragmgival sub-group
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Table S9c: Kruskall-Wallis results indicating taxa that were significantly
different between individuals with and without Scmorl’s nodes (p < 0.05)

Premolar-Lingual/Palatal-Supragingival sub-group
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Table S9d: Kruskall-Wallis results indicating taxa that were significantly

different between individuals with and without Scmorl’s nodes (p < 0.05)

Premolar-Lingual/Palatal-Supragingival sub-group
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Table S9e: Kruskall-Wallis results indicating functions (including dietary)
that were significantly different between individuals with and without
Scmorl’s nodes (p < 0.05) Premolar-Lingual/Palatal-Supragingival sub-

group

Diseased

91.00

0.55

Test-Statistic Bonferroni P Diseased mean Healthy mean Increased in
13.88 148.42

Duplicated ATPase component BL0693
of energizing module of predicted ECF

Carbohydrate
Amino Acids

transporter
NA

NA
Fibre
NA



Test-

Statistic
Atopobium rimae 38.02
Bacteria 238.09
Bacteroidales 36.31
Bacteroides 29.17
Bacteroidetes 56.36
Bacteroidetes oral taxon
274 536.85
Campylobacter 121.32
Campylobacter gracilis  28.04
Campylobacter showae 82.29
Candidatus
Methanomethylophilus
alvus 50.53
Centipeda periodontii 32.13
Coriobacteriaceae 414.47
Corynebacterium
matruchotii 117.30
Desulfobulbaceae 52.60
Desulfobulbus
propionicus 218.27
Eubacterium 65.57
Facklamia ignava 31.72
Firmicutes 236.73
Gemella 69.00
Gemella morbillorum 71.67
Lachnospiraceae 110.39

Lachnospiraceae
bacterium oral taxon 082 22.45

49.08
45.98

Lactobacillales
Leptotrichia

Bonferroni

P

0.00
0.00

0.00
0.00

0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00
0.00

0.00
0.00

0.01

0.00
0.00

1000 1300 1600
1300 1600 1900
mean mean mean
134.13 93.75 51.50
26070.94 25805.25 22982.00
929.13 783.42 689.00
333.56 245.67 212.00
763.69 634.00 498.00
1083.00 858.25 277.75
603.50 411.50 281.50
216.13 156.83 120.50
152.06 70.17 35.50
135.19  66.67 46.00
38.19 15.25 4.25
2933.19 2433.50 1588.50

365.94
198.00

169.25
171.67

150.00
83.00

615.94 52150 214.75
2298.88 2055.25 1782.50

38.69 34.83 5.50
9306.13 9226.50 7532.25

11413  58.50 22.00
78.00 35.58 6.50
888.81 755.67 504.75
31.75 25.75 5.25
191.31 11933 79.25
135.81 93.83  46.25

Table S10a: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05) Molar-
Lingual/Palatal-Supragingival sub-group
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Leptotrichia buccalis
Neisseria
Olsenella

Olsenella sp oral taxon 809
Olsenella uli

Oribacterium sp oral taxon
078

Peptoniphilus indolicus

Peptostreptococcus stomatis
Prevotella

Prevotella saccharolytica

Pyramidobacter piscolens
Selenomonas
Selenomonas sputigena
Streptococcus
Streptococcus cristatus
Thermoplasmata

Thermoplasmatales
archaeon BRNA1

Treponema denticola

Veillonellaceae
Propionibacterium
propionicum

Capnocytophaga
Neisseria elongata

Capnocytophaga sp CM59
Methanobacterium

Cardiobacterium valvarum

Test-
Statistic

42.41
44.51
194.24

151.78
100.72

23.29
33.14

95.20
61.31

2517

115.26
457.67
64.97
3718.28
434.71
112.23

22.55
116.60
251.99

384.55
86.04
77.94

53.21
45.69

33.47

Bonferroni

P

0.00
0.00
0.00

0.00
0.00

0.01
0.00

0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.01
0.00
0.00

0.00
0.00
0.00

0.00
0.00

0.00

1000
1300
mean

53.56

192.56
834.19

1300
1600
mean

24.83

100.58
617.75

1600
1900
mean

6.50

93.75
359.75

680.75
688.00

497.75
495.17

300.00
366.75

113.88
109.44

87.83
98.75

52.50
43.50

141.50
384.94

112.92
276.58

25.25
198.25

38.25 1558 7.00

509.19 329.92
830.69 368.42
85.63 35.58
3994.56 1506.92 358.25
349.44 87.83 12.50
274.69 135.00 86.00

225.25
193.50
12.00

57.19 28.75 18.25
1697.811657.17 1175.50
862.81 497.58 336.00

1948.191773.58 3012.50
323.13 150.42 156.25
7494 8.08 15.00

58.69
25.06

4.92
15.83

32.75
72.25

154.25 69.67 100.75

Table S10b: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05) Molar-

Lingual/Palatal-Supragingival sub-group



Test- Bonferroni

Statistic
Parvimonas 25.11
Burkholderiales 24.39
Actinomyces 460.55
Actinomyces massiliensis 326.90
Actinomyces sp oral taxon
448 49.51
Actinomyces urogenitalis 41.44
Actinomycetales 190.12
cellular organisms 41.92

Desulfomicrobium baculatum 1519.84

Desulfovibrio sp A2 126.39
Desulfovibrionales 523.94
Eggerthia catenaformis 37.10

Eubacterium saphenum 483.31

Euryarchaeota 365.33
Methanobacteriaceae 1357.79
Methanobacteriales 627.97

Methanobacterium paludis 21.84
Methanobrevibacter 1180.61

Methanobrevibacter smithii 2065.92

Methanothermobacter
thermautotrophicus 21.12
Peptoniphilaceae 40.99
Pseudoramibacter

alactolyticus 253.13
Johnsonella ignava 165.94

P
0.00

0.00
0.00

0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.02
0.00

0.00

0.02

0.00

0.00
0.00

1000
1300
mean

1300
1600
mean

1600
1900
mean

366.94 258.00 261.25

225.19
5397.69

509.81

298.94

435.44
2295.81
3682.88

600.75
7.56
251.81

121.44
1878.31
417.56
1034.44
254.06

7.25
1460.38

4511.88

1.94
117.75

707.25

139.17
6744.08

698.00

417.83
597.25
2681.92
3790.17

1034.00
21.83
408.42

152.83
3237.58
474.42
1243.08
298.92

12.92
1772.00

5679.50

7.33
148.42

1436.17

150.75
7857.75

1223.75

494.75
633.00
3315.75
4225.75

2611.50
108.75
987.75

231.50
3269.75
1061.00
3108.25
1001.00

34.75
3677.00

9590.75

22.25
232.25

1050.25

480.38 639.50 260.50

Table S10c: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05) Molar-

Lingual/Palatal-Supragingival sub-group
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Porphyromonas
gingivalis
Clostridium sp HGF2
Fretibacterium
fastidiosum
Clostridiales
Slackia

uncultured Termite
group 1 bacterium
Synergistaceae
Streptococcus
anginosus group
Tannerella forsythia

Synergistes sp 3 1 syn1

Test-
Statistic

165.26
139.24

110.11
84.07
73.27

68.49
68.31

58.17
31.73
20.21

Bonferroni
P

0.00
0.00

0.00
0.00
0.00

0.00
0.00

0.00
0.00
0.04

1000 1300 1600
1300 1600 1900
mean  mean mean
262.94 516.92 199.00
96.06 126.33  6.50

3272.56 4174.50 3665.50
7710.25 7826.17 6811.25
347.81 386.17 192.50

106.25 129.25 31.50
1563.38 2030.17 1657.00

111.88 152.75 48.00
1250.56 1533.83 1470.50
267.19 333.33 228.25

Table S10d: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05) Molar-
Lingual/Palatal-Supragingival sub-group
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Streptococcus

Lautropia mirabilis
Neisseria

Capnocytophaga
Streptococcus cristatus

Bacteroidetes oral taxon 274
Streptococcus sanguinis
Actinomyces turicensis
Pasteurellaceae

Capnocytophaga gingivalis
Flavobacteriaceae
Bacteroidetes
Lachnospiraceae
Lactobacillales

Leptotrichia goodfellowii

Paludibacter propionicigenes
Prevotella

Neisseria mucosa
Peptostreptococcaceae
Aggregatibacter
Neisseriaceae
Fusobacterium

Granulicatella adiacens

Capnocytophaga sp oral taxon

329

Test-
Statistic

6527.03

2111.31
789.00

590.17
542.71

450.82
327.47
250.32
239.26

210.28
203.80
201.55
116.99
113.96
105.36

103.00
94.10

89.46
82.43
80.10
73.60
73.08
7217

71.91

Bonferroni
P

0.00

0.00
0.00

0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00

1000
1300
mean

1300
1600
mean

1600
1900
mean

7960.86 2727.00 1069.50

2749.57 2313.67

1428.00
1407.29
536.86

2421.291704.67

354.43
408.71
370.86

163.14
355.14
1463.86
1104.71
290.43
104.00

151.00
737.71

91.00
270.14
122.57
363.57
558.14

66.00

80.57

554.67
927.00
111.67

140.00
270.00
270.00

32.33
289.33
892.00
834.00
137.67

88.67

79.00
669.00

18.00
133.67
117.33
233.00
340.67

9.33

30.67

416.50
358.50

403.00
62.50

1167.00
31.50
77.00
67.00

6.50
79.00
869.00
656.50
96.50
8.50

24.00
424.00

12.00
110.00
26.50
171.50
340.00
8.50

8.00

Table S10e: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05)
Premolar-Lingual/Palatal-Supragingival sub-group



Leptotrichia

Capnocytophaga sp CM59
Gemella
Neisseria elongata

Streptococcus pneumoniae

Lachnospiraceae oral taxon
107

Campylobacter showae
Johnsonella ignava

Neisseria sp oral taxon 014

Actinomyces odontolyticus

Flavobacteriales
Capnocytophaga sp oral
taxon 326

Bacilli

Facklamia

Streptococcaceae
Flavobacteriia

Leptotrichiaceae

Actinomyces sp oral taxon
181

Porphyromonas gingivalis

Tannerella forsythia
Eubacterium saphenum

Fretibacterium fastidiosum
Firmicutes

Clostridiales
Pseudoramibacter

alactolyticus

Synergistaceae

Test-
Statistic
71.87

71.32
66.42

63.65
57.88

54.43
42.23
36.09

31.78

25.44
24.80

24 .33

2417
23.78

22.71
21.06
19.91

19.79
3831.16

1423.64
1260.85

1235.25

997.75

817.58

478.95

428.43

Bonferroni
P

0.00

0.00
0.00

0.00
0.00

0.00
0.00
0.00

0.00

0.00
0.00

0.00

0.00
0.01

0.01
0.02
0.04

0.04
0.00

0.00
0.00

0.00

0.00

0.00

0.00

0.00

1000
1300
mean

293.29

161.86
160.14

145.57

76.14

127.71
398.14
926.43

91.86

38.86
54.29

46.43
181.43
25.71

39.29
47.57
57.14

32.29

274.14

1787.71
905.43

3754.43

5932.14

5063.43

1300
1600
mean

278.67

123.00
95.00

133.67
23.33

78.33
276.33
900.33

55.67

24.33
39.33

27.33
114.33
15.33

14.33
33.67
50.33

31.00

155.33
1160.6
7

425.67
2503.3
3
4514.6
7
4043.3
3

1600
1900
mean

134.50

45.50
46.50

45.50
13.00

36.00
243.00
704.00

31.00

6.50
14.50

10.50
106.50
2.00

9.50
13.00
20.50

7.50
2711.00

3601.50
2078.00

5609.00

8005.00

6981.00

391.29 289.67 986.00

1703.71

1236.3
3

2472.50

Table S10f: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05)
Premolar-Lingual/Palatal-Supragingival sub-group
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Test-

Statistic
Bacteria 419.53
Desulfomicrobium
baculatum 377.40
Eubacterium 276.13
Campylobacter rectus 258.20
Clostridia 214.58
Bacteroidales 181.70
Filifactor alocis 162.52
Clostridiales Family Xl
Incertae Sedis 152.56
Treponema denticola 137.76
Slackia 136.33
Campylobacter 123.34
Clostridium sp HGF2 120.92
Desulfovibrionales 119.57
Veillonellaceae 82.15

Mogibacterium sp CM50 74.31

Treponema 73.55
Porphyromonadaceae 65.28
Selenomonas 58.84
Jonquetella anthropi 58.79
Aminobacterium

colombiense 58.42
Veillonella 58.01
Subdoligranulum sp 4 3
54A2FAA 56.59
Desulfovibrio 54.69

candidate division TM7
genomosp GTL1 50.31

Bonferroni

P
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00

0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00

0.00
0.00
0.00

0.00
0.00

0.00
0.00

0.00

1000
1300
mean

1300
1600
mean

1600
1900
mean

20055.86 18989.67 23034.50

852.14 262.00 372.00
2130.29 1259.00 2066.50
123.71 82.67  386.50
783.29 583.33 1181.50
1508.71 912.67 1468.50
298.86 167.67 485.00
295.14 248.67 568.50
1719.71 1362.00 2044.50
220.57 203.67 466.00
1344.71 921.33 1420.50
12.43 4.33 89.50
343.00 118.67 187.50
963.43 671.00 1017.50
526.00 448.67 733.50
579.00 501.67 798.00
17429 114.67 269.50
591.00 366.00 543.00
154.86 107.00 247.00
153.29 105.67 244.50
93.14  25.33 26.00
36.29 27.00 102.00
322.86 198.00 366.50
172.43 158.00 293.00

Table S10g: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05)
Premolar-Lingual/Palatal-Supragingival sub-group



Test-
Statistic

Porphyromonas
endodontalis 40.71
Dethiosulfovibrio
peptidovorans 39.78
Fusobacterium
necrophorum 37.88
Clostridium 34.99

Streptococcus anginosus  31.91
Peptoniphilus sp oral
taxon 386 31.05

Pyramidobacter piscolens 30.84
Bacteroides 29.53
Syntrophomonas wolfei 25.28
Methanobrevibacter

smithii 399.98
candidate division TM7

single cell isolate TM7c 151.65

Methanobrevibacter 107.44
Methanobacteriaceae 79.55
cellular organisms 44.10
Methanobrevibacter

ruminantium 29.94
Campylobacter gracilis 21.66
Methanobacteriales 21.49
Actinomycetales 1943.65
Actinomyces 5072.19
Actinomyces massiliensis 1306.58
Coriobacteriaceae 817.70
Actinobacteria 776.77

Actinomyces urogenitalis 667.93
Actinomyces sp oral
taxon 448 468.96

Cardiobacterium valvarum 455.22
Propionibacterium

propionicum 397.88
Corynebacterium
matruchotii 384.75

Bonferroni
P

0.00

0.00

0.00
0.00
0.00

0.00

0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00

0.00
0.02
0.02
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00

0.00

1000
1300
mean

14.86

91.00

63.14
531.29
58.00

102.00

356.43
420.43
41.57

1313.71

596.00

419.14

305.57
2788.14

188.57
423.43
73.29
2232.57

4810.71
414.43
1908.71
2754.29
300.29
197.71

414.43

4363.71

1378.57

1300
1600
mean

11.00

63.33

23.67
460.33
17.00

73.33

348.00
302.33
9.33

1819.00

617.00

604.67

442.00
2883.00

276.33
532.00

104.33
5802.00
13860.6

7

1992.33
2631.33
3126.67
1175.00

856.33
721.67

6291.00

1789.33

1600
1900
mean

55.00

152.50

85.50
655.00
18.50

155.50

490.00
439.00
38.00

2538.00

1028.50
774.50
567.00

3275.00

305.00

562.50

140.50
2770.00

6866.00
1836.50
956.50
1367.50
420.50
393.50

129.00

4728.00

806.50

Table S10h: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05)
Premolar-Lingual/Palatal-Supragingival sub-group
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Olsenella

Olsenella sp oral taxon
809

Cardiobacterium

Burkholderiales
Olsenella uli

Actinobacteridae

Proteobacteria

Peptostreptococcus
stomatis

Actinomycetaceae

Betaproteobacteria
Actinomyces sp oral
taxon 849

Cardiobacterium hominis
Comamonadaceae
Corynebacterium
Gemella morbillorum

Propionibacterium

Prevotella sp oral taxon
472

Actinomyces sp oral
taxon 178

Parvimonas
Atopobium rimae

Propionibacterium
freudenreichii

Actinomyces oris

Collinsella aerofaciens
Actinomyces sp oral
taxon 170

Test-
Statistic
320.10

286.34
185.83

163.95
139.94

139.01
131.00

116.32
104.76
92.72

90.79
85.86
80.41
66.00
65.79
52.86

52.27

52.22
49.65

46.08

43.21
35.79
32.57

31.88

Bonferroni
P

0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00

0.00

0.00
0.00
0.00

0.00

1000
1300
mean

554.14

1300
1600
mean

789.00

1600
1900
mean

234.00

443.57
179.00
558.00

647.00
306.67

812.67
396.29 584.33 248.50

191.43 449.00 206.00
1874.57 1983.33 1363.00

177.00
58.00
378.00

184.29
118.29
707.00

235.00
314.67
741.00

60.00
157.00
438.50

105.71
122.57
357.00
264.86
119.14
202.14

253.33
180.67
546.33
357.67
67.67
324.00

101.50
46.00
299.50
172.50
25.50
173.00

132.43 150.00 54.00

131.29
283.43

79.86

221.00
294.67

120.00

98.00
159.00

37.00

23.71
37.86
50.71

59.00
98.33
71.33

9.00
42.00
19.00

45.57 97.67 39.00

Table S10i: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05)
Premolar-Lingual/Palatal-Supragingival sub-group



Actinomyces sp oral taxon
848

Actinomyces sp oral taxon
171

Parvimonas sp oral taxon
393

Streptococcus agalactiae
Micromonosporaceae
Alphaproteobacteria
Actinomyces naeslundii
Chloroflexi

Leptotrichia buccalis
Gammaproteobacteria
Atopobium

Prevotella saccharolytica

Test-
Statistic

29.63

28.88

28.10
27.85
26.94
26.77
26.66
23.90
22.35
21.98
21.68
19.42

Bonferroni
P

0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.02
0.05

1000
1300
mean

119.57

34.14

36.86
36.00
9.29
103.29
52.43
129.57
84.29
247.71
48.86
75.57

1300
1600
mean

207.00

85.33

40.00
6.33
35.67
158.00
104.33
170.00
97.67
262.67
58.33
92.33

1600
1900
mean

127.00

38.00

7.50
10.00
7.00
81.00
48.50
91.50
44.00
171.50
19.50
42.50

Table S10j: Kruskall-Wallis results indicating taxa that were significantly
different between individuals of different time periods (p < 0.05)
Premolar-Lingual/Palatal-Supragingival sub-group
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1000 1300 1600
Test- Bonferroni 1300 1600 1900

Statistic P mean mean mean
FIG019733 possible DNA
binding protein 22.45 0.04 0 0 0.75
D serine permease DsdX 22.45 0.04 0 0 0.75

Table S10j: Kruskall-Wallis results indicating functions that were
significantly different between individuals of different time periods (p <
0.05) Molar-Lingual/Palatal-Supragingival sub-group

Test- Bonferroni 1000 1300 1300 1600 1600 1900
Statistic P mean mean mean

NA NA NA NA NA NA

Table S10j: Kruskall-Wallis results indicating functions that were
significantly different between individuals of different time periods (p <
0.05) Molar-Lingual/Palatal-Supragingival sub-group



Carbohydrate

1000
Test- Bonferroni 1300
OoTuU Statistic P mean
Methanogenesis 189.68 0.00 293.25
Fructooligosaccharide
s FOS and Raffinose
Utilization 15.56 0.04 149.94
Fibre
NA
Amino Acids
1000
Test- Bonferroni 1300
OTU Statistic P mean
Archaeal S
adenosylmethionine
synthetase EC2516 25.47 0.00 1.94

1300
1600
mean

1600
1900
mean

350.42 683.00

117.50 89.25
1300 1600
1600 1900
mean mean
275 2125

Table S10k: Kruskall-Wallis results indicating dietary functions that were
significantly different between individuals of different time periods (p <

0.05) Molar-Lingual/Palatal-Supragingival sub-group
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Carbohydrate
1000 1300 1600
Test- Bonferroni 1300 1600 1900

OoTuU Statistic P mean mean mean
Pyruvate ferredoxin

oxidoreductase 39.82 0.00 222.57 181.00 317.50
Methanogenesis 31.49 0.00 92.71 125.33 184.00
Fructooligosaccharides FOS

and Raffinose Utilization 27.19 0.00 187.00 153.33 100.00
Maltose and Maltodextrin

Utilization 26.22 0.00 337.14 326.33 226.50

Pyruvate metabolism |
anaplerotic reactions PEP 20.20 0.00 454.71 396.67 533.00
Sucrose utilization 18.64 0.01 52.57 39.67 17.50
Beta Glucoside Metabolism 1717 0.02 81.14 78.00 40.00
Lactose and Galactose
Uptake and Utilization 16.97 0.02 241.57 191.33 160.00

Fibre
1000 1300 1600
Test- Bonferroni 1300 1600 1900

OoTu Statistic P mean mean mean
Galactose metabolism 26.10 0.00 691.57 702.00 540.50
Amino sugar and nucleotide

sugar metabolism 19.02 0.00 1562.86 1518.00 1340.50

Glycosphingolipid
biosynthesis globo series 12.40 0.04 88.29 68.00 47.50

Amino Acid
1000 1300 1600
Test- Bonferroni 1300 1600 1900
OoTuU Statistic P mean mean mean
Glutamine synthetase
clostridia type EC 631 2 16.34 0.02 20.14 15.67 44.00

Table S10I: Kruskall-Wallis results indicating dietary functions that were
significantly different between individuals of different time periods (p <
0.05) Premolar-Lingual/Palatal-Supragingival sub-group



Appendix Il

Reconstructing Neandertal
behavior, diet, and disease using
ancient DNA from dental

calculus
(Weyrich et al. 2016)

This appendix presents a study of Neandertal dental calculus, to
which | contributed a section of statistical analysis and provided edits and
comments on the manuscript. The samples analysed in this study are used
in Chapter Ill to provide dietary comparisons to the British data.
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Introductory Paragraph

Recent genomic data has revealed multiple interactions between
Neandertals and modern humans', but there is currently little genetic evidence
about Neandertal behavior, diet, or disease. We shotgun sequenced ancient DNA
from five Neandertal dental calculus specimens to characterize regional
differences in Neandertal ecology. In Spy, Belgium, Neandertal diet was heavily
meat based, and included woolly rhinoceros and wild sheep (mouflon),
characteristic of a steppe environment. In El Sidron, Spain, no meat was detected,
and dietary components of mushrooms, pine nuts, and moss reflected forest
gathering”. Differences in diet were also linked to an overall shift in the oral
bacterial community (microbiota) in Neandertals, and suggested that meat
consumption contributed to significant variation between Neandertal microbiota.
Evidence for self-medication was recognized in one male El Sidrén Neandertal
with a dental abscess’, who also suffered from a chronic gastrointestinal pathogen
(Enterocytozoon bieneusi). Metagenomic data from this individual also contained
a nearly complete genome of the archaeal commensal Methanobrevibacter oralis
— the oldest draft microbial genome (10.2x depth of coverage) generated to date at
~48,000 years old. DNA preserved within dental calculus represents an important
new resource of behavioral and health information for ancient hominin specimens,

as well as a unique long-term study system for microbial evolution.
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Main Text

Neandertals remain our closest known extinct hominin relative, and co-
existed and occasionally interbred with anatomically modern humans (AMHs)
across Eurasia in the Late Pleistocene’. Neandertals became extinct in Europe
around 40,000 years ago (40 Kyr), while the extinction process across the rest of
Eurasia is less clear”®. Isotopic and archacological data through the last glacial
cycle (~120-12 Kyr) suggest that Neandertals were as carnivorous as polar bears
or wolves”®, with a diet heavily based on large terrestrial herbivores, such as
reindeer, woolly mammoth, and woolly rhinoceros’. In contrast, microwear
analysis of tooth surfaces from Neandertals in different ecological settings, such
as wooded areas or open plains, suggests diets were guided by local food
availability’. Furthermore, analysis of phytoliths, starch granules, and proteins
preserved in calcified dental plaque (calculus) indicate that Neandertal diets
included many plants, including some that were potentially cooked prior to
consumption or used for medicinal purposes'™''. As a result, Neandertal diet
remains a topic of considerable debate, with little known about the specific
animals and plants consumed, or the potential impacts on Neandertal health or
disease.

While genomic studies continue to reveal evidence of interbreeding
between AMHs and Neandertals across Eurasialz, little is known about the health
consequences of these interactions. The genetic analysis of Neandertal dental
calculus represents an opportunity to examine this issue, and to reconstruct
Neandertal diet, behavior, and disease'*!*. Here, we report the first genetic
analysis of dental calculus from five Neandertals: from El Sidron cave in Spain

(n=2); Spy cave in Belgium (n=2); and Breuil Grotta in Italy (n=1), alongside a
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historic chimpanzee (n=1) and a modern human (n=1) for comparison, as well as
low coverage sequencing of calculus from a wide-range of ancient humans (Table
S1). To provide increased resolution of the diseases that may have impacted
Neandertals, we also deeply sequenced (>147 million reads) dental calculus from
the best preserved specimen, El Sidron 1, who was suffering from a dental
abscess"”.

Recent reports have identified that significant size-based PCR
amplification biases confound the standard approach used to study ancient dental
calculus' (i.e. using 16S ribosomal RNA (rRNA) amplicon sequencing to

identify bacterial taxa'>'*

). Consequently, we examined the Neandertal dental
calculus specimens — the oldest examined to date — using metagenomic shotgun
approaches with Illumina sequencing, in addition to standard 16S rRNA
amplicons (V4 region)'®. Decontamination protocols and multiple blank controls
(EBCs) were used to monitor contamination. A stringent filtering strategy was
also developed to remove laboratory contaminant sequences in both data sets
using QIIME (amplicon) or MEGANS (shotgun)'™'® limiting bias from laboratory
contamination'**". As anticipated, the 16S amplicon data sets were not
representative of the biodiversity revealed by shotgun sequencing (Figures S3-S4,
S12, and S15-S16; Tables S2 and S7), and clustered together irrespective of
sample age, while containing disproportionately large amounts of non-oral and
environmental contaminant microorganisms (Figure 1, Tables S2 and S7). These
results confirm the importance of shotgun sequencing approaches for ancient
specimens, as amplicon data can be biased by DNA degradation and lead to

preferential amplification of contaminating modern DNA and/or short target

sequences (i.e. prokaryotic species with short ribosomal sequences)'’. As a result,
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the 16S amplicon data sets were discarded in favour of metagenomic shotgun
sequencing.

The shotgun data sets consisted of short DNA fragments (e.g. <70 bp)
which complicated accurate bacterial species identification using standard
software, such as MG-RAST and DIAMOND (Figure S14)"®?!. To circumvent
this problem, we used a novel metagenomic alignment tool that rapidly identifies
species from shorter fragment lengths using a BLASTX like algorithm (MEGAN
ALignment Tool with BLASTX-like alignments; MALTX) against the NCBI
non-redundant reference sequence database (2014)**. We benchmarked this tool
by comparing its performance to other accepted programs within the field (Figure
S$8-S10 and S14)'®. We verified that the bacterial diversity accurately matched the
subset of 16S rRNA fragments identified within the shotgun data set. We also
confirmed this pattern for two previously published ancient calculus data sets
(Figure 1 and S13; Table S6)*. Within the ancient dental calculus samples, the
Grotta Breuil Neandertal failed to produce amplifiable sequences, and was
therefore excluded from downstream analysis. Bioinformatic filtering of
environmental contaminants revealed that the Spy Neandertals were more heavily
impacted by environmental contamination (Figure S15-S17; Table S7)'®. Indeed,
shotgun sequences from Spy I clustered more closely to those from the modern
individual than other Neandertals (Figure 1), contained similar diversity to
environmental samples (Figure S20), and presented DNA damage patterns
characteristic of contamination with modern DNA sequences (Figure S22).
Therefore, this individual was also excluded from further analyses'®. The three
robust Neandertal shotgun metagenomic data sets (El Sidrén 1, El Sidrén 2, and

Spy 1I) contained an average of 93.76% bacterial, 5.91% archaeal, 0.27%
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eukaryotic, and 0.06% viral identifiable sequences, similar to previously
published ancient and modern human dental calculus (Figure 2A and S17)'. The
six dominant bacterial phyla in the modern human mouth (Actinobacteria,
Firmicutes, Bacteroidetes, Fusobacteria, Proteobacteria, and Spirochaetes) were
also dominant in each of the Neandertals, with an average of 222 bacterial species
per individual (Figure 2A and S17)'®.

We first examined Neandertal diets using the eukaryotic diversity
preserved within the dental calculus, after filtering spurious results'®. Calculus
from the Spy II individual contained high numbers of reads mapping to rhinoceros
(Ceratotherium simum) and sheep (Ovis aries), as well as the edible ‘grey shag’
mushroom (Coprinopsis cinerea) (Table 1). Bones of woolly rhino, reindeer,

24’25, while wild mouflon sheep

mammoth and horses were present in Spy Cave
were known to inhabit Europe throughout the Pleistocene'®2®. Woolly rhino has
long been suspected to be part of the Spy Neandertal diet*’, and the genetic
signals confirm the highly carnivorous diet inferred from the isotope data obtained
from the Spy individuals®?®.

The dietary profile in El Sidron Neandertals was markedly different from
Spy, and contained no sequences matching large herbivores or suggesting high
meat consumption. However, reads mapping to edible mushrooms (“split gill’;
Schizophyllum commune), pine nuts (Pinus koraiensis), forest moss
(Physcomitrella patens), and poplar (Populus trichocarpa) were identified (Table
1). Sequences mapping to plant fungal pathogens were also observed
(Zymoseptoria tritici, Phaeosphaeria nodorum, Penicillium rubens, and

Myceliophthora thermophila), suggesting the El Sidron Neandertals may have

been consuming molded herbaceous material. There is limited zooarchaeological
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evidence about the El Sidrén individuals, and protein analysis of dental calculus
has provided the only known dietary information, identifying different plant
starches and evidence of cooking''. Our genetic data create the first detailed
description of El Sidron diet, and together with the dental calculus sequences from
Spy, indicate that Neandertal groups across Europe used multiple subsistence
strategies” according to location and food availability*”. Further analyses, such as
DNA hybridization and proteomic sequencing, will be needed to verify and
extend the dietary reconstructions'®.

Bitter compounds were previously identified in calculus from El Sidrén 1,
suggesting that this individual may have been self-medicating a dental abscess'".
Our findings support this suggestion, as this was the only individual whose
calculus contained sequences corresponding to the natural antibiotic producing
Penicillium and poplar, whose bark, roots, and leaves contains the natural pain
killer, salicylic acid (i.e. the active ingredient in aspirin)*". Surprisingly, this
individual also yielded sequences matching the intracellular eukaryotic pathogen,
microsporidia (Enterocytozoon bieneusi), which causes acute diarrhea in
humans®'. This suggests that this Neandertal may have been medicating a
gastrointestinal disease, alongside the chronic dental abscess.

To examine how oral microorganisms (microbiota) in Neandertals were
linked to dietary composition, we compared the filtered shotgun data to a wide
range of ancient calculus specimens from humans with varying diets including:
ancient Later Stone Age (LSA) African gatherers; African Pastoralist Period
individuals with high meat consumption®?; European hunter-gatherers with a diet
that included a wide range of protein sources; and early European farmers with

diets largely based around carbohydrates and milk consumption (see SI for
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archaeological descriptions of dietary information)'®. We used UPGMA to cluster
Bray Curtis distances obtained by comparing both complete and rarefied shotgun
sequenced oral microbiota'®, which revealed four distinct groups: forager-
gatherers with limited meat consumption (El Sidron Neandertals, chimpanzee, and
LSA African gatherers); hunter-gatherers (or pastoralists) with a frequent meat
diet (Spy Neandertal, African pastoralists, and European hunter-gatherers);
ancient agriculturalists (European farming individuals); and modern humans
(Figure 2B). This analysis identifies a split between hunter-gatherers and
agriculturalists, as previously observed', but also reveals two distinct hunter-
gatherer groups, potentially differentiated by the quantity of meat consumed in
their diet. Meat consumption appears to have impacted early hominin microbiota
and health, similar to differences observed between carnivorous and herbivorous
mammals®>*. This finding also indicates that dental calculus may be used to
directly infer the dietary behavior of ancient hominins.

We then examined the Neandertal microbial diversity for signs of disease.
Neandertal microbiota were more similar to the historic chimpanzee sample than
the modern human, and contained less potentially pathogenic Gram-negative
species, which are associated with secondary enamel colonization, increased
plaque formation, and periodontal disease (18.9% Gram-negatives in Neandertals,
compared to 77.6% in the modern human; Figure S21)*. Contrary to earlier
reports’?, this does not appear to be due to taphonomic biases that remove Gram-
negative species, as all types of microbial taxa were equally damaged and
fragmented (Table 2)'®, suggesting this is a biological observation. The lower
levels of these immunostimulatory Gram-negative taxa in Neandertals may be

related to the reduced presence of Fusobacteria taxa (Figure S17), as this keystone
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group facilitates the binding of Gram-negative microorganisms to the primary
colonizers that bind tooth enamel (e.g. Streptococcus, Actinomyces, and
Methanobrevibacter species)’®. Importantly, the increased diversity of Gram-
negative immunostimulatory taxa in modern humans are strongly linked to a
wide-range of Western diseases®’.

Several oral pathogens could be identified within the shotgun data,
although the short ancient sequences and diverse metagenomic background
complicated identification. We established a number of exclusion criteria to verify
the authenticity of short sequences of specific bacterial pathogens, including the
assessment of ancient DNA damage, phylogenetic position, and bioinformatic
comparisons to differentiate close relatives'®. Pathogens that passed the exclusion
criteria included the caries-associated taxa Streptococcus mutans, which was
identified in all Neandertals (0.08% to 0.18%) (Tables S10-S11). All three
members of the ‘red complex’ pathogens associated with modern periodontal
disease®® were identified in at least one Neandertal (Porphyromonas gingivalis: 0-
0.52%; Tannerella forsythia 0.05-2.4%; and Treponema denticola 0-1.87%),
although no single individual contained all three pathogens. These oral pathogens
support the isolated evidence of Neandertals with dental caries, periodontal
disease, and associated tooth-picking to relieve dental pain from specimens in
Krapina (Croatia), Shanidar (Iraq) and Cova Forada (Spain)**'. Bordetella
parapertusssis and Pasteurella multocida, which together cause exacerbated
whooping cough infections, were also detected in EI Sidron 1 (Table S9);
however, only a limited number of B. parapertussis-specific reads were identified
(i.e. only 212 reads, mostly in a region containing hypothetical proteins, mapped

more efficiently to B. parapertussis than Bordetella petrii, an environmental
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isolate). Similarly, a variety of other pathogens (Neisseria gonorrhoeae,
Streptococcus pyogenes, and Corynebacterium diptheriae) were identified but
could not be unambiguously distinguished from closely related commensal oral
taxa (Figure S23). These difficulties highlight the need for rigorous criteria when
identifying pathogenic strains from ancient metagenomic data'®.

We also examined the commensal microorganisms in Neandertals in
greater detail. Within the deeply sequenced El Sidrén 1 oral microbiota, we were
able to recover eight draft ancient microbial genomes with >1x depth of coverage,
corresponding to the most prevalent microbial taxa (Table 2). Of particular
interest was an archaeal species that dominated the oral metagenome of El Sidron
1 (14.7%; Figure S17), but was present in lower proportions in the other
Neandertal specimens (1.4% and 1.2% in El Sidrén 2, and Spy II, respectively).
The large differences in G/C content between bacteria and archaea facilitated
efficient read mapping of the archaeal sequences (Table 2), which grouped closest
to the modern human-associated Methanobrevibacter oralis IMRO1 strain. We
were able to produce the oldest draft microbial genome to date at ~48 Kyr* and
the first draft ancient archaeal genome, Methanobrevibacter oralis subsp.
neandertalensis (44.7% of 2.1 Mbp covered at a 10.3x depth of coverage; Table 2
and Figure 3). The DNA damage profile (C-to-T at 5’ends (33%); G-to-A at 3’
ends (36%); probability of terminating an overhang (lambda; 0.38); cytosine
deamination probability in a double-strand context (dp; 0.05); cytosine
deamination probability in a single strand context (ds; 1); Table 2) and fragment
length distribution (average 58.67 bp) of M. oralis subsp. neandertalensis were

consistent with ancient DNA damage.
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Phylogenetic analysis of seven modern Methanobrevibacter genomes
revealed that M. oralis subsp. neandertalensis is most closely related to the
modern human M. oralis strain (JMRO1), and together form a sister group to
Methanobrevibacter smithii strains (commensal archaea found in the modern gut)
(Figure 3B). Dating using a strict molecular clock'® places the divergence
between M. oralis subsp. neandertalensis and modern human M. oralis strains
between 112-143 Kyr (95% highest posterior density interval; mean date of 126
Kyr) (Figure 3B), long after the genomic divergence of Neandertals and modern
humans (450-750 Kyr)*. This suggests that microbial species were transferred
during subsequent interactions, potentially during early interbreeding events
between modern humans and Neanderthals, likely in the Near East™.

Within the M. oralis subsp. neandertalensis genome, 1,929 coding
sequences matched those present in the modern human M. oralis, while 136 in the
latter appeared to be absent in M. oralis subsp. neandertalensis (6.5% of all
coding sequences in M. oralis) (Table S16). The absent loci included analogs of
genes encoding antiseptic resistance (gacE) and those required for regulation of
maltose metabolism (sfsA4), potentially reflecting the impacts of modern oral
hygiene and relative dearth of carbohydrates in ancient Neandertal diets,
respectively. As expected, bacterial immunity loci were also variable, with
regions encoding for CRISPR Cas2 and Cas6 in modern M. oralis missing, while
the Cas1 CRISPR system could only be partially assembled in M. oralis subsp.
neandertalensis (Table S16). The ratio of non-synonymous to synonymous
mutations per site (dy/ds) between translatable M. oralis subsp. neandertalensis
protein coding sequences and modern human M. oralis suggested that 58% were

under strong purifying selection (dn/ds<0.1) (Table 3)'®. Only 4% appeared to be
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under putative positive selection (dy/ds>1), and included the conjugal transfer
gene, traB, which aids in the uptake of foreign DNA (i.e. plasmid transfer)*’ and
mutT, which is involved in DNA mismatch repair46. Hence, much of the M. oralis
genome appears to be subject to purifying selection, perhaps in part reflecting the
relatively stable environmental conditions in the hominin mouth over time*’. In
addition, these data suggest that any adaptive evolution in the modern human M.
oralis genome may have occurred primarily through the uptake of new DNA
sequences, rather than the fixation of beneficial point mutations.

Preserved dental calculus represents an important new resource of
behavioral, dietary, and health information for ancient hominin specimens, which
is critical for understanding how these factors continue to impact modern humans
today. The use of dental calculus provides detailed insight into the lifeways of
Neandertals, linking and supplementing zooarchaeological, paleontological, and
morphological records in a single approach, especially in specimens with limited
contextual information (i.e. El Sidrdon). In addition, dental calculus provides a
unique long-term study system for microbial evolution in real time, allowing
researchers to examine how hundreds of different microbial species have evolved,

and were spread amongst different hominins.
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Figure 1: Comparison of 16S amplicon and shotgun data sets obtained from
ancient, historic, and modern dental calculus samples. Filtered and unfiltered
16S rRNA amplicon and shotgun data sets, as well as 16S rRNA shotgun
sequences identified using GraftM, were compared using UPGMA clustering of
Bray Curtis distances from a chimpanzee (red), Neandertals (El Sidron 1 (dark
green), El Sidron 2 (light green), Spy I (grey), Spy 11 (blue), and a modern human

(orange).
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Figure 2
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Figure 2: Bacterial community composition at the phyla level of oral
microbiota from chimpanzee, Neandertal, and modern human samples. Oral
microbiota from shotgun data sets of a wild-caught chimpanzee (A), Neandertals
(n=3; B), and a modern human (C) are presented at the phyla level. Phyla names
were simplified for clarity, and unidentified reads were excluded. Gram-positive
(blue) and Gram-negative (red) phyla are differentiated by color. (D) UPGMA
clustering of Bray Curtis values obtained from 22 oral metagenomes is displayed.

Definitions for abbreviations can be found in the SI.
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Figure 3
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Figure 3: 48,000 year old archaeal draft genome and phylogeny of
Methanobrevibacter oralis neandertalensis.

(A) Ancient sequences mapping to Methanobrevibacter oralis JMRO1 are
displayed in a Circos plot (black), alongside the depth of coverage obtained (red).
The reference sequence is displayed (grey) with the GC content of the reference
sequence calculated in 2500 bp bins (green). (B) A Methanobrevibacter
phylogeny was constructed from whole genome alignments in RAXML with 100
bootstrap replicates, with the percent support shown in each node. The estimated
dates placed onto this tree were calculated from a whole genome phylogeny using

a Bayesian methodology (in BEAST) assuming a strict clock model.
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Table 1




Table 1: Dietary information preserved in calculus.

DNA sequences mapping to eukaryotic species are shown as a proportion of the
total eukaryotic reads identified within each sample. Eukaryotic sequencing
identified in the extraction blank controls and the Spy I Neandertal, which is
heavily contaminated with modern DNA, are shown to the right. * denotes
samples or taxa that are likely the results of contamination, as they do not

represent biological processes'®.
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Table 2: Draft microbial genomes present in El Sidron 1.

Eight draft microbial genomes from Gram-positive, Gram-negative, eubacterial,
and archaea were obtained from the deeply sequenced El Sidron 1 specimen by
read mapping. The sequence coverage, GC content, sequencing depth, and
damage profile (average fragment length and base pair modifications calculated

from MapDamage?2) are displayed for each genome.
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Table 3: Purifying and positive selection in M. oralis neandertalensis.

The ratio of non-synonymous to synonymous substitutions per site (dy/ds) was
calculated for coding regions with sufficient coverage and that were conserved
between M. oralis and M. oralis subsp. neandertalensis. Genes that have
undergone strong purifying (dy/ds < 0.1) or positive (dy/ds > 1; grey) selection are
displayed if the function of the gene was annotated. Hypothetical proteins and
those not matching to the M. oralis genome during BLAST searches are not

shown.
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Methods
Sampling handling and DNA extraction

Samples were stored and all molecular biology procedures prior to PCR
amplification stages were carried out at the Australian Centre for Ancient DNA
facility at The University of Adelaide. All experiments were performed within
UV treated, still-air working hoods located in isolated, still-air working rooms that
have been designed to allow highly technical ancient DNA research to be
performed with ultra-low levels of background contamination (i.e. workflow is
monitored, facilities are irradiated with ultraviolet light each night, and the
general facility is under positive air pressure). To minimize environmental
contamination, each dental calculus sample was UV treated for 15 minutes on
each side, soaked in 2 mL of 5% bleach for 3 min, rinsed in 90% ethanol for 1
minute, and dried at room temperature for several minutes. Directly proceeding
decontamination, DNA extraction was performed using an in-house silica-based
method, as previously described' but with decreased buffer volumes (1.8 mL lysis
buffer (1.6 mL EDTA; 200 uLL SDS; 20 uL 20 mg/mL proteinase K) and 3 mL
quanidine DNA binding buffer).
DNA library preparation and sequencing

Once DNA was extracted, 16S ribosomal RNA amplicon libraries of the
V4 region were constructed by PCR amplification®. Each sample was amplified in
triplicate, and samples were pooled, Ampure cleaned, and quantified using a
TapeStation and quantitative PCR (KAPA Illumina quantification kit), prior to
sequencing with an Illumina MiSeq 300 cycle kit (~40 samples/run). Frequent and
repetitive extraction blank controls (EBCs) are used throughout all experimental

procedures, i.e. extraction, amplification, and library preparation. Several key
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samples were selected for shotgun metagenomic sequencing. Shotgun
metagenomic libraries were constructed as previously described’, with 5 bp
forward and reverse barcodes. Metagenomic libraries were Ampure cleaned,
quantified using a TapeStation and quantitative PCR (KAPA Illumina
quantification kit), and pooled at equimolar concentrations prior to sequencing.
16S ¥rRNA amplicon library analysis

To process the 16S amplicon data, sequences were de-multiplexed using
the CASAVA pipeline and joined into amplicons using fastq_joiner (ea-utils)*.
Quality filtering and trimming was completed using Cutadapt, and sequences
were then imported into QIIME 1.6.0 for analysis’. In QIIME, OTUs were
clustered in UCLUST at 97%, and representative sequences were taxonomically
identified using the Greengenes (gg_12_10) database’. After OTU selection, strict
filtering was applied to all samples (SI Section II). Diversity was analysed in
QIIME, and phylogenetic analysis was visualized in FigTree
(http://tree.bio.ed.ac.uk/software/figtree). Statistical analysis were performed by
anosim in QIIME, and the calculation of the Jaccard or Bray Curtis indices,
hierarchal clustering, and heatmap construction was completed in R using the
vegan and gplots packages (http://cran.r-project.org).
Shotgun DNA Library Analysis

To process shotgun metagenomic data, reads were merged with a 5 bp
overlap using bbmerge, and reads matching the forward and reserve barcodes with
one mismatch were retained using AdapterRemoval’. Taxonomic identifications
were made using protein alignments in MetaPhlAn *, MG-RAST’, DIAMOND'?,
and the new Metagenome ALignment Tool with the BLASTX-like approach

(MALTX) developed in the Huson laboratory at the University of Tubingen'".
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Taxonomic assignments were then filtered using default LCA parameters in
MEGANS5'?, and data was exported at specific taxonomic classification levels (i.e.
phyla, species, etc.) for downstream analysis. Reference genomes were excluded
if they were known to have human DNA contamination'. Statistical analyses
were done using a Mann-Whitney U test (comparisons of phyla in one taxa
compared to other samples), a heteroscedastic t-test (direct comparisons between
specific taxa in two samples/groups), or LefSe (identifying taxa that distinguish
one group from another)®. Genomes were assembled by mapping to a reference
genome using specific ancient DNA parameters in bwa'®, and authenticated using
MapDamage 2.0'°. Phylogenetic analyses were completed by mapping reads to
reference genomes, aligning genomic sequences using progressiveMauve'®, and
inferring trees in RAXML v8.1.21"7 using the GTRGAMMA model. A Bayesian
approach was utilized to estimate dates of divergence between strains and clades.
Detailed descriptions of each procedures are available in the Supplemental

Information'®,
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