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Abstract

The area of ancient human microbiome research has evolved rapidly over the past few
decades and has become a topic of great scientific interest. Modern sequencing technologies
enable us to access the valuable information about historic microbial communities, providing
us important insights into anthropological questions of human history and evolution, such as
our ancestral lifestyle, health and diseases. Until now there have been no studies on historic
microbiome in archaeological samples from Latvia. Within my work, I have investigated
ancient DNA (aDNA) datasets and microbiome composition of human postmedieval
archaeological bone, tooth and dental calculus samples in Latvia, Northern Europe, dated 15th—

17th century AD.

Significant infiltration and contamination of archaeological bone and tooth samples with
environmental microbial species was observed, while the majority of microbial DNA in historic
dental calculus originated from the oral microbiome with little impact of the burial environment.
Possible microbial traces of soft tissue decomposition profiles within human bones were
detected, which makes archaeological human bones a potentially useful material for historic
necrobiome research. Microbial data obtained from historic dental calculus samples provided a
reliable snapshot of oral bacterial communities from past individuals. Historic Latvian dental
calculus specimen data also proved the existing hypothesis stating that bacterial communities
of different oral cavity’s formations carry significant differences. Several potentially pathogenic
bacterial species were identified within the samples of historic dental calculus. In addition,
important methodological question of aDNA authentication was studied along with the factor
of environmental bacterial influence on the specimens. Apart from microbial DNA, a relatively
good yield of endogenous human aDNA was discovered in human postmedieval archaeological

samples, which enables future studies on early-modern historic Latvian populations.

Overall, this work explored the historic human-related microbiota, preservation of ancient
biomolecules in different postmedival archaeological samples, and a possible impact of the
burial environment and environmental DNA on ancient microbiome reconstruction.

Accumulating ancient microbiome-related data contribute to the progress of this research area.



Abstrakts

Sena cilveka mikrobioma izp&tes joma ped&jo gadu laika ir strauji attistijusies un kluvusi
par tematu, kas rada lielu zinatnisku interesi. Musdienu sekvenc€sanas tehnologijas lauj mums
piekliit vertigai informacijai par vesturiskam mikroorganismu kopam, sniedzot svarigu ieskatu
cilvéces ve€stures un evoliicijas jautadjumos, pieméram, par miisu sencu dzivesveidu, veselibu
un slimibam. L1dz §im nav veikti p&tjjumi par vesturisko mikrobiomu Latvijas arheologiskajos
paraugos. Sava darba esmu pétijusi senas DNS (aDNS) datu kopas un mikrobioma sastavu
arheologiskos pécviduslaiku cilvéka kaulu, zobu un zobakmens paraugos Latvija,
Ziemeleiropa, kas ir datéti ar miisu éras 15.—17.gadsimtu.

Arheologisko kaulu un zobu paraugiem tika konstatéta ievérojama infiltracija un
piesarnojums ar vides mikrobu sugam, savukart lielaka dala mikrobu DNS vésturiskajos
zobakmenos radas no mutes mikrobioma ar nelielu apbedijuma vides ietekmi. Tika atklatas
iesp&jamas miksto audu sadaliSanas procesos iesaistitu mikrobu pédas cilvéka arheologiskos
kaulu materialos, kas padara Sos paraugus par potenciali noderigu materialu vesturiska
nekrobioma pé&tijumiem.

Mikroorganismu DNS dati, kas iegliti no vésturiskiem zobakmenu paraugiem, sniedza
ticamu informaciju par mutes dobuma bakteriju kopam no pagatnes individiem. Veésturiskie
Latvijas zobakmens paraugu dati ar1 pieradija pastavoSo hipotézi, ka dazadas mutes dobuma
dalas esoSas baktériju kopas ir butiski atSkirigas. Vesturiskos zobakmens paraugos tika
identificétas vairakas potenciali patog€nas bakteriju sugas. Tika pétits arl svarigs
metodologiskais jautajums par aDNS autentifikaciju, ka arT par iesp&jamo vides bakteériju
ietekmi. P&tamajos cilvéka pécviduslaiku arheologiskajos paraugos papildus mikroorganismu
DNS tika atklats arT salidzinoS$i labs endogénas cilvéka aDNS daudzums, kas laus turpmakos
petijumos raksturot vesturiskas Latvijas populacijas.

Kopuma S§aja darba tika pétits vésturiskais cilvéka mikrobioms, novértéta seno
biomolekulu saglabasanas pakape dazados pécviduslaiku arheologiskajos paraugos un
raksturota iesp&jama apbedijumu vides mikroorganismu DNS ietekme uz seno mikrobiomu
rekonstrukciju. Ar seno mikrobiomu saistito datu uzkrasana veicina §is pétniecibas jomas

progresu.
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Abbreviations

16S — mitochondrial ribosomal RNA
aDNA — ancient DNA

DNA — deoxyribonucleic acid
eDNA — environmental DNA

HMP — Human Microbiome Project
LCA — lowest common ancestor
NGS — Next Generation Sequencing
OTUs — operational taxonomic units
PCA — principle component analysis
PCR — polymerase chain reaction
RNA — ribonucleic acid

rRNA — ribosomal RNA

UV — ultra violet



Introduction

Microbial cells in human body outrange the number of native human cells by 1.3x (Gilbert et
al., 2018). Furthermore, there are 100 times more bacterial genes in our body compared with our own
genes (Yang et al., 2009). The study of human microbiome — ecological community of all
microorganisms from a specific site or area of human body — underwent accelerated growth
worldwide during the last few decades (Lederberg and Mccray, 2001). Advances in genomics, such
as Next Generation Sequencing (NGS) technology, contributed to this growing interest, and the
Human Microbiome Project (HMP) was launched in 2007 with the main focus on the identifying and

characterizing human microbial flora (https://hmpdacc.org/). HMP and other recent studies have

generated new knowledge to begin to identify properties and functions of the host microbiome. It is
widely recognized that the microbiome plays a pivotal role in human biology, including the
production of important resources, bioconversion of nutrients, and protection against pathogenic
microbes (Young, 2017).

It has also become increasingly clear that the study of human evolution is not complete without
understanding of microbiome evolution and changing ecology through time, and advances in NGS
allowed us to access microbial information from historic human remains specimens, opening up the
field of ancient human microbiome research (Orlando et al., 2021). Discovering our past microbial
self has contributed to answering many important modern-day health related questions, as well as
anthropological questions of human history and evolution. For example, ancient gut microbiome
studies provided us a notion of previously unknown ancestral gut microbial diversity which is appears
to be lost nowadays together with some key microbial symbionts (Tett et al., 2019; Tito et al., 2008).
These and similar ancestral gut microbiome studies have contributed to the formation of a widespread
hypothesis, linking modern western chronic diseases to gut microbial diversity loss (Wibowo et al.,
2021). Given that diet is a shaping factor of oral microbiome composition, ancient oral microbial
studies have provided us direct evidence of some major ancestral dietary shifts like Neolithic and
Industrial revolution, introducing carbohydrate-rich foods (Warinner et al., 2015b). Furthermore,
historic human-related microbial studies allowed scientists to access the genetic information of
ancient microbial pathogens including those that may leave characteristic lesions on host bones, and
those that leave no visible evidence. Such findings contribute to pathogen evolution studies and also
could solve historic mysteries around the actual causes of ancient epidemics (Orlando et al., 2021).
Studies of historic human microbiomes and historic environmental microbiomes have shed light on
important modern question of microbial antibiotic resistance by providing the evidence of antibiotic-

resistance gene presence in ancient specimens. Based on these findings a hypothesis was formed


https://hmpdacc.org/

stating that many modern antibiotic-resistance genes are most likely of the environmental origin
(Perry et al., 2016). Also, studies of microbial colonization of bones during the postmortem skeletal
degradation could provide important insights into possible factors related to the postmortem human
DNA degradation (Emmons et al., 2020).

Taken together, ancient human microbiome research paves the way for evolutionary studies of
an assemblage of human and many other species living in or around it, which, in its turn, can
significantly contribute to our understanding of historic social, dietary and environmental shifts and

reveal factors that are influencing individual and population health today.



Importance of this work

This work is highly relevant in the context of archaeological biomolecule research as it provides
insights into historical microbiome composition of human postmedieval archaeological bone and
tooth samples in Latvia, Northern Europe, dated 15th—17th century AD. It is also relevant for historic
Latvian population studies, by providing novel data on ancient oral microbiome communities.
Overall, this Thesis widens our knowledge on historic human-related microbiota, as well as explore
the preservation of ancient biomolecules in different postmedival archaeological samples, and
highlights a possible impact of the burial environment and environmental DNA on ancient
microbiome reconstruction. Accumulating ancient microbiome-related data contribute to the

progress of this research area.

Aims of the study

e To explore historic microbiome communities in human postmedieval archaeological bone,
tooth and dental calculus samples in Latvia, Northern Europe, dated 15th—17th century AD.
e To explore the degradation profiles of aDNA in postmedieval archeological samples in Latvia

and to evaluate a possible impact of the burial environment.

Tasks to reach the aims

e Perform analysis of the microbiome profiles of human postmedival archaeological bone
samples in comparison with the corresponding soil samples of the burial environment.

e Investigate the microbiome profiles of historic postmedival dental calculus samples in
comparison with modern dental calculus, dental plaque samples and burial soil microbiota.

e Evaluate the preservation of human oral microbiome patterns and aDNA in historic
postmedival dental calculus samples;

e Evaluate aDNA preservation and taxonomic diversity in postmedieval human tooth samples

and explore the presence and diversity of environmental bacteria in aDNA datasets.



1. Literature overview

1.1. History of aDNA research and standard research workflow.

Ancient DNA research era started in 1984, when for the first time DNA fragments were
succesfully extracted and sequenced from dried muscle of museum specimen - extinct zebra species
(Higuchi et al., 1984). Four years later, in 1988, mitochondrial DNA fragments from 7000-year-old
human brain were extracted, amplified using polymerase chain reaction (PCR) and sequenced (P&abo
et al., 1988). Soon after the PCR technique has become the method of choice when working with
aDNA, and in further years numerous researches were carried out to study aDNA molecules in human
archaeological samples (Hagelberg et al., 1989), the remains of extinct animals (Cooper et al., 1992;
Thomas et al., 1989, 1990), and historic fossilizes plants and insects (Cano et al., 1993; Golenberg et
al., 1990; Hagelberg et al., 2015). In addition to the host DNA, advances in genomics opened up a
new frontier for ancient pathogen research (Salo et al., 1994). Furthermore, PCR-based methodology
also allowed to explore the diversity of ribosomal RNA (rRNA) sequences from multiple
environments, opening the path for metagenomics — study of a bulk microbial DNA directly from
environment without the need for cultivation (Schmidt et al., 1991; Stein et al., 1996). However, first
metagenomic analysis of ancient material (palaeofaeces) took place only in 2008, after the
introduction of Next Generation Sequencing (NGS) techniques (Tito et al., 2008). Further decade was
characterized by the exponential growth of the field of aDNA and historic microbiome research.
Currently, application of NGS-based 16S rRNA profiling and shotgun sequencing are widely used to
study microbiome composition in various archaeological human remains material types. Although
sample-specific research design nuances may vary, procedures common for historic microbiome
research usually make the basis of any related study (Diagram 1).

While novel data piled up during the beginning of ancient microbiome research era, several
challenges and pitfalls in aDNA research were also identified. In particular, questions of aDNA
laboratory setup, material handling, contamination control, and data analysis gained special
importance (Orlando et al., 2021). Various techniques were developed to reduce sample
contamination and enhance the accuracy of results (Boessenkool et al., 2017; Gamba et al., 2016;
Gansauge and Meyer, 2014; Korlevi¢ et al., 2015; Orlando et al., 2021). This advance in technology
along with the growing interest in aDNA studies had further shaped the research field by introducing
highly specialised aDNA workstream processes needed to support the standard criteria of authenticity
for validated discoveries. In general, the standard steps of historic microbiome research workflow
could be summarized as following: sample pre-processing (which includes contamination control),
DNA extraction, NGS library preparation, which is followed by NGS sequencing and data analysis

(aDNA authentication, taxonomic assignment, data interpretation) (Diagram 1).
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The literature overview sections 1.1.1. to 1.1.5. will further cover Diagram 1 in more detail.

Diagram 1. Standard workflow steps in historic microbiome research and the most important
influential factors.
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1.1.1. Archaeological material overview
Archaeological human remains sample types and their specific features.

Archaeological material is a fragile and precious source of historical information. Every
archaeological entity bears in itself a vast amount of diverse information scattered over a wide number
of topics: cultural, evolutionary, biological, sociological and many more. It is important to understand
the major types of archaeological human remains material and their properties, as this information is
crucial while interpreting any archaeological specimen-drown data, especially historical biomolecule

data.

Three major types of biomolecules are available in archeological remains: nucleic acids,
proteins and lipids (Cappellini et al., 2018). While ancient lipids and proteins are indispensable in
bioarchaeological studies and, each with their specific characteristics, reveal much about ancient diet
and lifestyle (Hendy et al., 2018), DNA is the most important biomolecule found in archaeological
specimens, leading us to highest resolution evolutionary information and closest insights (Cappellini
et al., 2018, Slatkin and Racimo, 2016). However, there are many specific nuances that must be
considered to ensure correct data interpretation, especially if the subject of the study is not the host
DNA but host-related microbiome. One of the parameters is DNA degradation, which is believed to
have various rates depending on tissue and environmental processes around the specimen (Kistler et
al., 2017). Furthermore, to capture the correct snapshot of a specific location’s microbiome it is
necessary to overcome two types of potential contamination. Endogenous contamination arises from
same organism’s different tissues and mostly is due to taphonomic processes, which dramatically
transform human microbiome’s ecology soon after death due to processes of soft tissue decomposition
(Morris et al., 2006). Exogenous contamination, in its turn, comes from all possible exogenous
sources that come in contact with the specimen of interest starting with burial soil, archaeological
excavation process, archaeological sample storage, and laboratory contamination (Eisenhofer et al.,
2019, Eisenhofer and Weyrich, 2018, Llamas et al., 2017). Every archaeological human remains
material type represents a specific combination of the above parameters, depending on body site,

anatomical features and specimen preservation properties.

Christina Warinner in her article “Ancient human microbiomes” (2014) suggested that there are
five main archaeological human remain sample groups that potentially can be used for ancient
microbiome reconstruction. Among them, coprolites and dental calculus are considered to be the main
source of ancient human microbiome data, followed by three additional sources serving as a
secondary deposit for human bacteria such as historic medical specimens, mummified human remains

and human bones (Warinner et al., 2015b). Although this division is reasonable, it would also make
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sense to position human teeth and tooth root archaeological material in a separate group as this
material possesses some unique properties. Therefore, in this work, each sample group will be

considered and explored separately.

Term “coprolites” is being used to describe desiccated and fossilized ancient feces (Reinhard
and Bryant, 1992). Representing human gut microbiome, coprolites give us potential access to the
most advances source of bacterial diversity, associated with living organism (Lozupone et al., 2012;
Yatsunenko et al., 2012). Although coprolites are indeed one of the most biologically informative
archaeological material, and evidence shows that they can survive for millions of years under
favorable conditions (Dentzien-Dias et al., 2013), coprolite specimens are associated with a list of
challenges and drawbacks, making them quite a complicated material to work with. First complexity
factor of coprolites as a bioarchacological material is its sensitivity to environmental conditions.
Being an extremely bioactive substance, feces can preserve well and eventually turn into coprolites
only in dry and cold environments (Sharma, 2005). Some studies consider them to be rare
archaeological finds, while others argue that they are as abundant as other archaeological artefacts,
although a person must be trained well to find them (Shillito et al., 2020). Indeed, coprolites are most
often hard to identify due to their fickle appearance — they come in a variety of different shapes and
textures due to very different diets and physiological and lifestyle features of humans of the past
(Reinhard and Bryant, 1992). Moreover, even after the artefact has been identified as coprolite, it is
still a challenge to distinguish whether it is of human origin (Reinhard and Bryant, 1992). The only
undoubtedly human coprolites are the ones that are recovered from mummified human remains and
burial sites (Reinhard and Bryant, 1992). Most often coprolites originate from public latrine areas
(Warinner et al., 2015b) which allows to research historic human microbiome on population level but
eliminates the possibility to study individual microbiome of humans of the past. One more drawback
of coprolites as a bioarchaeological material for ancient microbiome studies is that they can be
considered to be open systems, being extremely vulnerable for external contamination and therefore
exhibiting screwed microbiome profile which has to be interpreted with great care (Warinner et al.,

2015b).

Dental calculus is another highly informative archaeological material that is used in
biomolecule research. Dental calculus is an oral plaque biofilm that underwent mineralization
processes and turned into a cement-like substance in terms of both adhesive strength (Watts and
Combe, 1981; White, 1997) and physical hardness (White, 1997, 1991); most importantly, it has an
excellent oral microbiome preservation abilities (Adler et al., 2013; De La Fuente et al., 2013; Mann
et al., 2018; Warinner et al., 2015b, 2014; Weyrich et al., 2017). It contains traces of all oral

ecosystem-typical elements, which makes it a highly demanded archaeological find. In terms of
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chemistry, largest proportion of dental calculus constituents are of inorganic nature — calcium and
phosphorus being the leading elements, followed by magnesium, silicone, iron, fluoride and several
minerals (Hayashizaki et al., 2008; Kinaston et al., 2019; Lieverse, 1999; White, 1997). Organic
components constitute around 15-20%, among whose there are phytoliths, starch granules, variety of
biomolecules and bacteria (Kinaston et al., 2019; Lieverse, 1999). The unique property of dental
calculus is that it turns into fossil during organism’s lifetime, and at the time of organism’s death it is
already biologically inert enough not to succumb to internal and external contamination factors such
as microbiome shifts during taphonomic processes or invasion of soil bacteria. Because of these
reasons, recent studies suggest that dental calculus might be the most coveted archaeological material
for ancient microbiome research, allowing lowest environmental contamination and exhibiting
highest aDNA yields (Mann et al., 2018; Ozga et al., 2016; Warinner et al., 2014). Dental calculus
also allows differential analysis of historic oral microbiome providing individual-scale data, as well
as holds information about a diverse range of oral cavity’s opportunistic pathogens which might be
used to trace back historic infectious disease records (Warinner et al., 2014). One significant
drawback of dental calculus as a tool to study ancient human microbiome is that dental calculus gives
us insights of a narrow field of oral microbial communities, slightly expanding in the directions of
upper respiratory tract and upper digestive tract microbial communities, whose traces can sometimes
be identified in dental calculus debris (Huynh et al., 2016; Weyrich et al., 2015). Although it is an
immensely important piece of the puzzle in the concept of diverse and turbulent human microbiome,
these data could be hardly extrapolate to get insights into the organism’s functions and biological
processes in general. Deep learning techniques are beginning to be used in the field of microbiome
studies, and chances are that this rapidly emerging technology in the nearest future might expand the

amount of information obtained based on microbial composition of oral cavity (Cartwright, 2021).

Historic human bone specimens is another very important type of archaeological material that
is widely used due to its DNA preservation abilities. In contrast to coprolites and dental calculus,
which are mostly popular in the field of ancient human microbiome studies, archaeological human
bones are usually used as a source of endogenous aDNA. Nucleic and mitochondrial DNA can indeed
be successfully isolated from archaeological bone material, however, again, the DNA preservation is
highly dependent on various factors such as bone type and environment of decomposition (Allentoft
et al., 2012; Andronowski et al., 2017; Damgaard et al., 2015; Mundorff and Davoren, 2014). One of
significant environmental factors that can affect endogenous aDNA preservation in bone marrow is
bacterial activity on the site (Burger et al., 1999; Elsner et al., 2015; Emmons et al., 2020). Currently,
the types and distribution of bone colonizing microbes are not yet clearly understood, however, it is

known that bone colonization by environmental microbes do occur (Emmons et al., 2020). On the
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other hand, body decomposition is a mosaic system where both intrinsic and extrinsic bacteria are
involved, thus it could be hypothesized that individual’s microbes from different tissues may infiltrate
bones shortly after an individual's death and remain trapped inside (Bell et al., 1996; Morris et al.,
2006). Therefore, to some extent, osteological material could represent some traces of historic human
microbiome. Apart from the source for historical endogenous aDNA, human-associated microbial
DNA and historical and modern environmental DNA, bone material is also used in studying of blood-
borne pathogens that leave diagnostic bone lesions, such as Mycobacterium tuberculosis,

Mycobacterium leprae, Yersinia pestis, Treponema pallidum (Spyrou et al., 2019).

Considering whole teeth and tooth roots as a source for aDNA it is important to note that this
material is protected from various environmental conditions far better than any other archaeological
human remains material due to hard enamel and cementum layers (Adler et al., 2011; Melchior et al.,
2008). Endogenous DNA levels within well-preserved historic human teeth can often be compared
with those isolated from human petrous bone, which makes teeth a useful material in human aDNA
studies (Hansen et al., 2017). It has also been reported that archaeological teeth samples may serve
as a reservoir of human microbiota traces (Warinner et al., 2014). Ancient pathogenic bacteria have
been detected in teeth throughout several studies due to the fact that teeth are directly exposed to
blood-borne pathogens (Drancourt et al., 2005, 1998; Rasmussen et al., 2015; Warinner et al., 2014).
Overall chances of finding an ancient pathogen in teeth sample are considered to be higher than in
petrous bone sample of same individual, as was exampled by the reproducible detection of Yersinia
pestis DNA in teeth samples of several human skeletons dated to the Bronze Age and Iron Age
(Margaryan et al., 2018). Historic teeth specimens are also known to capture traces of plant and
animal DNA thus providing information about our ancestral lifestyle and diet (Sawafuji et al., 2020;
Warinner et al., 2014; Weyrich et al., 2017). Ancient dental pulp is also capable of capturing and
storing distinct human oral microbiome taxa which makes historic teeth a potential material in ancient

human microbiome studies (Margaryan et al., 2018; Rascovan et al., 2016).

Medical specimens of human tissues is yet another potential source of historic human
microbiome information. Nevertheless, it is worth to consider two main limitation of this material.
First, such specimens are usually limited to the past few centuries. Secondly, anatomical human
material within these samples is usually preserved in formaldehyde, liquid alcohol, or stored in
formalin-fixes paraffin-embedded blocks, which means that whole microbiome reconstruction scene
most probably will be screwed in both quality and quantity (Gilbert et al., 2007; Warinner et al.,
2014). At the same time, there is a precedent of successful historic pathogen recovery from this type
of sample: causative agent of cholera, Vibrio cholera, has been recovered from 1849 CE alcohol-

preserved medical specimen of colon in 2014 (Devault et al., 2014). This hints to the fact that historic

15



medical specimens can be used to trace back certain aspects of historic human microbiome and could
be especially useful providing access to microbes of soft tissues, which could not be preserved

(Warinner et al., 2015b).

Mummified human remains, although exhibiting apparent visual preservation of individual
tissue material on a macroscopic scale, still are subjected to a full-fledged cascade of taphonomic
processes, leaving molecular and bacterial scene of the tissues wildly disrupted. Although for the
most body sites, it is hard to extrapolate precise scene of ancient human microbiome relying on
mummified remains microbiome data in general, they still provide an outstanding opportunity to
access bacterial communities left within soft tissues, which would be decomposed otherwise. For
example, many studies were conducted using mummified human remains intestinal material with the
intention to access historic human gut microbiome information and throughout these studies authentic
gut microbial communities were identified (Rollo et al., 2007; Santiago-Rodriguez et al., 2015).
Mummified human remains can also be used for historic pathogen tracking. For example, Neukamm
et al. (2020) successfully reconstructed 2200-year-old Mycobacterium leprae genome and 2000-year-
old human hepatitis B virus using bone and soft tissue of Egyptian mummified individuals (Neukamm

et al., 2020).

1.1.2. Challenges in sample pre-processing and aDNA extraction

Although each archaeological material type represents unique characteristics, general handling
challenges remain the same for all specimens. Throughout aDNA (and specifically: ancient
microbiome) research history, many standard procedures were approved as necessary actions that
should be implemented in order to minimize risks of contamination and data bias. While the
endogenous sample contamination is impossible to eliminate because it took place during the process
of taphonomic organic tissue degradation, there are possibilities to consider and target various

exogenous contamination factor manifestations in resultant metagenomics data.

Controlling modern contamination is crucial not only because it may resemble authentic aDNA
and thus lead to misinterpretation of results, but also because it may outcompete aDNA during PCR
amplification reactions of NGS library preparation process and therefore critically minimize aDNA
presence in theresultant data (Fulton and Shapiro, 2019). There are numerous ways how external
contamination can be introduced to the sample, including soil bacteria of burial environment, human
and human-associated bacteria during excavation process, environmental and cross-contamination if
the samples are stored close to each other on museum shelves. Furthermore, as the samples reach

laboratory, new contamination factors are here to come. DNA extraction and sequencing library
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preparation stages can introduce numerous contaminants into the sample. Human DNA might be
introduced by laboratory personnel, reagents and equipment might carry alien DNA fragments, even
the air supply system of the building where the laboratory is located, can contribute to historic sample
contamination with modern DNA, which, accordingly, will appear as a challenge factor during
upcoming result analysis and interpretation. Fighting laboratory contamination is in some sense quite
a quest because of the fact that contaminant DNA is intangible to the finest grade. It can be floating
around in an aerosolized drop of water, which escaped the lid of opened test-tube and even 0.005 mkl
of this drop can potentially contain thousands times more DNA than the historic sample of interest

(Fulton and Shapiro, 2019; Leonard et al., 2007; Willerslev and Cooper, 2005).

In the recent years, numerous protocols on historic sample handling and processing were
created (Cooper and Poinar, 2000; Piibo et al., 2004; Shapiro et al., 2019; Willerslev and Cooper,
2005). In general terms, major requirements demand aDNA studies to take place in specially
equipped, physically isolated facilities. Ideal circumstances would include altered air pressure in
aDNA facilities: higher pressure in historic sample handling rooms and lower pressure in rooms
where modern DNA handling takes pace. Historic specimen handling facilities must be routinely
sterilized on a regular basis using both chemical disinfectants and UV radiation. An important
requirement is to keep aDNA facilities separated from PCR-amplification facilities where millions of
molecules are being created by amplification, as it is extremely difficult to avoid their spreading.
Historic DNA facility’s ventilation system must be separated from central laboratory’s ventilation
system, and aDNA personnel should contribute to the precaution practices by wearing gloves, masks
and protective clothing, which ideally is stored in a separate gateway chamber on the way to aDNA

facility (Grigorenko et al., 2009).

Historic sample pre-processing manipulations usually begin with removal of the surface layer
with a subsequent sterilization with UV radiation (Grigorenko et al., 2009). Sodium hypochlorite is
also advocated for historic sample pretreatment as a useful tool for DNA contamination removal
(Korlevi¢ and Meyer, 2019). Sample powder predigestion using EDTA-based lysis buffer and
Proteinase K was suggested as less aggressive sample pre-treatment step (Schroeder et al., 2019). All
pre-treatment approaches are based on the idea that exogenous DNA connection to the sample’s
material is much weaker than connection of endogenous DNA, so it is possible to remove exogenous
DNA without disrupting the authentic endogenous DNA. Usually aDNA study design involves one

or several sample pretreatment steps depending on various research factors and circumstances.

Likewise, the topic of aDNA extraction has rose a range of guidelines and protocols. Although

the basis of aDNA extraction mostly remains to be phenol-chloroform method, nuances depend on

17



many factors like sample material, age and environment of preservation (Dabney and Meyer, 2019;
Hagan et al., 2020; Matsvay et al., 2019). Apart from fragile DNA molecules, another risk factor to
be overcome is presence of PCR inhibitors which are numerous and usually extracted together with
DNA. Humic, fulvic acids, tannins and phenolic compounds — examples of PCR inhibitors in aDNA
studies — in last decade are mostly being replaced by the use of silica-based column extraction

protocols (Dabney and Meyer, 2019; Matsvay et al., 2019; Rohland and Hofreiter, 2007a, 2007b).

Harvested microbiome data, by a large degree, is influenced by sample’s extracted DNA quality,
which, in its tern, is correlated with DNA damage scale. One of most well-known aDNA
characteristics is its size — ancient DNA usually represents short, degraded fragments, generally
between 40 — 300 bp (Kircher, 2012). Short aDNA fragments are further made even more challenging
by accumulated damage patterns. DNA is exposed to various damage patters during its lifespan. Most
common types are DNA base deamination, depurination, oxidation and methylation followed by two
crosslink types: interstrand crosslink and DNA-protein crosslink (Swift and Golsteyn, 2014). Within
a living organism under normal circumstances, DNA damages are supposed to be repaired via
numerous intracellular mechanisms. Upon organism’s death, these mechanisms stop functioning.
DNA damage process, however, persists and even accelerates, being supported by various
environmental catalysators. Many damage patterns that accumulate within DNA strands during its
contact with various environments act as PCR inhibiting factors (Pdibo et al., 1989). Hydrolytic
activity upon DNA results in three damage types: hydrolysis of phosphodiester backbone (rarely),
hydrolytic deamination (most commonly: cytosine deamination, causing C to T transition) and
hydrolysis of glycosidic bonds (purine bases are most exposed to this reaction; subsequently, is it
called depurination and purine base is lost as a result). Single-strand breaks are known to be the result
of hydrolytic DNA damage (Fulton and Shapiro, 2019; Lindahl, 1993). Oxidation results in damage
patterns that most commonly block polymerases. This leads to either amplification stop or chimeric
sequence production via “jumping PCR” (Fulton and Shapiro, 2019; Lindahl, 1993; Paabo, 1989;
Péédbo et al., 1989). Cross-link DNA damage lesions also block polymerase chain reaction (Paabo,

1989).

1.1.3. Library preparation and sequencing

Microbiome of any biotope combines members of various domains: prokaryotes (bacteria,
archaea), eukaryotes (fungi, protists), viruses (Lederberg and Mccray, 2001). At the same time,
primary focus of microbiome studies in almost all fields is inevitably bacterial (Hooks and O’Malley,

2020). There are various reasons for that: bacteria is metodologically more approachable, bacterial
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genes outnumber any other domain member genes (Qin et al., 2010), and bacteria are responsible for
the greatest part of active metabolites that influence ecology of any community as well as dictate
relationships with the host (Postler and Ghosh, 2017). Although number of eucaryotic microbiome
studies began to rise in recent years, bacterial research remains in the focus of any microbiome studies
to this day, including ancient microbiome research (Hooks and O’Malley, 2020). At the moment the
field of microbiome research (both modern and ancient) is dominated by two main sequencing
approaches: 16S ribosomal RNA (rRNA) gene amplicon sequencing and shotgun metagenomics
sequencing (Jovel et al., 2016; Mas-Lloret et al., 2020; Ranjan et al., 2016; Warinner et al., 2017,
Ziesemer et al., 2015). Both approaches represent the field of metagenomics — a relatively young
method that, with the help of NGS, has revolutionized the study of microbial communities allowing
to reach their genetic data directly from their natural environment, without the need of culturing (Shah

et al., 2010; Wooley and Ye, 2010).

16S rRNA gene sequencing approach appeared earlier then shotgun sequencing approach — it
has been used historically since the middle 1990s (Muyzer et al., 1993; Shah et al., 2010). The method
is based on the fact that 16S rRNA encoding gene is a highly conserved gene for bacteria and archaea,
allowing to access microbial phylogenesis without having to deal with non-microbial DNA
admixture. The gene is built of nine hypervariable species-specific regions (V1 — V9) with highly
conserved regions located between them. Usually 16S rRNA hypervariable region amplification
allows to differentiate microbial communities down to genus level, however in case if the whole 16S
sequence is present the differentiation is possible up to the level of species (Mas-Lloret et al., 2020).
16S sequencing is a relatively cheap and accessible method that enables simultaneous sequencing of
thousands of individual 16S rRNA genes — these factors had a huge influence making Human
Microbiome Project succeed (NIH HMP Working Group et al., 2009; Warinner et al., 2017). Speaking
in the context of historic DNA research, there were numerous studies detecting 16S rRNA gene
presence in historic samples of different age raging up to 5300-year-old ones, proving that these genes
can indeed be preserved in archaeological samples and successfully retrieved from them (Arning and

Wilson, 2020; Cano et al., n.d.; Ubaldi et al., 1998).

On the other hand, 16S rRNA sequencing is also associated with numerous limitations. For
example, although there are nine hypervariable regions, they amplify differently for different bacteria,
not a single one of them is capable to distinguish among all bacteria and conserved regions are also
not entirely identical for various bacteria and archaea (Chakravorty et al., 2007; Mas-Lloret et al.,
2020; Shah et al., 2010). Another notable factor is that PCR amplification of 16S rRNA gene often
produces artifacts like chimeric sequences, which, according to Ashelford K. E. et al. study, are found

to be present widely over 16S rRNA public repositories (Ashelford et al., 2005). These sequencing
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errors may further negatively influence accuracy characterizing sample’s microbial diversity (Quince
et al., 2009; Shah et al., 2010). Furthermore, to deeply analyze a sample’s microbial community using
16S rRNA method we would require long well-preserved 16S fragments to be present in the sample.
As we already discussed earlier, aDNA usually lacks such a degree of preservation, which
subsequently lowers the accuracy of 16S rRNA sequencing. Also, 16S rRNA approach can be
considered highly sensitive to background contamination as to successfully target amplification,

historic samples usually require a large number of PCR cycles (Warinner et al., 2017).

While 16S sequencing relies on specific 16S rRNA gene primers to capture exclusively bacteria
and archaea, shotgun sequencing approach (aka whole-metagenome shotgun analysis) uses universal
primers with the goal to sequence all the existing DNA molecules trapped in a sample of interest
(Janda and Abbott, 2007; Jovel et al., 2016). Shotgun sequencing method has gained a wide popularity
over the past decade due to its unambiguous advantages. One of the major advantages of shotgun
sequencing is believed to be the fact of more accurate taxa definition at the species level (Ranjan et
al., 2016). Further advantages include the possibility to dive even deeper into taxonomic
representation and in some cases be able to detect specific strain of a particular species as well as the
possibility to assemble metagenomes de-novo, possibility to sequence a genome in high-coverage
and to perform functional characterization of retrieved metagenomic material (Mas-Lloret et al.,
2020; Ranjan et al., 2016). The last shotgun sequencing specification is of a special importance in the
field of ancient microbiome research as sometimes community structure and its functional potential
might store much more valuable information than a list of microorganisms itself (Warinner et al.,
2017). However, using shotgun sequencing for microbiome research has its drawbacks as well. Due
to microbiome community complexity, shotgun metagenomics data requires most profound analysis
tools and approaches in order to be correctly interpreted (Warinner et al., 2015a). The reason for this
is that shotgun metagenomics datasets typically represent low sequencing coverage. As a result,
microbiome reconstruction is usually limited to highly abundant taxa, leaving low-coverage taxa

underrepresented (Kuczynski et al., 2012; Scholz et al., 2012).

Overall, both 16S rRNA and shotgun sequencing methods have their unique advantages and

drawbacks, and careful study design must be implemented in every particular situation.

1.1.4. aDNA authentication challenges

As soon as samples of interest are sequenced (their DNA data is translated into digital data), the
next step of ancient microbiome research journey begins. After initial quality control processes it is

crucial to examine outcome data on the subject of aDNA authenticity.
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Firstly, mandatory extraction and PCR controls with no DNA (negative controls) should be
processed alongside with the samples in order to clear resultant data from laboratory and cross-
contamination. There are several in silico approaches to clear sample data of contamination using
negative controls, one of them refers to R package decontam — statistical package, evaluating each
microorganism in terms of probable contamination (Davis et al., 2018). After processing negative

controls, aDNA in silico authentication may begin.

As was already mentioned, there are certain damage patterns, present in archaeologically
derived DNA, which are believed to indicate of its ancient origin. These patterns include short DNA
fragments (exact length opinions differ between 100 bp and 500 bp), depurintaion as a main cause of
fragment breakage and cytosine-to-thymine transition accumulating on the ends of DNA fragments
(Grigorenko et al., 2009; Velsko et al., 2018; Ziesemer et al., 2015). It is widely considered that
according to these damage patterns it is possible to distinguish ancient DNA from modern
contamination, furthermore, short fragment size allows NGS library preparation without
implementing initial DNA frargmentation (Briggs et al., 2007; Brotherton et al., 2007; Ginolhac et
al., 2011; Jonsson et al., 2013; Key et al., 2017; Velsko et al., 2018). These parameters, however, also
appear questionable under certain circumstances. It is difficult to expect precise length of ancient
DNA fragments as it is highly dependent on various environmental conditions. For example, in 2006
Rogaev and colleagues has successfully retrieved mammoth mitochondrial genome fragments of
length 1600 — 1700 bp from permafrost-preserved remains (Rogaev et al., 2006). Furthermore, even
if we take into consideration only short fragment DNA, we still should not be expecting it to be free
of environmental DNA (eDNA). In some cases, eDNA might be even more exposed to degradation
factors than the DNA of bacteria that is trapped inside an archaeological sample and in this way
protected from robust environment exposure. It is known that eDNA is often fragmented to the size
of less then 150 bp (Pedersen et al., 2014). Likewise aDNA, its preservation is hightly dependant on
the conditions of the environment it is left in. Environmental DNA in favorable conditions of cold,
dry permafrost can survive for hundreds of years, whereas in the temperate water it degrades over a
period of several weeks (Dejean et al., 2011; Thomsen et al., 2012; Willerslev et al., 2003). Thus,
authentication of host related aDNA is a complex task and despite multiple aDNA holding protocols

the risk of data bias remains high.

Apart from good laboratory practices mentioned above, specific to the field of historic DNA
research, aDNA authentication nowadays is mostly dependent upon computational manipulations
which operate by analyzing the damage patterns of NGS reads. Program mapDamage2.0 can be

mentioned as one of the examples. This program statistically models expected deamination patterns
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and further measures the estimates of damage parameters which are expected of historic DNA

(Jonsson et al., 2013).

Other computational analyses in this field are mostly built towards two goals: track and
distinguish sample DNA that comes from an exogenous source and distinguish sample cross-
contamination, which is contamination that unintentionally comes from laboratory downstream
application when working with multiple samples at a time. Example of a program that reaches for the
first goal is the Bayesian model SourceTracker. This model takes into account sequenced samples
together with their negative controls and estimates the origin of sample’s reads together with
contamination proportion (Knights et al., 2011; McGhee et al., 2020). Samples cross-contamination,
on the other hand, can be assessed by usingh R package decontam. This package statistically evaluates
the probability of each microorganism being contaminant by analyzing its prevalence in laboratory
controls (Davis et al., 2018). These techniques, alone or combined, serve as key steps in the challenge

of aDNA authentication.

1.1.5. Taxonomic assignment and data interpretation

Taxonomic assignment, that is, identifying microbial taxa present within a sample, is a standard
step in metagenomics data analysis (Weyrich et al., 2017). Although numerous taxonomic
classification tools are present to deal with NGS data and their number is constantly growing, accurate
taxonomic assignment of metagenomics data remains a computational challenge. Main reason for this
is short NGS read length which lowers the degree of assignment accuracy (Jovel et al., 2016). Ancient
DNA characteristics discussed above further contribute to the difficulty of taxonomic classification
of ancient microbial reads. Short reads affect assignment accuracy and cytosine-to-thymine transition
may potentially cause misclassification by assigning reads to incorrect taxa or even to undefined taxa
which further will result in screwed diversity estimates (Velsko et al., 2018). Nevertheless, a wide
range of computational analysis tools allow to composite custom data analysis protocol, adjusting

and combining tools and programs in order to reach the highest possible degree of accuracy.

In case of 16S rRNA gene sequencing, microbial community characterization usually begins
with sequenced reads being clustered by two main approaches. Firstly, a reference database can be
used as a template upon which to compare sequenced reads. The reads further are grouped into
phylotypes depending on their level of similarity with the reference. Secondly, sequences can be
formed into operational taxonomic units (OTUs) de-novo using distance matrix comparison of the
datasets with no initially introduced reference (Chen et al., 2013; Jovel et al., 2016; Sun et al., 2012).

First method works significantly faster, whereas second method requires notable computational
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capacities. Three most widely used reference databases that are present for 16S sequencing data
characterization are Greengenes, SILVA and RDP (Cole et al., 2014; DeSantis et al., 2006; Quast et
al., 2013). Each database is sufficient to be used on its own, however sometimes a combination of
these databases are also implemented. For example, Parallel-META 3 metagenome analysis program
has a custom reference database that is created integrating Greengenes database together with SILVA
and RDP in order to raise the proportion of annotated sequences (Jing et al., 2017). Furthermore, to
increase the resolution of taxonomic assignment is sometimes appropriate to use a reference database
that is created using bacterial taxa of specific environments only: for example, human oral cavity
microbial database or human intestinal bacteria database (Forster et al., 2016; Jovel et al., 2016; Ritari

etal., 2015).

Taxonomic profiling of shotgun sequencing data is also executed by a wide variety of
algorithms. Regarding read clustering, one of the most popular approaches is unique clade-specific
marker gene approach (such as MetaPhlAn2) where read sequences are clustered by comparing to a
marker gene catalogue which is precomputed from previously sequenced bacterial genomes (Jovel et
al., 2016; Truong et al., 2015). Another widely used approach is called lowest common ancestor
positioning (LCA). Using this approach, pre-aligned sequences are placed on a taxonomic tree and
their dissimilarity scores (bit-scores) are compared in order to assign them to a higher taxonomic level
(Jovel et al., 2016). MEGAN is an example of computer program that operates implementing LCA
algorithm (Huson et al., 2007). It is also possible to distinguish shotgun data metagenomics analysis
approaches based on an alignment algorithm used to compare sequenced reads to a reference
database. Here, the most popular algorithms would be BLAST (treating sequence as a whole entity
while comparison) and k-mer based matching algorithms (dividing both reference database sequences
and sequences of interest into equal length fragments — k-mers — and then matching them towards
one another and using LCA principles to access their taxonomic rank. As examples of BLAST
alignment algorithms can be mentioned MetaPhlAn2 and MEGAN (Huson et al., 2007; Truong et al.,
2015). Kraken is an example of a program that function on a k-mer principle (Wood et al., 2019;

Wood and Salzberg, 2014).

Taxonomically classified data must be further carefully interpreted with the use of statistical
analysis methods. For example, Kraken — highly accurate metagenomics classification algorithm —
assigns sequences to best matching location of the taxonomic tree, however it does not estimate
abundance of taxonomic units. To overcome this limitation it is advisable to combine Kraken with
Bracken, which stands for Bayesian Reestimation of Abundance of Species and Sequences (Lu et al.,

2017). Web servers like Calypso and MicrobiomeAnalyst provide further possibilities for
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comprehensive metagenomics data analysis and interpretation (Chong et al., 2020; Zakrzewski et al.,

2017).

1.2. A detailed view into human oral microbiome: ancestral to modern

Oral cavity is the gateway to entire human organism. It is where food fermental pre-digestion
and initial mechanical processing occurs, it is also where our immune system meets incoming
nutrients and other foreign nutrient-associated elements for the first time (Abusleme and
Moutsopoulos, 2017; Gaften and Moutsopoulos, 2020; Moutsopoulos and Konkel, 2018). Taking into
account strategic importance of these processes in terms of human organism’s homeostasis
maintenance, we can grasp the significance of human oral microbiome’s function and performance.
While oral cavity does harbour a great variety of microorganisms and is constantly influenced by
external factors, growing evidence points to its remarkable resilience, especially comparing it to other
body site’s microbiome, for example that of a large intestine (Wade, 2021). Its resilience is expressed
in a matter of resisting change (not to be confused with stability, which would mean returning to
equilibrium after short disturbances), and is not always associated with positive health processes. For
example, a pathological condition of gingivitis with condition-associated microbial community might
express resilience and thus antagonize the return to the healthy state (Holling, 1973; Wade, 2021).
The resilience of oral microbiota might be due to the fact that except for dietary sugars, most of oral
microbial food comes from saliva and gingival crevicular fluids, thus limiting direct food influence
on oral microbial communities (Beighton et al., 1986; Taylor and Preshaw, 2016). Furthermore,
despite inhabiting a closely-related merged physical space of oral cavity, human oral microbial
communities exhibit apparent differences between various oral cavity sites which is explained by
distinctive oral niche physiochemical property differences (Aas et al., 2005). In this way, different
oral tissue surfaces (mucosa, tongue, teeth etc.) exhibit various microbial communities which further
obstructs historic human microbiome reconstruction using ancient dental calculus as it reflects only
a fraction of individual’s oral microbiome (Velsko et al., 2019). Nevertheless, despite all difficulties
and possible limitations, historic human microbiome data is constantly gaining importance in the light
of latest research, suggesting oral microbiome to play a crucial role not only in human oral health
alone, but also in systemic health of distant body systems. Latest studies have explored the connection
between oral microbiome and various systemic diseases, such as various inflammatory disorders,
cardiovascular diseases, and type 2 diabetes (Lamster et al., 2008; Mercado et al., 2000;

Montebugnoli et al., 2004; Reinhardt et al., 1999). The connection is also established between oral
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microbiome and seemingly unrelated conditions like prostatic disease and preterm birth (Chu et al.,
2018; Fang et al., 2021). These new microbiome visions contribute to holistic view of human health

concept and outline new frontiers for future therapies.

Tracing back the initial composition of our ancestral oral microbial communities is highly
important because it provides us the possibility to reveal the evolution of our commensal oral
microbiome which is still understood poorly (Sajantila, 2013). This information, in its turn, can guide
us towards the notion of what a healthy oral microbiome looks like and how are we influencing it
with our lifestyle and environmental factors. At the moment three main shifts in human oral
microbiome evolution can be defined. First could be agricultural revolution, which happened around
10 000 BC and marked our ancestor lifestyle transition from hunter-gatherers to farming, involving
the switch to Neolithic (farming) carbohydrate-rich diets (Adler et al., 2013; Braidwood et al., 1961;
Oelze et al., 2011). Early studies on ancient dental calculus have confirmed that this transition had its
impact on the human oral microbiome, in particular — Neolithic dietary shift has led to the increase
in disease- and dental decay-associated microorganisms (acidogenic and aciduric) (Adler et al., 2013).
Furthermore, it is indicated that ancient human oral microbiome is characterized by a more significant
phylogenetic diversity which hints to its increased resilience and stability in comparison to a less
diverse modern oral microbiome profiles (Cadotte et al., 2012; Huttenhower et al., 2012; Lozupone
et al., 2012). Next major human kind transition in terms of cultural, environmental and social factors
is the Industrial Revolution — a major turning period in human history originating in Great Britain in
the 18™ century which is characterized by manufacturing and industrial activity becoming main social
production forms (McGrath & Martin 2017). Needless to say, its influence on human diet has been
tremendous. By introducing industrially processed foods, industrial period has altered core nutritional
factors of human diet: glycemic load, composition of fatty acids, macro- and micronutrient
composition and density, pH balance, sodium-potassium balance and fiber content (Cordain et al.,
2005). Apart from direct influence on the diet, industrial era also gave humanity a new dimension of
secondary human health and microbiome influence factors which originate from environmental
pollution (McGrath & Martin 2017). Industrial Revolution’s final stages, beginning in the mid-20™
century, after the World War 11, can be referred as the “Great Acceleration” — the third human lifestyle,
diet, social and economic transition which shaped the world to become as we know it today (Steffen
et al., 2015). The “Great Acceleration” shaped human diet in various ways: surplus food production
and introduction of preservatives, high-fructose corn syrup introduction in 1970s and other food-
related events. However, diet shift has not been the only major factor that shaped human oral
microbiome (Popkin, 1999; Steffen et al., 2015; White, 2014). Public health moved into the next era

offering society clean water, improved housing, establishing sanitation and sewage systems (Lees,
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2015). Although clearly introducing remarkable benefits, public health of the Great Acceleration is
also characterized by radicalized hygiene and massive antibiotic treatments. These factors are at the
core of modern “hygiene hypotheses”, stating that excess hygiene may be one of the reasons for
modern allergy disease epidemics (Ege, 2017). Antibiotic treatments, in its turn, dramatically
decrease modern microbiome diversity which makes host microbial ecosystem fragile and unstable

(lizumi et al., 2017).

Being in the beginning of microbiome research era, ancient dental calculus provides us
unprecedentedly important information which can help us study our microbial heritage to better
understand the connection between host and its microbiota to be able to come up with innovative non-

invasive treatments for microbiome-associated diseases (Bresalier and Chapkin, 2020).

1.3. Ancient pathogens

There are many research purposes in which aDNA sequencing can be helpful. Apart from
human microbiome studies aDNA gives lots of perspectives in the field of ancient pathogen studies.
This relatively young scientific discipline focusing on ancient pathogen research, has so far answered
several historic questions and gave support to new scientific theories. As one example,
Mycobacterium tuberculosis co-evolution in humans is being one of most popular ancient pathogen
study fields. It has been proposed that M. tuberculosis virulence and human resistance to infection
are both likely consequences of pathogen-host historic co-evolution (Brites and Gagneux, 2015;

Donoghue et al., 2004).

In many ways, Mycobacteria indeed can be considered the perfect microorganism for aDNA
research. It can be found only in the infected host, this genus includes bacteria causing both
tuberculosis and leprosy, and has some unambiguous advantages which facilitate the preservation of
DNA in archaeological material. For example, Mycobacteria DNA is rich in guanine and cytosine,
which increases DNA stability (Daffé and Draper, 1997; Donoghue et al., 2004). Also, lipid-rich thick
cell wall of mycobacteria provides it additional protection against lytic enzymes and other first-stage
decomposers of taphonomic cascade (Daffé¢ and Draper, 1997; Donoghue et al., 2004; Lambert,
2002). Furthermore, given that tuberculosis and leprosy cause specific lesions in bone material, their
initial detection in archaeological human remains material is implemented more easily than in case

of any other pathogen, although, it cannot rely on it solely (Bos et al., 2014).
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Apart from specific skeletal lesions which might indicate the possible presence of a pathogen,
sometimes the burial context also hints to the presence of a specific disease as in the case of Yersinia
pestis and historic mass graves (Bos et al., 2011; Pallen and Wren, 2007; Warinner et al., 2017).
Keeping specific pathogen species in mind, targeted molecular approaches like hybridization capture
protocols can be used further to identify and study pathogen’s genetic information (Warinner et al.,
2017). Most bacterial pathogens, however, do not exhibit any visible structural changes upon skeletal
material, so their research within archaeological human remains material is most often done using
nontargeted screening approaches like shotgun metagenomics (Achtman and Zhou, 2020; Neukamm
et al., 2020). Metagenomics sequencing approach currently is widely used for ancient pathogen
detection within various historic human tissues. As so, recent studies have successfully used shotgun
metagenomics to identify ancient pathogens in human bones, dental pulp, mummified soft tissues as
well as in ancient dental calculus (Achtman and Zhou, 2020; Neukamm et al., 2020; Rascovan et al.,

2016).

Overall, while ancient pathogen research is confronted with obstacles both similar to other
aDNA studies and unique for this specific study field, it massively contributes to our notion about
infectious agent evolution by providing us phylogenetic snapshots of data which can be successfully
used to reconstruct specific divergence events and widen our understanding of host-pathogen

coexistence (Harkins and Stone, 2015).
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2. Materials and methods

2.1. Description of samples from each publication separately

“Analysis of the bacterial communities in ancient human bones and burial soil samples:

Tracing the impact of environmental bacteria”.

In this study, samples of human skeletal remains from two postmedieval cemeteries in Riga,
Latvia, dated 15th - 17th centuries AD were studied. Two individuals (samples K5 and K6 and
soil samples Z5 and Z6, respectively) were from the Dome Square cemetery, and three
individuals (samples K7, K8 and K11 and soil samples Z7, Z8 and Z11, respectively) were
from St. Peter's Church cemetery (Table 1, Figure 1). Samples K5 and K6 came from partially
articulated skeletons (skull was missing in both cases), samples K7 and K11 came from fully
articulated skeletons, and sample K8 came from a disarticulated skeleton. Both cemeteries are
located in the urban environment of the Old Riga District and are less than 400 m apart. For
samples, a burial period was determined by using stratigraphy and archaeological finds
(Spirgis, 2012; Tilko, 1998). The approximate age at death for individuals was assigned
according to degenerative changes in the pubic symphysis and the auricular surface by
standard methods described previously (Brooks and Suchey, 1990; Buckberry and
Chamberlain, 2002). Soil samples were collected together with bone samples during the
excavation process to evaluate the microbiome composition of the burial environment. Soil
samples were collected at the burial depth from the middle section of the skeleton, i.e.,
between the ribcage and the pelvis, approximately 5—-10 cm above the bones. All samples were
packed in plastic bags and stored separately from the bone samples under the same conditions

to avoid any further contamination.

Table 1. Description of samples.

Bone sample Nr K5 Ké K7 K8 K11
Corresponding soil sample  Z5 z6 z7 z8 711
Cemetery Dom Square cemetery Dom Square cemetery St Peter's Church St Peter's Church cemetery St Peter's Church

Century, AD
Bone sample used
Age (years)

Sex

Depth of the grave (cm)
Presence of debris in soil

Coffin (material)

Additional burial above

Fossil skeleton type

15-16 ™
Sacrum
25-30
Male
180

Yes

No

Yes (22 cm above, in wood coffin,

17th Century AD)
Partially articulated skeleton

16-17 ™
Vertebrae
45-50
Male

190

No

No

No

Partially articulated
skeleton

cemetery

15 th
Vertebrae
55-60

Male

273

No

Yes (wood)
Yes (multiple)

Articulated skeleton

16 th

Rib

30-35
Male

173

No

Yes (wood)
No

Disarticulated skeleton

cemetery

16 ™

Skull

2-3

Child

250

No

Yes (wood)
Yes (multiple)

Articulated skeleton
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Figure 1. Location of the two postmedieval cemeteries in Riga, Latvia.

~Riga
the Dome Square

cemetery

St. Peter’s
Church cemetery

“The Postmedieval Latvian Oral Microbiome in the Context of Modern Dental Calculus and
Modern Dental Plaque Microbial Profiles”.

a. Archaeological Sample Characteristics, Collection and Burial Site Data

During this study, 15 historic human dental calculus samples were examined, representing 6
Latvian cemeteries in 4 cities: the capital Riga (Dom Square cemetery, 56.94902, 24.10473;
St. Peter’s Church cemetery, 56.94752, 24.10928; St. Gertrude’s Church cemetery, 56.95799,
24.12172), Cesis (St. John’s Church cemetery, 57.31213, 25.27168), Kuldiga (Church of the
Holy Trinity, Roman Catholic Church, 56.96765, 21.96943) and Jelgava (St. Trinity’s Church,
56.65239, 23.72897), (Table 2, Figure 2,3). All samples were dated to 16—17th century AD.
Most individuals were in their young adulthood to middle age (2060 years of age) at the time
of death. Sample ZA 7C was suspected to represent a teenager (14—15 years of age). Prior to
dental calculus sample collection, archaeological skeletons were inspected for the presence of
any disease-specific leisure signs. Mouth cavities were inspected for the presence of oral
disease lesions (Ogden, 2007). Four archaeological skeletons were found to exhibit tooth
decay signs, 10 skeletons exhibited specific and nonspecific bone lesions, and for four
skeletons, no signs of diseases were observable (Table 1). The teeth and the alveolar bone
appeared to be macroscopically sound without traces of periodontal disease. To determine the
burial period of the samples, the stratigraphy method was used together with the evaluation
of archaeological finds (Spirgis, Tilko). The approximate age at death was determined by
evaluating degenerative changes in the pubic symphysis and using the auricular surface
standard method (Brooks and Suchey, 1990; Buckberry and Chamberlain, 2002).

Random soil samples were collected together with bone samples during the excavation
process to evaluate the microbiome composition of the burial environment. Burial soil
samples were collected from two cemeteries in Riga, Latvia: Dome Square cemetery (samples

75 and Z6_sk) and St. Peter’s Church cemetery (samples Z7 and Z7_sk). Soil samples were
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collected at the burial depth from the middle section of the skeleton, i.e., between the ribcage
and the pelvis, approximately 5—-10 cm above the bones. All samples were packed in plastic
bags and stored separately from the bone samples under the same conditions to avoid any

further contamination.

b. Modern Dental Calculus and Modern Dental Plaque Sample Collection

Modern dental supragingival calculus samples (n = 4) were collected at the Institute of
Stomatology (Riga Stradins University, Riga, Latvia) by a professional dentist during the

process of routine dental cleaning (Table 2). Dental calculus samples were collected with the
use of a dental scaler. The exact location of the sample taken was selected arbitrarily by the
dentist. Modern dental supragingival plaque samples (n = 20) were collected by rubbing a
cotton swab over the supragingival sites of the teeth. All samples were collected with patient
consent, and the study was reviewed and approved by Riga Stradins University Research

Ethics Committee, decision no. 6-3/4/5 (25 April 2019).
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Table 2. Description of samples.

Sample Century, Year of Age Possible Tooth
1D oy ki AD Excavation (Years) o Iy Diseases Type
Town/city, =
ZAIC  Riga el 16-17th 1986 3040 Male middle  [nfammation vy,
Sque classes
D Town/city,
ZA3C Riga Square 16-17th 1986 45-50 Female middle Caries Incisor
classes
ZAdC  Riga  SPS eamm 2004 30-35 Male  Town/city : Incisor
St. Peter’s Fractured rib
ZASC Riga Ch bty 16-17th 2004 25-30 Male Town/city  and leftarm’s Incisor
fracture
Non-specific
St. Peter’s M——
ZA_6C Riga Church 16-17th 2004 20-25 Male Town/city tion of the Premolar
lower leg
bone surface
St. Countryside,
ZA_C Riga Gertrude’s 16-17th 2006 14-15 Unknown commuter - Incisor
Church town
St Countryside,  Deforming
ZA_8C Riga Gertrude’s 17th 2006 45-50 Male commuter arthrosis Incisor
Church town (joints)
” Vertebral
ZA 9C Ri St J Countryside, fracture with
4 ga Gertrude’s 16-17th 2006 25-30 Male commuter Yocal inflain- Molar
Church town Saaiic
St. Countryside, (':::'es.l Koty
ZA_10C Riga Gertrude’s 16-17th 2006 55-60 Male commuter arthritis in Molar
Church town joints
Multiple
. St. John's - Town/city, tooth decay,
ZA_NC Cesis Church 17th 2015 35-40 Male aristoeracy t0a Incisor
osteomyelitis
Non-specific
inflamma-
: St. John's Town/city, tory process
ZA_12C Cesis Church 17th 2015 3540 Female aristocracy on the Premolar
surface of the
leg bones
Church of
the Holy
ZANC  Kudiga  ponity 16-17th 2015 4550 Female Jx‘:‘c’;‘;’g - Molar
Catholic
Church
Church of
the Holy
- ; Trinity, Town/city, 3
ZA_22C  Kuldiga Rosan 16-17th 2015 30-35 Female loves claseas - Incisor
Catholic
Church
Caries,
arthritis in
) St. Trinity's Town/city, joints,
ZA_2%C Jelgava Church 16-17th 2009 3540 Female aristocracy non-specific Premolar
inflamma-
tion
St. Countryside,  Deforming
ZAC22 Riga Gertrude’s 17th 2006 40-50 Unknown commuter arthrosis, Incisor
Church town pelvic joint
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Figure 2. Location of cemeteries.
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I1l.  “Exploring DNA preservation and taxonomic diversity in postmedieval human tooth samples

in Latvia”.

Archaeological human tooth samples, dated between the 15th and 17th centuries AD, were

collected from three cemeteries in Riga, Latvia: St. Gertrude’s Church cemetery (samples T2,
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T3, T9); the Dome Square cemetery (sample TZA3), and St. Peter's Church cemetery (sample
TZA4) (Table 3, Figure 4,5). St. Peter’s Church cemetery and the Dome Square cemetery are
located in the Old Riga District, whereas St. Gertrude’s Church cemetery is located outside
the Old Riga medieval city wall and has been associated with St. Gertrude’s medieval village.
Prior to tooth sample collection, archaeological skeletons were inspected for the presence of
any disease-specific leisure signs. Special attention was given to tuberculosis and leprosy
specific bone changes, as these diseases are known to exhibit very distinct lesions on skeletons
(Lewis et al., 1995; Palfi et al., 2015). Mouth cavities were inspected for the presence of oral
disease lesions and dental calculus. Four skeletons exhibited specific and nonspecific bone
lesions, and for one skeleton, no signs of diseases were observable (Table 1). The burial period
of the samples was determined by the stratigraphy method, which was used together with the
evaluation of archaeological finds (Spirgis, 2012; Tilko, 1998). The approximate age at death
was determined by evaluating degenerative changes in the pubic symphysis and using the
auricular surface standard method (Brooks and Suchey, 1990; Buckberry and Chamberlain,
2002). Sex was estimated by an experienced anthropologist using pelvic and cranial criteria

(Phenice, 1969) (Ascadi and Nemeskéri, 1970; Phenice, 1969).

Table 3. Description of samples.

Sample ID

T2

T3

T9

TZA3

TZA4

Cemetery

Century, AD

Year of excavation

Depth of the grave/sample
taken (cm)

Additional burial above

Fossil skeleton type

Sample type
Dental calculus
Possible diseases

Age (years)

Sex

DNA concentration (ng/ul)

Mean DNA fragment length (bp)

Median DNA fragment length
(bp)

St. Gertrude‘s Church

17th
2006
320

yes
Disarticulated skeleton

Tooth (molar)

Yes

Fusion of the spine, scoliosis, tooth
root abscess

30-35

female

1.5

2705

3200

St. Gertrude's Church

17th
2006
320

yes
Articulated skeleton

Tooth (premolar)

No

Fusion of the spine with local
inflammation

20-25

male

0.91

5058

7000

St. Gertrude's
Church

17th

2006

280

ves
Articulated
skeleton

Tooth (molar)

No

Fusion of the spine

16-18
unknown
1.7

4449
5500

Dome Square

16-17th
1986
150

ves
Articulated
skeleton

Tooth (incisor)
Yes

Arthritis,
periostitis
45-50

female

35

549

4000

St. Peter's Church

15-16th
2004
270

yes

Articulated

skeleton

Tooth (incisor)

Yes

30-35

male

432
1600

33



Figure 4. Location of cemeteries.
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Figure 5. Excavations of St. Gertrude’s Church cemetery (Image taken from Rudovica et al.,

2011).

2.2. DNA isolation
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“Analysis of the bacterial communities in ancient human bones and burial soil samples:
Tracing the impact of environmental bacteria”.

In this study, the guidelines proposed for aDNA research were followed to minimize the risk
of contamination (Fulton and Shapiro, 2019). DNA isolation was performed in a laboratory
fully dedicated to aDNA research, and a “one-way” rule of movement was maintained. The
aDNA facilities were strictly isolated from the locations where PCRs were performed and
consisted of physically separated areas for sample preparation, DNA extraction and PCR set-
up. All standard precautions such as the use of dedicated protective clothing and disposables
were taken (Donoghue, 2007). Personal wear included disposable full-body suits, surgical
facemasks, plastic see-through visors, and two layers of gloves. The facilities were illuminated
with ultra-violet (UV) light for 30 min prior to each experiment, and the floors and surfaces
were cleaned weekly with a 5% sodium hypochlorite (NaClO) solution. DNA extractions and
amplification preparations were performed in a room separate from sample preparation and
were completed in still-air cabinets that were cleaned with 5% NaClO and UV illuminated.
To eliminate possible contamination with modern DNA, the surfaces of the bones were
cleaned by immersing in 5% NaOCI and rinsing with nuclease-free water. The bones were
irradiated for 2 h with UV light with 6 J/cm2 at 254 nm on each side before processing and
leaving to dry overnight at room temperature. A portion of the bones was cut out with a cutting
disc for analysis and pulverized using a CryoMill (RETSCH, Germany). All instruments and
surfaces involved in the process were treated with NaOCl and UV light prior to and after each
procedure for decontamination. Only one bone at a time was processed. DNA was extracted
from 2 g of bone powder using the method described elsewhere (Keyser-Tracqui and Ludes,
2005). Purification and concentration of DNA samples were performed using the Genomic
DNA Clean & Concentrator Kit (Zymo Research, United States) following the manufacturer's
instructions. DNA concentrations were estimated using a Qubit dsSDNA HS Assay Kit (Life
Technologies, United States). To relate the results and compare them fully, the DNA
extractions from the corresponding soil samples were performed using the same reagents and
kits as for the bone samples. To control laboratory contamination, blank samples were
included in each experiment of DNA isolation and processed simultaneously with the

corresponding samples.

“The Postmedieval Latvian Oral Microbiome in the Context of Modern Dental Calculus and
Modern Dental Plaque Microbial Profiles”.
Ancient DNA (aDNA) handling in laboratory conditions requires special care and precautions

to eliminate all possible contamination from modern DNA sources. This study strictly
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followed specific guidelines developed exclusively for aDNA research (Donoghue, 2007;
Fulton and Shapiro, 2019). aDNA handling protocols consist of actions prescribing facility
preparation prior to aDNA handling, instrument treatment, facility worker equipment and
archaeological material processing. Ancient DNA facility preparation required regular
ultraviolet (UV) light irradiation and weekly surface and floor cleaning actions with 5%
sodium hypochloride (NaClO) solution. All instruments involved in aDNA procedures were
treated similarly by washing with 5% NaOCI solution and irradiating with UV light before
and after each procedure. Archaeological samples were processed one at a time. The aDNA
facility consisted of three strictly separated chambers, each serving its defined purpose.
Archaeological material preprocessing and pulverized sample incubation occurred in one
facility chamber, and another two chambers were devoted to aDNA isolation and library
preparation. The fourth chamber (buffer zone) separated the aDNA facility from the rest of
the laboratory. Archaeological tooth samples carrying the desired dental calculus remains
were first immersed in 5% NaOClI solution, rinsed with nuclease-free water and irradiated for
2 h with UV light (6 J/cm2 at 254 nm). Samples were then left to dry overnight at room
temperature. The next day, dental calculus was cautiously removed from the surface of the
teeth with a scalpel and was ground inside a tube with a sterile microbiological stick.
Laboratory blank samples (BC and BC sk) were processed simultaneously with
archaeological samples. DNA extraction was performed as described previously (Kazarina et
al., 2019; Keyser-Tracqui and Ludes, 2005). Burial soil and modern dental calculus samples
were processed in another facility to avoid possible cross-contamination with aDNA samples.
Burial soil samples that were chosen to represent the soil microbiome of the burial
environment of St. Peter’s Church cemetery (samples Z5 and Z6 sk) and St. Gertrude’s
Church cemetery (samples Z7 and Z7 _sk) underwent the same procedures of DNA extraction
and purification as the aDNA samples. Modern dental calculus samples were washed with 5%
NaOCl solution and were then rinsed with nuclease-free water. Furthermore, together with the
modern dental plaque samples, modern dental calculus samples underwent a DNA extraction
process. All resultant DNA samples were inspected with a Qubit dsSDNA HS Assay Kit (Life
Technologies, Carlsbad, CA, USA) to estimate the resultant DNA concentration (Table S1,

Supplementary Materials).

“Exploring DNA preservation and taxonomic diversity in postmedieval human tooth samples
in Latvia™”.
During the work with archaeological samples, special care was taken to avoid DNA

contamination. To fulfill the safety criteria of aDNA handling and minimize the risk of
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contamination, specific guidelines developed for aDNA research were followed (Donoghue,
2007; Fulton and Shapiro, 2019). All the surfaces and instruments were cleaned and prepared
for aDNA experiments according to rigorous protocols, including cleaning with 5% NaOCl
solution and irradiation with UV light (Kazarina et al., 2019). Facility workers were equipped
with disposable surgical facemasks, full-body suits and gloves, and only one tooth sample at
a time was processed to avoid cross-contamination.

Archaeological material was prepared for aDNA isolation in a specially designated separated
area of aDNA research facilities. A well-preserved tooth was sampled for each individual. The
surfaces of the teeth were abraded with single-use scalpel equipment to remove the calculus
when present, and DNA extraction was performed as described previously (Kazarina et al.,
2019; Keyser-Tracqui and Ludes, 2005). Briefly, tooth samples were rinsed in bleach (5%
solution for 30 sec), rinsed with nuclease-free water and exposed to UV light for 30 min on
each side. Samples were then left to dry overnight at room temperature. The next day, whole
tooth samples were reduced to fine powder using a CryoMill (RETSCH, Germany). Sample
decalcification was performed by incubation of 1 g of powder in extraction buffer (5 mM
ethylenediaminetetraacetic acid, 2% sodium dodecyl sulfate, 10 mM Tris-HCI (pH 8.0), 0.3
M sodium acetate, and 1 mg proteinase-K/mL) overnight at 50°C with continuous vertical
rotation. DNA was separated from cellular debris by phenol/chloroform/isoamyl alcohol
(25/24/1, v/v) extraction. Purification and concentration of DNA samples were performed
using the Genomic DNA Clean & Concentrator Kit (Zymo Research, United States) following
the manufacturer’s instructions. The DNA concentration was estimated using a Qubit dsDNA
HS Assay Kit (Life Technologies, United States), and the assessment of DNA quality and
fragment length was performed using an Agilent High Sensitivity DNA Kit (Agilent
Technologies, United States). To control laboratory contamination, DNA isolation procedures
were accompanied by corresponding blank samples, which were also treated equally and
underwent the same DNA isolation steps using the same DNA purification and concentration

reagents.

2.3. Library preparation and sequencing

I.  “Analysis of the bacterial communities in ancient human bones and burial soil samples:
Tracing the impact of environmental bacteria”.
The amplicon library was prepared using the Ion 16S™ Metagenomics Kit (Life
Technologies, United States) following the manufacturer's instructions. Briefly, bacterial 16S

rRNA genes were amplified with two sets of primers provided: primer set VV2-4-8 and primer
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set V3-6, 7-9. Prior to the sequencing process, all samples were examined for fragment size
distribution, library quality and concentration using an Agilent High Sensitivity DNA Kit and
Bioanalyser 2100 instrument (Agilent Technologies, United States). Metagenome sequencing
was performed on an lon Torrent (PGM) Platform 318 v2 chip according to the manufacturer's
instructions (Life Technologies, United States). All individual sequence reads underwent
filtering within the PGM software to remove polyclonal and low-quality sequences. Barcodes
and PGM adapters were also automatically trimmed. The resulting data were exported in the

form of Bam files.

“The Postmedieval Latvian Oral Microbiome in the Context of Modern Dental Calculus and
Modern Dental Plaque Microbial Profiles”.

Before library preparation, modern dental calculus, modern dental plague DNA samples, and
burial soil DNA samples Z6 sk (St. Peter’s Church cemetery) and Z7 sk (St. Gertrude’s
Church cemetery), underwent an additional DNA fragmentation step using the lon ShearTM
Plus Reagent Kit (Ion Torrent™, Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. The fragmentation conditions were selected according to the
desired fragment size (150-250 bp). For the historic dental calculus samples and for burial
soil samples Z5 (St. Peter’s Church cemetery) and Z7 (St. Gertrude’s Church cemetery), the
DNA fragmentation step was omitted to ensure the capture of short DNA fragments that are
believed to represent aDNA (Dabney et al., 2013; Key et al., 2017). DNA samples underwent
a size-selection procedure to remove DNA fragments larger than 250 bp using
NucleoMag®NGS Clean-up and Size Select magnetic beads (Macherey-Nagel), and for
library preparation, an lon Plus Fragment Library Kit (Ion Torrent™) was used. To evaluate
sample contamination from laboratory sources, two laboratory control samples were
processed with the historical DNA samples and sequenced: aDNA extraction blank sample
(BC) and aDNA extraction blank sample, which also underwent a DNA fragmentation step
(BC_sk). Preparation of all sequencing libraries followed the same steps regardless of sample
origin. Specific barcodes were ligated, and libraries underwent amplification and quality
assessment using an Agilent High Sensitivity DNA Kit and Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA) following the manufacturer’s protocol. Sequencing was
performed on an Ion ProtonTM System (Ion Torrent™, Thermo Fisher Scientific, Waltham,
MA, USA). All raw historic calculus DNA sequencing data are publicly available at the ENA
under accession PRJEB40382.
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“Exploring DNA preservation and taxonomic diversity in postmedieval human tooth samples
in Latvia”.

Metagenomics sequencing libraries were prepared using the lon Plus Fragment Library Kit
(Ion Torrent™, Thermo Fisher Scientific, USA) following the manufacturer's instructions.
Each DNA sample was divided into two aliquots of 10 ul each, which were further used to
prepare two types of libraries: non-fragmented and fragmented libraries. For non-fragmented
libraries, with the intention of keeping only short DNA fragments (<350 bp), aliquots
underwent size selection using NucleoMag® NGS Clean-up and Size Select magnetic beads
(Macherey-Nagel, USA). In this study, these libraries were named “Short DNA library”. For
fragmented libraries, with the intention of analyzing the total DNA in the samples, including
long DNA fragments, prior to specific barcode attachment, aliquots underwent enzymatic
fragmentation with an Ion ShearTM Plus Reagent Kit (Ion Torrent™, Thermo Fisher
Scientific, USA) following the manufacturer's instructions. In this study, these libraries were
named “Total DNA library”. Further library preparation steps were identical for both library
types and, according to the manufacturer’s instructions, involved the following steps: specific
barcode ligation, library amplification and assessment of library quality on the Bioanalyzer
2100 instrument with an Agilent High Sensitivity DNA Kit (Agilent Technologies, USA).

Sequencing was performed on an Ion Proton™ System (Thermo Fisher Scientific, USA).

2.4. Sequencing data analysis

“Analysis of the bacterial communities in ancient human bones and burial soil samples:
Tracing the impact of environmental bacteria’.

The resulting metagenomic data were analyzed with a variety of computational methods. The
Galaxy public server was used to remove two overrepresented remaining adapter sequences
and select highquality data from the remaining sequences; reads with a quality PHRES score
< 20 were excluded (Goecks et al., 2010; Kosakovsky Pond et al., 2009). Taxonomic and
functional profiling and representation were performed using Parallel-META 3 (Jing et al.,
2017; Su et al., 2012). The relative abundance of bacterial taxons was calculated using the
Parallel-META program as a proportion of reads mapped to a specific bacterial phylum (Jing
et al., 2017). Microbiota diversity within samples (alpha diversity) was assessed by the
Shannon diversity index, which evaluates the richness and evenness of taxa. Significant
differences in microbial community composition between groups of samples (beta diversity)
were calculated by ANOSIM (Bray-Curtis distance method) and illustrated by principal
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component analysis (PCA). Statistical analyses were executed and visualized using Calypso

software (cgenome.net/calypso/) (Zakrzewski et al., 2017).

“The Postmedieval Latvian Oral Microbiome in the Context of Modern Dental Calculus and
Modern Dental Plague Microbial Profiles”.

Sequencing data preprocessing on the local lon Torrent Proton server included initial quality
control steps as well as data assignment to each individual sample. Barcodes and sequencing
adapters, together with polyclonal and low-quality sequences, were filtered by Proton
software during the first post-sequencing data handling step. The resultant data were exported
for further manipulations in the form of BAM files. The resulting exported BAM files were
initially quality-processed using the Galaxy public server (Goecks et al., 2010; Kosakovsky
Pond et al., 2009). Briefly, overrepresented sequences were removed, and reads with quality
PHRED scores < 20 were excluded. Sequencing data taxonomic assignment was performed
with Kraken2 v2.0.7 using the standard Kraken2 database (Wood et al., 2019). Bracken
(Bayesian Reestimation of Abundance with Kraken) was used to compute the abundance of
species in DNA sequences from a metagenomics sample (Lu et al., 2017).

Pavian R application (Breitwieser and Salzberg, 2020) was used to further manipulate
Kraken/Bracken taxonomy report files, generate quality assignment and prepare data for
statistical analysis and representation, which was done using the MicrobiomeAnalyst
(https://www.microbiomeanalyst. ca/ (accessed on 23 December 2020)) web application
(Chong et al., 2020; Dhariwal et al., 2017).

The Bayesian analysis-based program SourceTracker (Knights et al., 2011) was used to
evaluate the possible source of predominant microbial signatures of historic dental calculus
samples to enable oral microbiome preservation assessment and to track the influence of
exogenous microbial contamination. All source files, which were included in the pipeline,
were defined from these study samples. There were five sources defined: modern
supragingival calculus, modern supragingival plaque, two aDNA extraction blanks and burial
soil. The open-source R package decontam (https://github.com/benjjneb/decontam (accessed
on 23 December 2020)) (Davis et al., 2018) was used for the identification and removal of
laboratory contaminants in metagenomics data. Low-abundance species were removed by
applying a hard cutoff (0.001% abundance).

The authenticity of historic specimen microbiome data was confirmed using DNA damage
patterns. This method is based on the hypothesis that DNA deamination rates increase over
time (Dabney et al., 2013), and characteristic features of damaged DNA patterns may confirm

the origin of the DNA. For this purpose, read files of historic dental calculus samples were
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analyzed using MALT 0.5.0 (Herbig et al., 2016) (https://software-ab.informatik.uni-
tuebingen.de/ download/malt/welcome.html (accessed on 23 December 2020)), using all
complete bacterial genomes available from NCBI Assembly in August 2020 as a reference.
Bacterial reads were extracted using SAMtools, mapped to the reference genome of the
prevalent oral microorganism Olsenella sp. oral taxon 807 and Actinomyces sp. oral taxon
414, and DNA deamination rates were calculated using mapDamage (Jonsson et al., 2013) by
the EAGER pipeline (Peltzer et al., 2016).

Intergroup differences in alpha diversity were assessed by the Shannon diversity index. Beta
diversity was tested by permutational multivariate analysis of variance (PERMANOVA), a
nonparametric multivariate statistical test (Anderson, 2001) presented by principal
coordinates analysis (PCoA). Hierarchical clustering was visualized by dendrogram and
heatmap analysis using the Bray—Curtis similarity index and Ward clustering algorithm.
Intergroup differences at the species level were analyzed using the Kruskal-Wallis test and
the linear discriminant analysis (LDA) effect size (LEfSe) method (Segata et al., 2011) with
default settings on the MicrobiomeAnalyst website; the threshold on the logarithmic LDA
score for discriminative features was set to 2.0, and the false discovery rate (FDR)-adjusted p

value cutoff was set to 0.05.

“Exploring DNA preservation and taxonomic diversity in postmedieval human tooth samples
in Latvia”.

Sequencing data were preprocessed on the local lon Torrent Proton server, assigning data to
each sample and removing barcodes and adapters. The resulting data were exported from the
server in the format of BAM files, which further underwent a quality control workflow and
removal of two overrepresented remaining adapter sequences using analysis tools on the
Galaxy public server (Goecks et al., 2010, Kosakovsky Pond et al., 2009). Sequences that
underwent quality filtering and reads with quality PHRES scores <20 were excluded from
further manipulations. Kraken2 v2.0.7 with the use of the standard Kraken2 database (Wood
and Salzberg, 2014) was used to assign taxonomic labels to the resultant metagenomic DNA
sequences. Kraken taxonomy report files were further manipulated with the use of the Pavian
web application — taxonomy quality assignment was generated (Breitwieser et al., 2020).
Contamination control was performed using the R package “Decontam” (Davis et al., 2018,
Salter et al., 2014).

Statistical analyses were performed and visualized using the MicrobiomeAnalyst public
server (https://www.microbiomeanalyst.ca/) (Chong et al., 2020, Dhariwal et al., 2017) and
Calypso public server (https://cgenome.net/calypso/) (Zakrzewski et al., 2017). Community
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alpha diversity was estimated by the Shannon diversity index, which evaluates both the
richness and evenness of taxa within the samples. Differences in beta diversity between
sample clusters were calculated using analysis of similarities (ANOSIM) and a Bray-Curtis
dissimilarity matrix and displayed by principal component analysis (PCA).

To identify the presence of human DNA, sequencing reads obtained from tooth samples were
processed in silico with the Efficient Ancient Genome Reconstruction pipeline (EAGER,
v.1.92) (Peltzer et al., 2016). De-multiplexed, adapter-clipped reads were aligned to a human
genome reference (GRCh38, GCA _000001405.28) with BWA (Li and Durbin, 2009).
DamageProfiler was used to characterize DNA damage (Neukamm et al., 2020). For the
characterization of genomic data, the PALEOMIX pipeline was used
(http://geogenetics.ku.dk/publications/paleomix) (Schubert et al., 2014).

Preservation of oral microbial DNA in historic tooth samples was assessed. The metagenomics
sequencing read files of historic tooth samples were analyzed using MALT 0.5.0 (Herbig et
al., 2016) (https://software-ab.informatik.uni-tuebingen.de/download/malt/welcome.html),
using all complete bacterial genomes available from NCBI Assembly in August 2020 as a
reference. Bacterial reads were extracted using SAMtools, mapped to the reference genomes
of the oral microorganisms Olsenella sp. oral taxon 807 and Streptococcus sanguinis, and
DNA deamination rates were calculated using MapDamage (Jénsson et al., 2013) within the
EAGER pipeline.
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3. Results

. Analysis of the bacterial communities in ancient human bones and burial
soil samples: Tracing the impact of environmental bacteria.

Highlights:

Part of the results from this publication was used in these theses.

e The microbiome of archaeological bone and corresponding soil samples was studied.
¢ Differences in beta-diversity were observed at both the phyla and genus levels.
¢ Firmicutes abundance was significantly different between bone and soil samples.

e Differences in alpha- and beta-diversities were observed for Firmicutes genera.
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ARTICLE INFD ABSTEACT

In ouar attempts to reveal the hidden fragments of the history of the natural world, ancient DNA (aDNA) i the

el precious missing key that allows us to discover hidden truths about oarselves and the warld around ws. Not only
does aDNA encrypt genetic data from a particular individuaal, it also carries information about the microbial
communities that were present in the individual. However, the process of such data mining has mamy intrinsic
challenges. One of the main challenges in aDNA research is the contamination of archaeclogical material with
environmental bacteria from the surrounding soil and postmortem microbial sources.

The goal of this shudy was io identify the microbial commumities in human archaeological bone samples dated
15th - 17th century AD and to compare the microbiome patterns with the corresponding soil samples of the
buarial environment. Samples were analysed by 165 rRMA-based profiling of bacterial communities using lon
Tarrent technology. The results showed that the most represented phyla in the bone samples were Finmicutes
faollowed by Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, Nitrospirae, Planctomycetes,
Gemmatimonadetes and Bacteroidetes.

All identified microbial taxa of the bone samples coincided with the corresponding soil samples, indicating
significant infilimtion and comtamination of archaeological remains with microbial species of the burial en-
viranment. However, differences in microbial community composition between the bone and soil smmples were
observed at both the phylum and genus levels, as indicated by statistically significant beta-diversity analysis
resulis. A desper imvestigation of the Firmicutes phylam showed significant differences between the bone and
soil samples by alpba- and beta-diversity analyses. Several genera belonging to Firmicutes were significantly
mare abundant in the sl samples than in the bone samples and vice versa.

In conclusian, the analysis of the microbiome profiles of archaeological bone and corresponding soil samples
revealed significant diversity in microbial compasitions. It appeared that some bacteria may infilrate the bome
matter through the process of tisue decomposition and remain trapped mside for a longer penod of time.
Archaeological buman bone sumples might provide significant data on the investigation of ancient human mi-
crobiomes; however, enviroomental bacteria from the surrounding soil must be corsidered an important con-
tamination Ecior.

Keywards:

A ! okl m
Bl Envirosssent
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1. Introdietion

Ancient DNA (aDNA) analysis is a relatively young and, in many
wiays, unique and powerful tool that can lead 1o fascinating discoveries
in the field of namral history - digscoveries thar could not have been
made using other ressarch methods. In particular, aDNA research has
provided the notion of some key aspects of our demographic history
amd made it possible 1o discover different fearures of our evolutionary
history, allowing us 1o explon: our penetic relationship with our extinct

hominin relatives (Green et al, 2000; Meyer et al., 2012). Moreover,
the capabilities of alNA research expand even further as aDNA also
carries information about microbial commundties that were pressnt in
the organian of the individual ar the time of death. This research sheds
light an problems related 1o ancient human diseasss, the evolution of
ancient pathogens, and, in general, ancient human nutrition and life
conditions (Bos el al., 2011; Warinner & al, 2014, 2015). This is-
formation is valuable as a historical record, and currently, it has en-
orreiisd potential to contribute 1o the goals of modem healthears,
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In addition 1o frozen or mummified human remains, coprolites and
dental caleulis can be considered a tnstworthy snapshol of a particular
organism's ancient microbiome (Warinner et al, 2015; Mann et al.,
201E). Ancient bone samples might be helpful in the investigation af
the ancient human microbiome because of the idea thar human tissue
morphology rapidly changes after the end of life, and bacteria from
different tisuet may infiltrate bones shorly after an individual's death
and rerain trapped ingide (Bell et al | 1996 Mosric et al, 2006)
However, ane of the main challenges in aDNA research is the con-
amination of archaedogical material with environmental bacteria
from surrounding soil and postmortem microbial sources. Dnse 1o soft
tisgue decomposition, the microbiome of a particular erganism changes
dramatically soon after death (Ssegeman et al., 2009; Heimesaat ef al.,
2012). Thus, the profile of the apcient microbiome could be altered
because of postmortem microbial overgrowth and shifted towards mi-
crobial species thar are most abundant during the stages of decom-
position {Santiago-Rodriguez et al., 2015). In addition, fragmented
alMNA usually makes up less than 1% of the total genetic material ex-
wracted from a sample, and the majority of DNA usually stems from the
environment (Spyrou et al, 20019)

This fact is especially important in ancient pathogen ressarch. As an
example, the presence of environmental bacteria in human archae-
alogical remains has been highlighted as a complication in the study aof
ameient berculosis, & it was shown that environmental mycobacteria,
an well as bacteria of related genera, were present in most il oot all of
the archasological remaing studied {Miller o0 al |, 2016). Thoes, the as-
seggment af the aphonomic processes of the bone material and the
contamination of aDNA with modern soil bacteria is erucial for the
legitimane evaluation of ancient microbiomes.

The goal of this study was o identify microbial communities in
human archasological bome remains from Larvia dated 15th - 17th
century AD and the corresponding soil samples and 10 evaluate the
impact of environmental baclerial contamination that comes from the
surroaending sail.

2. Materials and methods

2.1 Archaeologicel sites and morphological analysis of humen skeleta
remaing

In this study, samples of human skeletal remaing from two medieval
cemeleries in Riga, Larvia_ dated 15th - 17th centuries AD were studisd.
Two individuals {samples K5 and K6 and soil samples 75 and 26, re-
spectively) were from the Dome Square cemetery, and three individuals
(samples K7, KE and K11 and soil samples Z7, Z8 and Z11, respectively)
were from 5. Peter's Church cemetery (Table 1), Samples K5 and K&
came from partially articulated skeletons (<kull was mising in both
cages), samples K7 and K11 came from fully articulared skeletons, and
sample K8 came from a disarticulated sheleton.
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Both cemeteries are located in the urban environment of the Old
Higa Distriet and are bess than 400 m apart. For samples, a burial period
was determined by using stratigraphy and archasological finds (Spirgis,
2012 Tilko, 1998). The approximate age at death for individuals was
assigned according 1o degenerative changes in the pubic symphysis and
the auricular surfsee by standard methods deseribed previously {Brooks
and Suchey, 1990; Buckbery and Chamberlain, 2002).

Sail samples were collected mogether with bane samples during the
excavalion process Lo evaluate the microbiome composition of the
burial environment. Soil ssmples were collected at the burdal depth
from the middle section of the skeleton, e, between the ribeage and
the pelvis, approximately 5-10 em above the bones. All samples wers
packed in plastic bags and stored separately from the bone samphes
under the same conditions 1o avedd any further contamination.

2.2 DMA isodation

In this study, the guidelines proposed for aDMA research were fol-
bowied o minimize the sk of contamination (Fulton and Shapiro,
2019). DNA isolation was performed in a laboratory fully dedicated 1o
DA research, and a “one-way” rule of movement was maintained.
The aDNA Gcilities were sirictly isodated from the locations whers PORs
were performed and consisted of phygically ssparated aresas for sample
preparation, DMNA extraction and PCR set-up. All standard precautions
such as the use of dedicated protective clothing and disposables were
taken {Donoghes, 2008). Personal wear included disposable full-body
suing, surgical facemasks plastic see-through visors, and two layers of
gloves, The facilities were illuminated with ulira-viedet (UV) light for
F0min prioe 1o each experiment, and the foors and surfaces were
cleaned weekly with a 5% sodium hypochlorive (NaClD) solution. DNA
extractions and amplificstion preparations were performed in a room
separale from sample preparation and were completed in still-air ca-
binets thar were deaned with 5% NaClO and UV illuminsted. To
eliminate peggible contamination with modern DMNA, the surfaces of the
bones were eleaned by immersing in 5% NaOCl and rinsing with nuo-
clease-free water. The bones were irradiated for 2 h with UV light with
6.J/em2 al 254 nm on esch side before processing and leaving o dry
overnight al room lemperatere, A portion of the banes was cut oul with
a culting dise for analysis and pulverized vusing a CryoMill (RETSCH,
Germany). All instruments and surfaces invalved in the process were
treated with NaOCl and UV light prior to and after each procedure for
decontamination. Only one bane at a time was procesied.

DA was extracted from 2 g of bone powder ugsing the methad de-
seribed elsewhere (Keyser-Tracqui and Ludes, 2005). Purification and
concentration of DNA samples were performed using the Genomic DNA
Clean & Concentrator Kil (Zymo Ressanch, United States) following the
manufacturer's instructions. DHNA concentrations were estimated using
a Qubit dSDNA HS Adsay Kit (Life Technologies, United States). To re-
late the resulis and compare them fully, the DNA extmctions from the

Table 1

Claracteristics of samples.
Bane sample Ne K5 Ef K7 4.3 K1l
Cofrespoading sl sasple 75 i3 Fird ] 211
Coserrery Dem Squane SEmelery Doim Squane: oEm clery &t Pepers Charch 1 Feter's Church cosespery 51 Peners Churech

CEMELERY CERELETY
Cesury, AD 1516 16-17 & 15% 16® 15
Bone sample used Sacrum Wb Verrehrae Rib Sl
Age (yewrs) =30 45-50 5560 30-35 2-3
Eaw Mdale Nlale Male Male ‘Child
Depih of the grave (om) 120 190 73 173 =0
Presesese of debris i soil  Yes L] B Ko Mo
‘Coffin (material) B L] Vi (wood) Wies [wood) W= [wood)
Additional burisl abene Yes (22 em above, in wood ooffin, L] Wik [nuilripds) Ko Ve [l ple)
1Tth Cenpary ALY
Fensil sheletom 1ype Partially articalaved sheletos Fartally amical Amicalaped kel Disarticulmed skelcan Asticulaned skeleton
skeleron
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corresponding sodl samples were performed wsing the same reagents
amd kits as for the bone samples. To control laboratory contamination,
blank samples were included in each experiment of DMA salation and
processed simultaneously with the corresponding samples.

2 5. Libvary preparmton end sequencing

The amplicon library was prepared uwsing the lon  165™
Metagenomics Kit (Life Technologies, United States) following the
manufsciurers instructions. Briefly, bacterial 165 fBENA genes were
amplified with two sets of primers provided: primer s=t V2-4-8 and
primer el V3.6, 7-9. Prior o the sequencing process, all samples were
examined for fragment size distribution, library quality and con-
cenlration uding an Agilent High Sensitivity DNA Kil and Bioanalyser
2100 instrument (Agilent Technologies, United States). Metagenome
sequencing was performed on an lon Torrent (PGM) Platform 318 2
chip according o the manufacturer's instructions (Life Technologies,
Uniteed States). All individual sequence reads underwent filtering within
the PGM software o remove palyelonal and low-quality sequences.
Barcodes and PGM adapters were also automatically trimmed. The re-
sulting data were exported in the form of Bam files.

24, Metagenome anelysis

The resulting metagenomic data were analysed with a variety of
computational methads. The Galaxy public server was used 1o remove
mwo overrepresented remaining adapter sequences and select high-
guality data from the remaining sequences; reads with a quality PHRES
seore < B were excluded (Goecks et al, 2000; Kosakovsky Pond et al.,
2009} Taxonomic and functional profiling and representation were
performed using Parallel-META 3 (Jing e al, 2017; Su et al, 20012
The relative abundance of bacterial taxeons was caleulated using the
Parallel-META program as a proportion of reads mapped o a specific
bacterial phylum (Jing et al., 2007

Microbiota diversity within samples (alpha diversity) was astessed
by the Shannon diversity index, which evaluates the richness and
evenness of laxa. Significant differences in microbial community eom-
position between groups of samples (beta diversity) were calculated by
ANOSIM (Bray-Curtis digtance method) and illustrated by principal
component analysis (PCA). Statistical analyges were executed and wi-
suslized using Calypso software (cgenome net/calypsos] (Zakreewski
et al., 20161

3. Results

21 Sequence dot

The ol DNA concentration obtained from the bone samples
ranged from 0.3 ng/pl 1o 58 ng/pul (Table 2). For the corresponding soil
sammples, the wtal DMA concentration ranged from 0.45 ngdpl 1o 9.1 ng
pl. The DMNA concentrations for both the bone (sample B11) and soil
{sample B Z} blank samples were undetectable (0 ng/ul).

165 rRNA libraries were succesafully constructed for all samples; the
total library concentration ranged from 1535 pmold (sample Z8) 0
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17 968 4 pmaol/l (sample K11). The sample average read length ranged
fram 178 bp (sample K11) 1o 255 bp (sample Z11). The average reasd
length obtained for bath the KS and K6 samples was similar (o those
obtained for the corresponding soil samples (i.e., 198,210 bp and 2127
212 bp for pairs KS5/25 and K6/26, respectively). In contrast, the
average read lengths abtained for bone samples K7, KB and K11 wens
approximately 30-B0 bp shorter than for the carresponding soil samples
[Table 2).

Faor the blank samples, the average read length was 338 bp, which
was approximately 1.3-1.9 times greater than those obtained for the
biodogical samples.

3.2 Microbiome analysis

Digring the metagenamics analysis of the sequencing data, nine the
mosl repretented bacterial phyla that were detected within the samples
were  Proteobacteria,  Actinobacteria, Acidobacteria, Firmicutes,
Chlaroflexi, Gemmatimonadetes, Planctomyceted, MNitrospirae  and
Bactervidetes. These phyla were the most dominant in both the bone
and soil samples, although the proportiond differed betwesn ample
groups and between individual samples (Fiz. 14). Other bacteria ac-
counted for less than 10% of the sequencing reads. A eloser analysis of
the mean relative abundance of bacterial phyla in the soil samples
showed that Protechacteria was found o be the most represented
phylum {mean relative abundance 32.1%), followed by Actinabacteria
[23.6%), Acidobacteria (16.8% ), Firmicutes (6.3%), Chloroflexi (5.2%),
Gemmatimonadetes [4.7%), Planclomycetes (2.9%), Nitrospirae (2.7%)
and Bacteroidetes (1.6%) In the bone samples, the most represented
phylum appearsd 1o be Firmicutes, with a mean relative abundance of
43.9%; however, pronounced (uctuations of its fraction betwesn bone
samples were observed (Fig. 1AL The next most represented phyla in
the bome samples were Proteobacteria, Actinobacteria and Acid-
obacteria, which sceounted for 23.9%, 10.1% and 7.0%, respectively,
and resembled the mend of the soil samples, fallowed by Chlosoflexi
[3.1%), Mitrespirse (29%), Planctomycstes [2.8%), Gemmatimona-
detes [2.5%) and Bacteroidetes (0.5%).

Suatistically significant differences in the mean relative sbundanse
af bacterial phyla between the bone and 2ol samples were observed for
Actinobacteria, Acidobacteria, Firmicutes and Gemmatimonadetes
[P = 0.05; Fig. 1B). All but ane of these bacterial phyla were mone
abundant in soil samples; the Firmicutes phylum was more abundant in
the bone samples than in the corresponding soil samples (P = 0UD35E7).

By comparing the soil ssmples and the bone samples, it can be seen
that, on the phylum level, the microbiome composition of the sodl
samples followed a more uniform pattern regardless of the burial plase
and related characteristics (Fig. 1A). This regularty was further ab-
served through taxa distance heatmap analysis, where the soil samples
tended 1o have a closer relation between their phyla patterns (Fig. 1C).
Considering the similarity of the phyla patterns within the bone-cor-
responding soil pairs, the most similar pair was K8-Z8. Overall, based
on the heatmap analysis and the relative microbiome phyla patterns,
bone and soil samples K5, K7, KB, Z7, ZE, Z6, Z5 and Z11 clustered
together, while two bone samples, K11 and K6, were placed owside this
cluster (Fig 1CL

Table 2
Segquenced sample data.
Sample M
K& K& E¥ K8 K11 il ] F7 ] Z11
DA ennceniestion (ngull 14 0z os 537 S8.0 PR el 18 15 045
Libwary concentestion (pmal T 171846.2 L) - 31 13802 17 9a8 4 SR30E 10830.5 3435 1535 El34E
Avcrage nesd lesgrh [bp) 15 nz i L] 14 178 I 213 =4 43 55
Mo of sequencsd meads prioe oo dels asalysic 161 H18 mneg 8562 2ITEET B0 31151 4069 57raa2 L0010 242511
Mo, of resl sapped o 16SFANA sequesee 151 450 170 & 450 IITEED RIS 81 S Z1E766 5T5417 E5ATe6 242459
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Fig. 1. Phylum:level comparisan betwesn bone and soil microbiota. A. Stacked plats of the taxonomic classification at the phylum level using the 165 metagenomes.
The relative abundances of the most abundant phyla are shown. B. Comparison of the relative abundances of the bacterial phyla between bone and soil samples.
Asterisks denote significant differences (P = 0008) between individual groups. C. Heatmap analysis and clustering dendrogram. The red colour represents the closest
resemblance between samples based on the bacterial phyla profiles, while the green colour represents the distance between samples. Samples with more similar
microbial populations are clustered closer together. . (Far interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article. )

The microbial alpha diversity {assssed by the Shannon index) on
the phylum level did not differ significantly for the bone and soil
samples (P = 0005 Fig. 24 D). Similarly, no significant differences in
alpha diversity were observed when the samples were grouped based on
the cemetery or the presence,/absence of additional burials abave the
studied anes (Fig. 2B and C). At the genus level, the Shannon index was
dlightly decreased for the soil samplet in comparicon o the bone
sarmples and increased in the samples from St Peter's Church cemetery
in comparison with the Dome Square cemetery; however, aaristical
significance wad nol reached (P = 0,05 Fig. 1D and E).

Further, ANOSIM wis carried oul using Bray—Curtis similarities 1o
examine e degree of separation between the bacterial comnminities
amsociated with each group of samples. The ANOSIM indicaed sig-
nificant differencess berween the bone and soil samples st bath the
phylum and genus levels (P = 0.05; Fig. 3A, D). By conlrast, 6o sig-
nificant differencess in beta diversity were observed when samples were
grouped based on the cemetery or the presence fabdence of additional

above burials (P = 0.05; Fig. 3B-F1.

Microbial profiles obtained from the blank controls for both the
bone and soil samples were cleady distinet from the archasological
samples. The laboratory blank controls were largely dominated by a
sngle phylum, Proteabacteria (Supplementary Fig. 1), This resuly is
similar 1o observations recently reported for microbial DNA con-
tarmination within an uliraclean laboratory with “DNA-free” reagents
[(Weyrich et al., 2019). This result also indirectly indicates the correct
seup of our aDNA facility, as Firmicules were mone dominant in the
laboratory controls from modern laboratories (Wevrich el al, 2019L

3.3 Firmicures phylum analysis

Ag the Firmicutes phylum was significantly maore abundant in the
bone samples than in the corresponding sodl samples, the deeper taxo-
nomic level was herther investigated. Among Firmicutes, the mogl re-
presented bacterial genus in the bone samples appeared w be
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Spormnoercbacter, with a mean relative abundance of 28.4%, followed
by Paenibocitles (B.2%), Bocillus (7.8%) and Tepidimicrobien (6.1%)
(Fig. 4A) The mast represented penera in the soil samples were slightly
different: the most abundant were Bociflus (15.4%) and Paenibacillies
(11.8%), followed by Clogridien (3.6%), Sporanasrobacter [3.1%), Pe-
lorommenlum (3.1%:) and Deswlfosporosinus (2.8%). The differences in the
Firmicutes phylum community between the bone and goil samples wens
further confirmed by alpha- and beta-diversity analyses, as both the
Shannon index and ANOSIM R values were statistically significant
(P = 0.05) (Fig. 4 B, CL

The beta diversity was further evaluated by elustering using PCA
Baged on the caleulated organism proportions, two clusters were se-
parated; bone samples K5, K6, K7 and K11 formed one group, and
samples 25, 26, 27, Z6, 211 and KB formed the other group (Fig. 4D}
Similardy, this group separation was observed on the Firmicutes dis-
tance heatmap (Fig 4F). The heatmap also showed a very close corre-
lation bepween samples K8 and Z8, while all other bone-sail sample
pairs appeared 1o be more distant rom esch other. The lowest simi-
larity was observed for the K11-Z11 sample pair.

AL the genus level, we identified several microbial taxa thal wens
significantly more abundant in the soil samples than in the bone sam-
ples and wice versa (Fig. 4E). In the soil samples, a higher abundance af
the following gpenera was abserved: Turicibacrer, Thermincola, Symbio-
bacterium, Streproceccus, Sporofmoculum, Sporosarcing, Solihecilflis,
Planifitum, Paenibaciflocere group, Lysnibocilie, Locwobaciflus, ErCOHE
group, Brevibociflis, Bacillus, Aneurinibacillus and Allpiscoccus. The mi-
crolbiata of the bone samples showed a remarkably higher abundance of
the Sporanaerabacter and Tissierellocede group genera (P = 0.05)

4. Discussion

The aim of this study was 1o identify and compare the microbial
communities in samples of ancient 15th - 17th century human ar-
chaealogical bone remaing and in the corresponding woil samples from
rwio medieval cemeteries in Riga, Larvia. The main goal was 1o evaluate
the impact of environmental bacterial contamination from the sur-
roamnding soil on this type of archasological material. Overall, the re-
sults showed a close correlation with the iypical compasition of the soil
microbiome, However, some exceplions wene observed.

Several siudies have been conducted in the field of soil microbiome
invedigation, and some of the mos common ol becteria phyla ane
believed o be Proteobacteria, Actinobacteria, Acidobacteria,
Verrueomicrobia,  Bacteroidetes,  Chloroflexi,  Planctomycetes,
Cytophagales, Gemmatimonadetes, and Firmicutes {Janssen, 2006
Buckley and Schmide, 2003). However, these phyla are alo members af
the human microbiome (Hollister e al | 2014} Considering our regulis
ol microbial commumities in the soil samples, the present phyla re-
sembled the usial s0il microbioms abundance in both composition and
propartions; Profesbacteria, Acdinobacteria, and Acidobacteria wens
the most abundant bacterial phyla, followed by common soil bacteria
phyla such as Firmicutes, Chloroflexi, Gemmatimonadetes and Planc-
lomycetes {Dunbar et al., 1999; Winding et al., 2005).

However, our samples exhibited a relatively high proportion of the
Mitrospirase phylum (the mean relstive abundance in soil ssmples was
2. 7% in bone samples, 2.9%%), which is not usually mentioned as a
comman member of doil microbial eommunities. Nitroespira is a aitrite-
oxidizing bacterium (NOB) that obiaing energy by oxidizing inorganic
nitrogen compeunds (Licker et al | 20100 Modt commonly, bacteria al
the Nitrospirse phylum are found together with other nitrifying lac-
teria in areas where extensive profein decomposition occurs, and Ni-
trogpira is considersd 1o be the most common and abundant NOB in
waslewaler [reatment systems (Daims e al, 2001; Yao and Peng,
2017

COur abservation could be explained by the fact that soil mierobiome
composition changes with regard 1o environmental eonditions, culi-
vation technique, and water content (Dunbar o1 al, 1999 Moreno-
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Espindola et al., Z01E). On the other hand, in & recent study, Ni-
trospirae was ane of the major phyla with a relatively high alundanes
throughout the soil profile except for the surface soil (Steger e1 al,
2019). Thus, this parameter might be a distinctive artdbute of the
burial environment andfor urban cemeteries, although funher in-
westigations are required o confirm this hypothesis. Additionally, there
iz & powibility that elimate change drivers and their interactions may
cauge changes in the soil microbial community (Castro et al, 20000
However, the possible impact of climate change on the seil microbial
community located deeper under the surface, ie, in the soil ar the
burial depth, is much less elear.

Overall, in our study, all identified microbial waxa of the bone
samples were coincidental 1o the corregponding soil samples. This result
clearly indicates significant infiltration and contamination of archae-
ological remaing with the microbiome of the burial environment.
However, the microbiome composition of the seil samples followed a
more uniform pattern regardless of the burial place and related char-
acterigtics, and differences in microbial community composition be-
tween the bone and soil samples were observed at both the phylum amd
penis levels, & indicated by statistically significant bets-divessity
analysis resulis. Some bacterial taxa were significantly more abundant
in soil, while others were more abundant in bone samples. This finding
imdicares thar bone samples act ac a niche o preserve microbiome
signatures that ane different fram the burdal envirenment.

The most noticeable shift was observed in the proportion of the
Firmicules phylum, which was significantly more abundant in the bone
samples than in the corresponding 2odl samples (P = QL0337
Maoreaver, in all bone samples, the relative abundance excesded the
usual Firmicutes percentage of soil microbiomes, which is believed tw
be bess than 10% (Janssen, 2006), resching & mean value of 43.9%: in
our soil samples, the mean abundance was 6.3%.

Firmicutes is a widespread phylum of bacteria found in differsem
environmental conditions; however, it must also be mentioned that this
phylum i dominant in the human gut microbiome (Hollister eq al
2014). Firmicutes was aleo the most abundant microbial group identi-
fied in the paleafeces of a pre-Columbian mummy [Santiago-Fodrigues
el al, 2016). Bearing in mind the fact thar members of the gasiro-
intestinal bacterial commiunity appear in blood within 24 h postmortem
while being released into the abdaminal eavity (Tite e al,, 2008; Bell
et al., 1996) wogether with the fact thar Firmicutes is ane of the pre-
dominanl microbial taxa for several decompoding himman organs in-
cluding banes (Javan et al., 2019), it could be suggested thar the exoess
amount of Firmicutes phylum bacteria found in our archaeological
samples might be the remaing of the individual's gut microbiome.

Tio test this hypothesis, Firmieutes phylum dats were extracted from
all sample data snd analysed separately to the deeper mxonomic level.
By amalysing Firmicutes phylum to the genus level, several observations
were made. First, the most repregented bacterial genera in bath the sodl
and bone samples were common Soil genera, and all detected
Firmicules-related generm were coincidental in the bone and soil sam-
ples. However, sgnificant diversity in the microbial communities was
olserved, as indicated by both alpha- and beta-diversity indexes. The
PCA and heatmap analysis showed a clear segregation of all but one
(KE] bone sample from the corresponding soil samples. These results
indicated pronoumeed differences in Firmicutes abundance at the genus
level in archacological samples and burial envissnments.

The mast abundam bacterial genus of the Firmicutes phylum in the
bone samples was Sporanmerobacter. This resull is intriguing becais
this microlial genis is known o be constantly observed in later stages
al tiggwe decomposition under anserobic conditions (Kim et al, 2017;
Yang et al., 2012). The Sporancerobacter geme was also present in our
soil samples, bul with a significantly lower relative abundance (0,28 vs
0.03, P = 0.05). The gens Spormoercbacter was identified in the
human gt microbiome in  pre-Columbian mummies (Santiago-
Raodriguer et al., 2016} Considering the fsct that the bane samples wens
exposed 1o soil for a long period of time, some bacteria may indeed

50



A Kovaving, er al

infiltrate the bone mamer through the process of tisue decomposition
amul may stay trapped insde. The next most alundant genera in bone
sammples were Pasnibacillies and Bacillies. Bath were als detected in soil
sarmples and are known 1o be typical sodl genera. The list of the six most
abumndant bacterial geners in the bone samples also ineluded the Tepi-
dimicrobium, Clesridiem and Oxobacrer genera, which could be found in
a wide range of environments.

Comparing the bone-soil sample pairs, it can be observed that
sammple pair K8-Z8 exhibited the greatsst similarity bepween sample pair
al both the phylum and genus levels. This observation might indicate
exces contamination with environmental bacterda. This asumption, in
wirm, is supported by the fact thar bone sample specimen K8 i3 a b
{Table 1), which ig known o be porous with reduced mineral density
(S1out, 197B). It was als noted that bone varety, regardless of
weathering level, was a significant factor in the success of mitochon-
drial DMA amplification {Mizsner et al, 2009). Thus, the rib sample
could have besn more exposed 10 environmental bacterial infiltration
amid deposition, therefore reducing its potential for being a second de-
pasition material for gut microbiota. On the other hand, samples within
the pair K11-Z11 were the most distant in their bacterial microbiomse
abundance. The archasogical sample K11 was obtained from a skull,
while K5, K6, K7 were from vertebra, and KB was from a rib. The skull,
particularly petrous parts of the temporal bone, is well known for its
ability 1o preserve endogenous DNA because it is less prose o weath-
ering than other bones (Pinhasi o1 al | 2015). Environmental bacterial
infiltration was still obgerved in sample K11; however, K11 bone
properties, such as density, might have been the ressan for the different
distributions of bacterial phyla. Thus, infiliration of ancient human
microbiome representatives might undergo the same poady prediciable
proportion shifl

Several limitations of this study should be outlined. First, it ot be
taken into sccount that the amplicon-based approach wed in this study
could introduce taxonomic biss. aDNA s known o be highly fmag-
mented and rarely exceeds 200 bp in lengly thus, the length of poly-
marphigme in the V regions of the 165 rRNA gene may lead 1o differ-
ential PCR amplification of microbial axa [Ziesemer el al, 2015)
Additienally, microbiome taxonomic profiles from 165 fRANA sequen-
cing coubd be shifted towands more recent DHA, such as posmoartem
overgrowth of environmental contamination, and not reflect the an-
cienl microbiome. While in this study we focused on soil micrabiota
conlamination in skeletal remaing, & shodgun metagenomics approach is
congidered preferable for use in ancient microbiome reconsructions
[Ziesgemer o al_, 2015).

Limitations of this study ako included a small sample size and a
variation in the sampled skeletal elements, thos a sysiematic ssesment
of possible correlations between types of bones and metagenomics
compasition was not possible. However, despite the limitations of a
small study, our results demonsrate the infiltration of environmental
bacteria into archseslogical material and the possible impact of post-
martem processes on the microbiome composition in bath skeletal re-
maing and burial environments. These findings urge further sudies o
understand  the extent of micobiota plateity and the over-
representation of Firmicules in ancient bone samples due o tapho-
nomic and environmental factors.

5. Conclusions

The analysis of the microbiome profiles of archaeological bone and
the corresponding soil samples revealed significam divessdty in micro-
bial compositions. It can be concluded that some bacteria may infiltrate
the bone matter through the process of lisue decompogition and re-
nain rapped inside for a longer period of time. Thus, enviranmental
bacteria from the surrounding soil and postmonem changes must be
congidered important impact oo in ancient human microbiome
regaarch.
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1. The Postmedieval Latvian Oral Microbiome in the Context of Modern
Dental Calculus and Modern Dental Plaque Microbial Profiles

Highlights:

Part of the results from this publication was used in these theses.

e Microbial profiles from post-medieval dental calculus were investigated.
e Preservation of human oral microbiome patterns was evaluated in historic dental calculus,

modern dental calculus and dental plaque and burial environment samples.

e Majority of microbial DNA from historic dental calculus originated from oral microbiome.
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Abstract: Recent advantages in paleomicrobiology have provided an opportunity to investigate the
composition of ancient microbial ecologies. Here, using metagenome analysis, we investigated the
microbial profiles of historic dental calculus retrieved from archaeological human remains from
postmedieval Latvia dated 16-17th century AD and examined the associations of oral taxa and
microbial diversity with specific characteristics. We evaluated the preservation of human oral
microbiome patterns in historic samples and compared the microbial composition of historic dental
calculus, modern human dental plaque, modermn human dental calculus samples and burial seil
microbiota. Overall, the results showed that the majority of microbial DNA in historic dental
calculus originated from the oral microbiome with little impact of the burial environment. Good
preservation of ancient DNA in historical dental calculus samples has provided reliable insight into
the composition of the oral microbiome of postmedieval Latvian individuals. The relative stability
of the classifiable oral microbiome composition was observed. Significant differences between
the microbiome profiles of dental calculus and dental plaque samples were identified, suggesting
microbial adaptation to a specific human body environment.

Keywords: ancient DNA; dental calculus; dental plaque; oral microbiome; metagenomics

1. Introduction

The oral cavity serves as a gateway to the human body. It is the place where food
preprocessing occurs prior to passing it to the stomach and intestinal tract, has direct contact
with incoming air on its way to the trachea and lungs, and contains numerous habitats,
including the teeth, gingival sulcus, tongue, cheeks, hard and soft palates, and tonsils,
which are colonized by bacteria [1]. At present, the oral microbiome is the second most
studied human microbiome subtype after the gut microbiome and is known to hold over
700 species of bacteria belonging mostly to the Firmicutes, Proteobacteria, Actinobacteria
and Bacteroidetes phyla [2]. Our knowledge about oral microbial communities is wide but
not complete: approximately 57% of the known bacterial species are named, 13% of the
species have been cultivated but not named, and 30% of the species remain uncultivated [3].
The community of oral bacteria in humans is also known to host a range of pathogenic or
potentially pathogenic microorganisms when the healthy microbiome balance is disrupted.
Bacteria of the oral cavity are known to cause a range of oral infectious diseases, such
as tooth decay (caries), gum and root diseases, alveolar osteitis and tonsillitis [1]. Itis
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also believed that dental plaque bacterial patterns may be linked with the overall health
conditions, lifestyle and dietary preferences of the host [4].

Recent advantages in paleomicrobiology allow us to investigate the evolution of oral
microbial ecologies that can contribute to a medical understanding of modern health and
nutrition [5]. Ancient dental calculus—calcified oral plaque biofilm—is one of the best
archaeological materials to provide us with information related to the ancient human
microbiome and its interaction with its host. Dental calculus represents over 600 different
bacterial taxa that are common to saliva and dental plaque [1,6,7]. However, searching for
human oral microbiome patterns within ancient dental calculus microbial profiles demands
a careful interpretation of modern versus ancient microbiome differences. Modern oral
microbiome research operates mostly with living bacterial biofilms because dental calculus
is not as widespread as it was historically. At the same time, specific differences in bacterial
patterns have been discovered between dental plaque and dental calculus, which can be
explained by plaque maturation processes [8].

Overall, the application of metagenomic technologies has provided a new tool to
directly access the genetic information of a microbial community in historical samples,
allowing us to address a number of questions, such as the exact nature of the bacteria
present in particular historical periods and geographical regions.

Here, using metagenome analysis, we aimed to investigate the microbial profiles of
historic dental calculus retrieved from archaeological human remains from postmedieval
Latvia dated 16-17th century AD. We evaluated the preservation of human oral microbiome
patterns in historic samples by comparison to modern human dental plaque and calculus
samples and burial soil microbiota and concluded that the majority of microbial DNA
in historic calculus originates from the oral microbiome with little impact of the burial
environment. We also tested the associations of oral taxa and microbial diversity in historic
dental calculus with specific characteristics.

2. Materials and Methods
2.1. Archaeological Sample Characteristics, Collection and Burial Site Data

During this study, 15 historic human dental calculus samples were examined, repre-
senting 6 Latvian cemeteries in 4 cities: the capital Riga (Dom Square cemetery, 56.94902,
24.10473; St. Peter’s Church cemetery, 56.94752, 24.10928; St. Gertrude’s Church cemetery,
56.95799, 24.12172), Cesis (St. John's Church cemetery, 57.31213, 25.27168), Kuldiga (Church
of the Holy Trinity, Roman Catholic Church, 56.96765, 21.96943) and Jelgava (St. Trinity’s
Church, 56.65239, 23.72897). All samples were dated to 16-17th century AD (Table 1).

Table 1. Characteristics of archaeological samples.

Sample Century, Year of 3 Possible Tooth
D . Cemstey AD Excavation n::?n) 22 Lieiyie Diseases Type
Town/city,
ZAIC Riga 16-17th 1986 3040 Male middle epragrserclli
S clavi
Tﬂ“'n/ Q')l
ZA 3C Riga Reprumee 16-17th 1986 45-50 Female middle Cares Incisor
. classes
ZAIC  Rig  Cgpan® 1617 2004 30-35 Male Town/city . Incisor
St. Peter’s Fractured nb
ZA 5C Riga Church 16~17th 2004 25-30 Male Town/city and left arm’s Incisor
fracture
shec Ry | StPeters L. e
I R Church 16-17th 2004 20-25 Male Town/city tion of the Premolar
lower leg
bone surface
St Countryside,
LA/ Kiga Gertrude's 16-1/th 20 1415 Unknown commuter - Incesor
Church town
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Table 1. Cond.
Sample Century, Year of Age N Possible Towth
] Lity Loy AD Excavation  {¥ears} e Lfeatyt: Diseases Type
5t Countryside, Dleborming
FA_RC E.iE,a Certrude’s 17th 2N 45-5i) Belale oormmuber arthrosis Incear
Church towwn {poanis)
- 4 Countryside, £ e with
LA Riga Ciertrude’s 16-1Fth 2006 25-3 Male commuter B Muolar
Church b Incal inflam-
mation
5. Countryside, f;;::' toath
ZA_10C Riga Ciertrude’s 16-17th 2006 55—l Mlale comamuter arthritis m " Molar
Church b P
Fuanis
Blultiple
ZA1IC  Cesis A Jotur's 17th 2015 3540 Male Tovenfiily, ook checay, Incisor
Church aristocracy e
ostenmoyelitis
Non-specific
inflaimma-
St. John' Tinwen/ city, te :
AN Cesis John's 17¢h M5 3540 Female own/cily TS Premolar
Church aristocracy on the
surface of the
lewgy bavmees:
Church of
thie Haly
ZAC  Kuldiga O 16-17¢h M5 15-50 Female Town/city, Malar
Faomamn loweer classes
Catholic
Church
Church of
the Holy
. . Trinity, - Tinwen/ city, N
A 220 Kuldiga Fosiar 16-1Fth 2015 0-35 Female lower classes Incior
Catholic
Church
Caries,
arthritis
. at. Trinity's - Town,/ city, joimts,
FA_2C Jelgava Church 16-17th 209 A5 Female aristocracy rm-sa]:teri.ﬁc Premolar
inflaimma-
tion
5t Countryside, Deborming
ZA (27 Riga Certrude’s 17th 206 40-50) LUinknowm oormamuber arthrosis, Inciaor
Church tovn pelvic joint

Most individuals were in their young adulthood to middle age (2060 years of age) at
the time of death. Sample ZA_7C was suspected to represent a teenager (14-15 years of
age). Prior to dental calculus sample collection, archaeological skeletons were inspected
for the presence of any disease-specific leisure signs. Mouth cavities were inspected for the
presence of oral disease lesions [9]. Four archaeological skeletons were found to exhibit
tooth decay signs, 10 skeletons exhibited specific and nonspecific bone lesions, and for four
skeletons, no signs of diseases were observable (Table 1). The teeth and the alveolar bone
appeared to be macroscopically sound without traces of periodontal disease. To determine
the burial period of the samples, the stratigraphy method was used together with the
evaluation of archaeological finds [10,11]. The approximate age at death was determined
by evaluating degenerative changes in the pubic symphysis and using the auricular surface
standard method [12,13].

Random soil samples were collected together with bone samples during the excavation
process to evaluate the microbiome composition of the bunal environment. Bunal soil
samples were collected from two cemeteries in Riga, Latvia: Dome Square cemstery
(samples Z5 and Z6_sk) and St. Peter’s Church cemetery (samples Z7 and Z7_sk). Soil
samples were collected at the bunal depth from the middle section of the skeleton, i.e.,
between the ribcage and the pelvis, approximately 5-10 cm above the bones. All samples
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were packed in plastic bags and stored separately from the bone samples under the same
conditions to avoid any further contamination.

2.2. Modern Dental Calculus and Modern Dental Plaque Sample Collection

Modern dental supragingival calculus samples (n = 4) were collected at the Institute
of Stomatology (Riga Stradins University, Riga, Latvia) by a professional dentist during the
process of routine dental cleaning (Table 2). Dental calculus samples were collected with the
use of a dental scaler. The exact location of the sample taken was selected arbitrarily by the
dentist. Modern dental supragingival plaque samples (1 = 20) were collected by rubbing
a cotton swab over the supragingival sites of the teeth. All samples were collected with
patient consent, and the study was reviewed and approved by Riga Stradins University
Research Ethics Committee, decision no. 6-3/4/5 (25 April 2019).

Table 2. Characteristics of modern samples.

Sample Type Sex Teeth Health * Age (Years) **
MZ2 m‘ﬁf‘;ﬁ' Male healthy 3
MZ3 z"ms;';g;“"f Male treated n
MZ4 mm‘;‘ Male treated 28
MZ5 ?::f:ﬂr"‘f;:f Female treated px)
MZ6 ?&Wﬁ‘:ﬁ Male treated 2
MZ7 i“:";ﬁ“,f;‘::‘ Female treated 2
MZ8 i“:;f’;f;‘l’;' Male treated 2
MZ9 :":‘::f;"lf:;' Male treated 2
MZ10 i";‘m“g':'f‘qﬁ Feumle hecaliliy 23
MZ11 S;“msg‘g;‘;“: Female treated 2
MZ12 i“;’;ﬁ;"&;‘l’l‘t_‘ Female treated 2
MZ13 ms;'l‘f;z' Female healthy n
MZ14 i“ms::g;::' Female treated n
MZ15 mi‘;",f;‘:’ Female treated 7
MZ16 ?&%ﬁ Female treated 2
MZ17 z‘;"‘;l“s‘;g;‘;f Female treated 2
MZ18 m*f,“é;‘ﬂ Female treated 19
MZ19 3“;'&":&';1' Male treated n
MZ21 m“ﬁ‘"ﬁf‘;ﬂ:‘ Female healthy 2
Mz22 mﬁf;f;‘:' Female healthy 20
s1 Spageghel Male treated N/A
52 f:nP;l“s‘“mlg‘;:i Male treated N/A
sS4 Supssigive Female treated N/A
S5 ::’ms:;gﬂ":i Male treated N/A

* treated: dental ﬁlegs were present. N/ A—not available.

57



Cremes 2021, 12, 309

S5of 15

23 DNA Isolation

Ancient DNA (aDMA) handling in laboratory conditions requires special care and
precautions to eliminate all possible contamination from modern DMA sources. This
study strictly followed specific guidelines developed exclusively for aDMNA research [14,15].
aDNA handling protocols consist of actions prescribing facility preparation prior to aDNA
handling, instrument treatment, facility worker equipment and archaeological material
processing. Anclent DNA facility preparation required regular ultraviolet (UV) light
irradiation and weekly surface and floor cleaning actions with 5% sodium hypochloride
(NaCl0) solution. All instruments involved in aDMNA procedures were treated similarly
by washing with 5% NaOCl solution and irradiating with UV light before and after each
procedure. Archaeological samples were processed one at a time.

The aDMNA facility consisted of three strictly separated chambers, each serving its
defined purpose. Archaeological material preprocessing and pulverized sample incubation
occurred in one facility chamber, and another two chambers were devoted to aDNA
isolation and library preparation. The fourth chamber (buffer zone) separated the aDNA
facility from the rest of the laboratory.

Archaeological tooth samples carrying the desired dental calculus remains were first
immersed in 5% Na(OCl solution, rinsed with nuclease-free water and irradiated for 2 h
with UV light (& ]/cm2 at 254 nm). Samples were then left to dry overnight at room
temperature. The next day, dental calculus was cautiously removed from the surface
of the teeth with a scalpel and was ground inside a tube with a sterile microbiological
stick. Laboratory blank samples (BC and BC_sk) were processed simultancously with
archasological samples. DN A extraction was performed as described previously [16,17].

Burial soil and modern dental calculus samples were processed in another facility to
avoid possible cross-contamination with aDMNA samples. Burial soil samples that were
chosen to represent the soil microbiome of the burial environment of 5t. Peter s Church
cemetery (samples £5 and Z6_sk) and 5t. Gertrude’s Church cemetery (samples £7 and
£7_sk) underwent the same procedures of DMNA extracton and purification as the aDNA
samples. Modern dental caloulus samples were washed with 5% NaOCl solution and were
then rinsed with nuclease-free water. Furthermore, together with the modern dental plaque
samples, modern dental calculus samples underwent a DNA extrachon process.

All resultant DNA samples were inspected with a Chubit dsDNA HS Assay Kit (Life
Technologies, Carlsbad, CaA, USA) to estimate the resultant DM A concentration (Table 51,
Supplementary Materials).

24, Library Preparafion and Shobgun Metagenomics Sequencing

Before library preparation, modern dental calculus, modern dental plaque DNA
samples, and burial soil DNA samples Z26_sk (St Peter s Church cemetery) and Z7_sk (St
Gertrude’s Church cemetery), underwent an additional DMA fragmentation step using the
Ion Shear™ Plus Reagent Kit (Ion Torrent™, Thermo Fisher Scientific, Waltham, Ma, USA)
following the manufacturer s instructions. The fragmentation conditions were selected
according to the desired fragment size (150-250 bp).

For the historic dental calculus samples and for bunal soil samples Z5 (St. Peter's
Church cemetery) and Z7 (5t. Gertrude’s Church cemetery), the DMNA fragmentation step
was omitted to ensure the capture of short DNA fragments that are believed to represent
aDMNA [15-20]. DMA samples underwent a size-selechon procedure to remove DNA
fragments larger than 250 bp using NucleoMag®ENGS Clean-up and Size Select magnetic
beads (Macherey-Magel), and for library preparation, an Ion Plus Fragment Library Kit
{lon Torrent™) was used. To evaluate sample contamination from laboratory sources.
two laboratory control samples were processed with the historical DN A samples and
sequenced: aDNA extraction blank sample (BC) and aDMNA extraction blank sample, which
also underwent a DNA fragmentation step (BC_sk).

Preparation of all sequencing libraries followed the same steps regardless of sample
origin. Specific barcodes were ligated, and libraries underwent amplification and quality
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assessment using an Agilent High Sensitivity DNA Kit and Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA) following the manufacturer’s protocol. Sequencing
was performed on an lon ProtonTM System (lon Torrent™, Thermo Fisher Scientific,
Waltham, MA, USA).

All raw historic calculus DNA sequencing data are publicly available at the ENA
under accession PRJEB40382.

2.5. Sequencing Data Analysis

Sequencing data preprocessing on the local Ion Torrent Proton server included initial
quality control steps as well as data assignment to each individual sample. Barcodes and
sequencing adapters, together with polyclonal and low-quality sequences, were filtered by
Proton software during the first post-sequencing data handling step. The resultant data
were exported for further manipulations in the form of BAM files. The resulting exported
BAM files were initially quality-processed using the Galaxy public server [21,22]. Briefly,
overrepresented sequences were removed, and reads with quality PHRED scores <20 were
excluded. Sequencing data taxonomic assignment was performed with Kraken2 v2.0.7
using the standard Kraken2 database [23]. Bracken (Bayesian Reestimation of Abundance
with Kraken) was used to compute the abundance of species in DNA sequences from a
metagenomics sample [24].

Pavian R application [25] was used to further manipulate Kraken/Bracken taxonomy
report files, generate quality assignment and prepare data for statistical analysis and repre-
sentation, which was done using the MicrobiomeAnalyst (hitps. / /www.microbiomeanalyst.
ca/ (accessed on 23 December 2020)) web application [26,27].

The Bayesian analysis-based program SourceTracker [25] was used to evaluate the
possible source of predominant microbial signatures of historic dental calculus samples to
enable oral microbiome preservation assessment and to track the influence of exogenous
microbial contamination. All source files, which were included in the pipeline, were
defined from these study samples. There were five sources defined: modern supragingival
calculus, modem supragingival plaque, two aDNA extraction blanks and burial soil.
The open-source R package decontam (https:/ /github.com/benjjneb /decontam (accessed
on 23 December 2020)) [29] was used for the identification and removal of laboratory
contaminants in metagenomics data. Low-abundance species were removed by applying a
hard cutoff (0.001% abundance).

The authenticity of historic specimen microbiome data was confirmed using DNA
damage patterns. This method is based on the hypothesis that DNA deamination rates
increase over time [19], and characteristic features of damaged DNA patterns may confirm
the origin of the DNA. For this purpose, read files of historic dental calculus samples
were analyzed using MALT 0.5.0 [30] (https:/ /software-ab.informatik.uni- tuebingen.de/
download /malt/welcome html (accessed on 23 December 2020)), using all complete bacte-
rial genomes available from NCBI Assembly in August 2020 as a reference. Bacterial reads
were extracted using SAMtools, mapped to the reference genome of the prevalent oral
microorganism Olsenella sp. oral taxon 807 and Actinomyces sp. oral taxon 414, and DNA
deamination rates were calculated using mapDamage [31] by the EAGER pipeline [32].

2.6. Statistical Analysis

Intergroup differences in alpha diversity were assessed by the Shannon diversity
index Beta diversity was tested by permutational multivariate analysis of variance (PFR-
MANOVA), a nonparametric multivariate statistical test [33] presented by principal coordi-
nates analysis (PCoA). Hierarchical clustering was visualized by dendrogram and heatmap
analysis using the Bray-Curtis similarity index and Ward clustering algorithm.

Intergroup differences at the species level were analyzed using the Kruskal-Wallis
test and the linear discriminant analysis (LDA) effect size (LEfSe) method [34] with default
settings on the MicrobiomeAnalyst website; the threshold on the logarithmic LDA score
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for discriminative features was set to 2.0, and the false discovery rate (FDR)-adjusted p
value cutoff was set to 0.05.

3. Results
3.1. Sequencing Data and Ancient DNA Authentication

In total, a set of 43 DNA samples was analyzed: historic supragingival calculus
(15 samples), modem supragingival calculus (4 samples), modern supragingival plaque
(20 samples) and burial soil (4 samples). A total of 0.11 billion sequences were generated,
with an average of 2.6 million reads (standard deviation (SD) = 1.3 million reads) per sample
(Table S1, Supplementary Materials). Among them, 19.34% of the reads were classified to
the bacterial species level, with an average of 0.51 million reads (65248-1928089; SD 0.40
million reads) per sample.

For both blank samples, despite the sufficient sequencing depth, much lower amounts
of classified reads were obtained: only 2260 (1.27%) and 688 (1.29%) reads were classified
to the bacterial species level for the aDNA extraction blank samples BC and BC_sk, respec-
tively. A large proportion of the obtained reads in blank samples seem to be sequencing
artifacts that could not be classified. In total, in the aDNA extraction blanks, 14 bacte-
rial species were detected; the vast majority of the reads (87.35%) belonged to the Delftia
genus (Figure S2A, Supplementary Materials). In other studies, low bactenal diversity
was routinely obtained from laboratory extraction controls [35], while the Delftia genus
has been detected in sequenced negative ‘blank’ controls and detected as a contaminant of
amplification kits [36].

SourceTracker analysis demonstrated that the historical dental calculus sample group
in this study had a predominant dental calculus microbial signature, indicating sufficient
preservation of the oral microbiome in a mineralized oral plaque biofilm (Figure S1, Sup-
plementary Materials). A modern dental plaque signature was also present, but in lower
amounts. Traces of exogenous contamination defined from the burial soil source and
laboratory blanks were low, indicating a low impact of laboratory and environmental
contamination on the study samples.

For the authentication of oral microbiome preservation in historic dental calculus
samples, the DNA damage pattern of two of the most prevalent oral microorganisms,
Olsenella sp. oral taxon 807 and Actinomyces sp. oral taxon 414 was evaluated. The
analysis revealed signs of cytosine to thymine substitutions at the ends of DNA fragments,
characteristic of aDNA (Figures S3 and S$4, Supplementary Materials).

3.2. Taxonomical Analysis of Microbial Profiles at the Species Level

Based on decontam analysis and low prevalence (prevalence filter: 0.001%), a total
of 1842 OTUs were removed, and 2223 features remained after data filtering within all
43 samples. During the metagenomics analysis of the sequencing data, differences in the
overall microbial patterns at the species level were observed for the four sample groups
(Figure 1A).

The 10 most abundant bacterial species within the group of modern dental plaque
samples were Veillonella parvula (14.92%), Haemophilus parainfluenzae (12.31%), Streptococcus
mitis (7.10%), Streptococcus oralis (4.37%), Neisseria mucosa (4.23%), Prevotella melaninogenica
(3.46%), Streptococcus pneumoniae (2.82%), Streptococcus sanguinis (2.56%), Fusobacterium
nucleatum (2.53%), and Rothia dentocariosa (1.97%) (Table S2, Supplementary Materials). In
contrast, the 10 most abundant bacterial species within the modern calculus samples were
Propionibacterium acidifaciens (13.33%), Parascardovia denticolens (10.25%), Scardovia inopinata
(8.57%), Lautropia mirabilis (3.66%), Actinomyces sp. oral taxon 414 (3.329%), Pseudopropi-
onibacterium propionicum (3.06%), Acinetobacter johnsonii (2.98%), Neisseria elongata (2.94%),
Olsenella sp. oral taxon 807 (2.03%), and Streptococcus sanguinis (2.01%).
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Figure 1. Species-level comparison of bacterial profiles in 16-17th century human archaeological dental calculus, modern
dental calculus, modern dental plaque and burial soil samples: (A) Stacked plots of the taxonomic classification. The
abundances of the most abundant species are shown; (B) Shannon diversity analysis; (C) Principal coordinates analysis
{PCoA) derived from Bray-Curtis distances among samples of the four groups (p < 0.001 by PERMANOVA). For each axis,
in square brackets, the percent of variation explained was reported.

Historic dental calculus samples represented a slightly different pattern of the most
ahundant species, the first 10 of which were Olenella sp oral taxon 807 (11 R3%,), Acti-
nomyces sp. oral taxon 414 (8.29%), Anaerolineaceae bacterium oral taxon 439 (7.84%),
Pseudopropionibacterium propionicum (5.20%), Streptococcus sanguinis (4.96%), Eubacterium
minutum (3.53%), Desulfobulbus oralis (3.51%), Lautropia mirabilis (3,42%), Streptococcus crista-
tus (2.85%), and Ottowia sp. oral taxon 894 (1.82%) (Table S2, Supplementary Materials).

Additionally, the presence of several bacteria that were among the most abundant
species in the archaeological calculus samples was detected in the blank samples but in
much lower proportions (Figure S2A, Supplementary Materials). As the blank samples
were processed simultaneously with the historical dental calculus samples, these results
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indicate that the contamination was most likely passed from the archaeological samples to
the blank samples.

Burial soil samples showed much higher microbial alpha diversity than the oral mi-
crobiome samples (ANOVA, F value = 111.31, p < 0.001) (Figure 1B); the ten most abundant
species in soil samples were Sorangium cellulosum (1.11%), Polaromonas sp. ]S666 (0.83%),
Luteitalen pratensis (0.69%), Gemmatirosa kalamazoonesis (0.52%), Rhodopseudomonas palus-
tris (0.48%), Streptomyces venezuelae (0.40%), Planctomycetes bacterium ETA A1 (0.39%),
Streptomyces lydicus (0.39%), Achromobacter xylosoxidans (0.39%), and Streptomyces hygro-
scopicus (0.35%), while other species composed 88.28% of the sequencing reads (Figure
S2B, Supplementary Materials). The most abundant soil-related bacterial species were
also detected in historical dental calculus samples but in much smaller amounts (Table S3,
Supplementary Materials).

Microbial beta diversity analysis found significant separation between burial soil, his-
toric dental calculus and modern dental plaque samples (PERMANOVA, F value = 16.326,
p < 0.001) (Figure 1C). Modern calculus samples were located closer to the historic calculus
sample cluster, and dental plaque samples and burial soil samples formed tightly separated
aggregates. A dendrogram analysis using the Bray—Curtis Index and the Ward clustering
method also showed clear separation of the dental plaque, burial soil and dental calculus
samples regardless of the origin, based on the normalized relative abundance of identified
bacterial species (Figure 2).

B Histonc calcuys

= Modern plague -
= Modern calculus ‘
» Sof L 2A

C
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=

. L] . 1 ' ' °

Figure 2. Species-level clustering dendrogram based on the Bray-Curtis index and Ward clustering
algorithm. Samples with more similar species profiles were clustered closer together.

LEfSe analysis identified 34 differentially abundant bacterial taxa in the microbiotas
of historic dental calculus, modern calculus, modern dental plaque and bunal soil samples
(LDA score [log 10] > 4.5) (Figure 3). Within the most significant LEfSe results (LDA score
[log10] > 5.0) at the species level, we found six microbial species that were mainly attributed
to the modern dental plaque sample group (Haemophilus parainfluenzae, Veillonella paroula,
Streptococcus mitis, Streptococcus oralis, Streptococcus pneumoniae, Prevotella melaninogenica)
and five species were attributed to the historic dental calculus sample group (Olsenella sp.
oral taxon 807, Anaerolineaceae bacterium oral taxon 439, Actinomyces sp. oral taxon 414,
Eubacterium minutum and Desulfobulbus oralis) (Figure 3).
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Figure 3. Linear discriminant analysis (LDA) combined with effect size measurements (LEfSe)
identified species that enabled discrimination between the microbiotas of ancient calculus, modern
calculus, modern plaque and burial soil samples. False Discovery Rate (FDR)-adjusted p value cutoff:
0.05; logarithmic LDA score > 4.5.

3.3. Taxonomtic Analysis of Microbial Profiles of Historic Dental Calculus Samples af the
Species Level

Furthermore, a detailed metagenomic analysis of the microbiome signature of the
historical dental calculus samples was performed. As shown in Figure 1A, the number of
sequences aligned to particular oral bacteria differed among the subjects analyzed. Sample
ZA _5C had a very high level of Corynebacterium matruchotii (20.31%), ZA_1C—Olsenella sp.
oral taxon 807 (33.73%), and ZA_3C—Anaerolineaceae bacterium oral taxon 439 (40.12%).

The taxonomic composition of the historic dental calculus samples was studied at
the species level based on the sample characteristics, including sex, age group (<40 years
old and >40 years old), possible lifestyle (town and countryside), tooth type and pres-
ence/absence of caries. No significant differences in alpha and beta diversity were observed
(Figures S5 and S6, Supplementary Materials), and no significant features were detected
during LEfSe analysis either.

No oral pathogen species were significantly associated with the prevalence of caries
by univariate analysis (Kruskal-Wallis test, false discovery rate corrected p value greater
than 0.05), including Streptococcus mutans and members of the periodontitis-associated
‘red-complex’ (Treponema denticola, Tannerella forsythia, Porphyromonas gingivalis) [37].

4. Discussion

In our study, historic dental calculus, modern dental calculus and oral plaque samples
were analyzed by a shotgun metagenomics approach. For the first time, oral microbiome
patterns of postmedieval Latvian individuals were studied, and the results of this study
showed that despite some burial environmental contamination, historic dental calculus
samples provide a reliable snapshot of bacterial oral communities from past individuals.
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The path of historical bacterial research has various challenges. The implementation
of multiple methodologies (from laboratory practices to data analysis quality control
pipelines) helps to improve validation of aDNA data in ancient dental calculus samples;
however, environmental contamination (from both burial soil and laboratory environments)
in samples is a reality. Extraction blank controls should always be included and sequenced
together with archaeological samples to monitor in-lab contamination, and caution must
be taken in interpreting the data [15]. Moreover, as we observed in our study for the blank
controls, low-level contamination can also happen from one sample to another during the
workflow, thus especial care should be taken when samples are processed in batches. In
our study, we avoided this probable issue by processing the archaeological samples one ata
time; however, this approach is time-consuming and could not be feasible on a larger scale.

The analysis of burial soil samples together with archaeological samples was suggested
to assess the environmental contamination [35]. In our study, a clear separation of burial
soil microbiomes from both ancient and modern oral microbiomes was observed. Several
soil bacterial species were detected in ancient dental calculus microbiomes but were nearly
absent in modern oral samples, although the ancient and modern calculus samples were
clustered tightly together. This finding can be easily explained by the direct impact of
the burial environment. However, industrialization, urbanization, and modern food
processing have dramatically reduced human contact with soil microorganisms. Traces of
dirt may be incorporated into dental calculus over a lifetime of eating food that is not fully
cleaned. This problem is further complicated by the fact that some microorganisms tend
to colonize multiple environmental niches, including soil and oral cavity. For example,
an environmentally ubiquitous opportunistic pathogen Pseudomonas aeruginosa is known
to be involved in multiple oral infections [39,40]. Additionally, a recent study proposed a
novel environmental microbiome hypothesis, stressing a close linkage between the human
intestinal microbiome and the soil microbiome, which has evolved during evolution [41].
This theory might also affect the ancient human oral microbiome. However, in our study,
we were not able to demonstrate the ancient origin of the soil taxa found in historic calculus
samples due to the relatively low sequencing coverage. Additional studies are required
that would shed light on this question.

The vast majority of bacterial species detected in historical dental calculus belonged to
the oral microflora, and despite some individual vanations, the microbiome composition
did not differ significantly from that of the modern samples. The similarities between
postmedieval and modern calculus samples can be explained by the relatively short time
span and the same geolocation. Additionally, the majority of archaeological samples in our
study were from individuals who possibly had better access to foods that were linked with
higher social status, such as soft dietary carbohydrates (finely ground bread, sweets) and
meat |42]. On the other hand, we did not identity signiticant ditterences between ancient
samples that were grouped based on sex, age, and lifestyle. This result is consistent with
previous studies [8,38,43] suggesting the relative stability in the compaosition of the oral
microbiome at definite ime points.

The most abundant bacterial taxa detected in our historical calculus samples included
several commensal bacterial species that are commonly found in the human oral cavity,
such as Streptococcus sanguinis, Streptococcus cristatus and Lautropia mirabilis. The periodontal
pathobiont Desulfobulbus oralis was present among the 10 most abundant bacterial species
from postmedieval dental calculus samples, which is known for its ability to trigger a proin-
flammatory response in the oral epithelium [44]. Additionally, many oral pathogens that
are involved in the etiology of caries, such as Strepfococcus mutans, or periodontal disease,
including three Gram-negative species known as the ‘red-complex’—Porphyromonas gingi-
valis, Tannerella forsythia, and Treponema denticola—were detected in our historical calculus
samples. While archaeological samples included in our study were without clear evidence
of periodontal disease, the presence of periodontal organisms is not surprising given the
complex etiology of periodontal disease and the fact that studies of periodontitis in ancent
populations pose some technical challenges [45]. Future studies with larger sample sizes,
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including both periodontal-positive and periodontal-negative individuals, are needed to
determine the microbial association with the disease in postmedieval Latvian individuals.

The analysis of taxonomic results showed that dental calculus samples tended to
cluster together, and dental plaque samples formed a separate cluster. In a recent study,
it was suggested that a microbial profile gap appears between dental plaque and dental
calculus due to the processes of microbial biofilm maturation [5]. Here, when comparing
postmedieval dental calculus samples to modern dental plaque and calculus samples
within the same geographical location, the results indicate that biofilm type can have a
greater impact on microbial communities than chronological origin of the sample (historic
vs. modemn). Although we can locate potentially pathogenic bacteria on the map of
postmedieval dental calculus from Latvia, additional studies are required to reveal paths of
microbial coexistence and disease-specific microbial profiles in dental calculus ecosystems.

There are several limitations in our study. First, the limited historical calculus sam-
ple size could have prevented the detection of the differences in microbiome composi-
tion. Tooth type is known to be a factor influencing plaque/calculus microbial commu-
nities [46,47]; however, we were not able to control for the tooth type used in our study.
Additionally, the possible lifestyles of the individuals was determined based on the burial
place and historical evidence of burial practices in postmedieval Latvia and thus does not
include all possibilities of lifestyle /dietary /health changes during the lifetime.

5. Conclusions

Overall, the results showed good preservation of ancient DNA in historical dental
calculus samples, providing reliable insight into the composition of the postmedieval oral
microbiome of Latvian individuals, and the relative stability of the classifiable oral micro-
biome composition was observed. Significant differences between microbiome profiles of
dental calculus and dental plaque samples were identified, suggesting microbial adaptation
to a spedific human body environment.

Supplementary Materials: The following are available online at hitps:/ /www.mdpi.com/2073-442
5/12/2/309 /s1, Figure S1: Application of SourceTracker methodology to identify the percentage
contribution of each potential source to the microbiome of historic dental calculus samples using a
Bayesian model. Figure S2: Analysis of bacterial profiles in blank and burial seil samples: (a) Species-
level composition of laboratory blank samples; (b) Species-level composition of burial soil samples.
The most abundant 30 species are shown. Figure S3: Damage plots generated from sequencing reads
obtained from 16th-17th century human archaeological dental calculus samples demonstrated a

pattern characteristic of ancient DNA. Reads were mapped to the reference genome of Actinomyces
sp- oral taxon 414. Representative plots from three historic calculus samples of the C>Tand G> A
nucleatide transition frequencies at the 5 and 3’ ends af NN A fragments, respectively, are shown

Figure S4: Damage plots generated from sequencing reads obtained from 16th-17th century human
archaeological dental calculus samples demonstrated a pattern characteristic of ancient DNA. Reads
were mapped to the reference genome of Olsenella sp. oral taxon 807. Representative plots from
three historic calculus samples of the C > T and G > A nucleotide transition frequencies at the 5/
and 3’ ends of DNA fragments, respectively, are shown. Figure S5: Shannon diversity analysis and
permutational multivariate analysis of variance of bacterial profiles in 16th=17th century human
archaeological dental calculus based on three different variables: sex, possible lifestyle and age group.
p values are shown. Figure 56: Shannon diversity analysis and permutational multivariate analysis
of variance of bacterial profiles in 16th-17th century human archaeological dental calculus based
on two different variables: tooth type and presence/absence of caries. p values are shown. Table S1:
Sequenced sample data. Table 52: The relative abundance of bacterial species in ancient calculus,
modern calculus and modern plaque and burial soil samples. The 100 most abundant species are
shown. Table 53: The relative abundance of bacterial species in burial seil, ancient calculus, modern
calculus, and modern plaque samples. The 100 most abundant burial soil species are shown.
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I11. Exploring DNA preservation and taxonomic diversity in postmedieval
human tooth samples in Latvia.

Highlights:

Part of the results from this publication was used in these theses.

e The preservation of aDNA in human archaeological tooth samples was studied.
e Human and oral microbial DNA was more fragmented than environmental DNA.

e Microbiome profiles were similar for the short length and total DNA fractions.
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ARTICLE INFO ABSTRACT

Keywords: Ancient DMNA (aDNA) provides unigue opportunities 1o explore various evolutiomsary and ecological processes. In
Archaeclogical 1eath samples particular, aDNA studies offer new possibilities for the in-depth vestigation of historical social structures ar
-*“f"““ DRA loal and regional scales, reconstruction of ancient human microbiomes, and identification of ancient pathogens,
:1“;“]::’::‘""“ The success of these studies depends on the preservation of aDNA, as well a3 on our ability te distinguish betwesn

historical DNA fragments, either human, animal, plant or microbial, and contaminant modermn environmental
DA, The aim of this study was o examine the pressrvation of aDNA in human posimedieval archasological
tooth samples in Larvia dated 15th-17th century CE The taxonomic composition of the short DMA [ragment
fractions was compared to that of the total DNA samples 1o explose the presence and diversity of environmenial
bacteria in ADMA datasers.

Samples were analyzed by a shotgun metagenomics-based approach. The raxonomic profiles of metagenomics
data revealed that the majority of microbial phyla/genera/species belonged to the rypical soil microbiora,
indicating the contamination of archaeological samples by environmental microorganisms. Mo significant dif-
ferences in alpha or beta diversity indices were found between the short and total DNA fractions. The presence of
soil microbiota in the short DNA fractions and the discordance berween the microbial patterns suggested the
fragmentation of the historical environmental DNA. The propoetions of both human and oral microbial DNA were
significantdy higher in the short DMNA fragment librares than in the total DNA samples, and DNA reads showed
characteristic damage pamerns, suggesting severe degradation of endogenous aDNA. The human aDNA yield
obtained in this study was sulficient 1o perform molecular sex typing, and the genstic results confirmed
maorpholegical data in all cases.

Owerall, sulficient preservation of endogenous aDNA was detected in human archasodogical tooth samples in
Lamvia dared 15th-17th century CE, which enables furure studies on early-modemn populations and pre-industrial
oral microbial communities. The amalysis of total DNA samples along with short DNA fragments may provide
additional information, such as the microbial composition of the burial environment. Concomitant analysis of
historical and modern environmental DNA could provide additional data for deciphering the complete ancient
microbiome profiles.

1. Introduction

Ancient DNA (aDMNA) provides unique opportunities to explore
evolutionary and ecological processes such as the history of natural se-
lection and diversity, relationships in palesecological systems, and in-
teractions between pathogens and their hosts {(Orlando and Cooper,
2014; Skoglund and Mathieson, 2018; Warinner et al., 2017). In

particular, aDMNA studies offer new possibilities for the in-depth inves-
tigation of historical social structures at local and regional scales, and
aDMA studies have helped to decode human history on the Eonrasian
continent {Oversti et al.,, 20019). Howewver, retrieving viable aDNA from
archaeological sources such as skeletal remains (bone and teeth) or
secondary substrates (dental calculus and paleofeces) is challenged by
several factors that compromise the molecular stability and quality of
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DNA (Margaryan et al., 2017). DNA molecules have the ability to sur-
vive for thousands of years under favorable conditions; at the same time,
they are very fragile and are known to undergo fragmentation processes
that begin shortly after death (Dabney et al,, 2013). Different rates of
DNA fragmentation have been observed for different geographic areas
and tissue types (Adler et al., 2011). Whole teeth or tooth roots are
widely used in aDMNA studies because DNA is protected from many en-
vironments by the hard enamel and cementum layers (Adler et al., 2011;
Melchior et al.,, 2008), and it was reported that levels of endogenous
DMA in well-preserved ancient teeth can often be comparable to those
isolated from human petrous bone (Hansen et al, 2017). While the
analysis of human DNA is the utmost goal of many aDMNA studies,
characterization of metagenomic allNA in tooth and dental calculus
samples provides additional important information, such as natural
constitwents of the human microbiota in the past and the identification
of ancient pathogens and infectious diseases (Warinner et al., 20017).
Several studies have reported ancient pathogens detected in teeth, as
dental pulp is directly exposed to Mood-borne pathogens (Drancourt
et al., 1998; Drancourt et al., 2005; Rasmussen et al., 2015). The chance
of finding an ancient pathogen in a tooth sample is considered to be
much higher than when using petrous bone from the same individual, as
was exemplified by the reproducible detection of Yersinia pestis DNA in
tooth samples of several human skeletons dated to the Bronze Age and
Iron Age (Margaryan et al., 2018). Additionally, traces of plant and
animal DMNA were detected in ancient dental calculus samples, thus
providing insight into lifestyle and food diversity in past centuries
{Sawafuji et al, 2020; Warinner et al., 2014; Weyrich et al., 2017).
However, the presence of environmental contamination heavily in-
fluences the deciphering of complete ancient microbiome profiles and
the identification of specific ancient pathogen DNA in skeletal elements
{Rasmussen ef al., 20015). In addition to the obvious influential charac-
teristics, such as divergence in metagenomic composition between and
within individuals, different geographical lecations and burial envi-
ronments, other important factors could be invelved, including the
storage conditions and the preservation status of the specimens.
Populations in Western Eurasia were subject to various episodes of
expansion, population replacement, and admixture between divergent
groups (Slatkin and Racimo, 2016). Latvians are a Baltic-speaking
population of Northern Europe, and historic genomes and aDNA
studies could help to investigate several issues related to Latvian eth-
nogenesis, such as a history of population transformations and diversity,
differentiation of regional subpopulations, migration events and genetic
admixture with neighboring populations. The aim of this study was to
examine the preservation of aDNA in human postmedieval archaeolog-
ical tooth samples in Latvia dated 15th-17th century CE. The taxonomic
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composition of the short DNA fragment fractions was compared to the
total DNA samples to explore the presence and diversity of environ-
mental barteria in aDNA datasets.

2, Materials and methods
2.1. Characteristics of archaemogical tooth samples

Archasological human tooth samples, dated between the 15th and
17th centuries AD, were collected from three cemeteries in Riga, Latvia:
St Gertrude’s Church cemetery (samples T2, T3, T9); the Dome Square
cemetery (sample TZA3), and 5t. Peter’s Church cemetery (sample
TZA4) (Table 1). St Peter's Church cemetery and the Dome Square
cemetery are located in the Old Riga District, whereas St Gertrude's
Church cemetery is located outside the Old Riga medieval city wall and
has been associated with 5t. Gertrude's medieval village.

Prior to tooth sample collection, archaeological skeletons were
inspected for the presence of any disease-specific signs such as degen-
erative bone changes, tumors and abnormalities associated with infec-
tious diseases (Finhasi and Mays, 2008). Mouth cavities were inspected
for the presence of oral disease lesions and dental calculus. Four skele-
tons exhibited specific and nonspecific bone lesions, and for one skel-
eton, no signs of diseases were observable (Table 1). The burial period of
the samples was determined by the stratigraphy method, which was
used together with the evaluation of archaeological finds (Spirgis, 2002;
Tilke, 1998). The approximate age at death was determined by evalu-
ating degenerative changes in the pubic symphysis and using the
auricular surface standard method (Brooks and Suchey, 1990; Buckberry
and Chamberlain, 2002). Sex was estimated by an experienced anthro-
pologist using pelvic and cranial criteria (Ascadi and Memeskeri, 1970;
Phenice, 1969).

22 DNA isolation

During the work with archaeological samples, special care was taken
to awvoid DMNA contamination. To fulfill the safety criteria of aDNA
handling and minimize the risk of contamination, specific guidelines
developed for aDNA research were followed (Donoghue, 2008; Fulton
and Shapiro, 2019). All the surfaces and instruments were cleaned and
prepared for aDMA experiments according to rigorous protocols,
including cleaning with 5% Na(kCl solution and irradiation with UV
light (Kazarina et al., 2019). Farility workers were equipped with
disposable surgical facemasks, full-body suits and gloves, and only one
tooth sample at a time was processed to avoid cross-contamination.

Archaeological material was prepared for aDMA isolation in a

Table 1
Characteristics of samples.
Sample [ T2 T3 T4 TZAS TZAA
Cemetery St Gertrude's Church Se. Gertrude’s Church St Gertrude's Damse Square St Peter's Church
Church
Century, Al 17th 17th 1Ttk 16=1Tth 15:165th
Year of excavation 2006 it 20 1986 2004
Depth of the grave/sample 330 v | 25{ 150 prli]
eaken (cm)
Additional burial above yES yES ¥yES yES s
Fossil skeleton type Dimarticulated skeletan Artieulated skeleton Articulated Articulated Articulated
skeleion skeleton skeleton
Sample type Tooth [malar) Tooth (premolary Tooth [malary Tooih (Encizar) Tooth (ncisor)
Dental caloales Yes o Ha Yes Yes
Passible diseases Fusion of the spine, scoliosis, tooth Fusion of the spine with local Pusion of the spine Arthritis, -
root ahsoess imflammatian perinstitis
Age [years) 30-35 -5 16-18 A5-5{ 30-35
Sex female male unknown female male
DMA cancentratian (ng/ul) 1.5 LI 1.7 38 38
Mean DNA fragment lepgth (bp) 2705 5054 ELE L) 549 432
Median DNA fragment length 3200 ELCE 5500 000 1600
(b
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specially designated separated area of aDMNA research facilities. A well-
preserved tooth was sampled for each individual. The surfaces of the
teeth were abraded with single-use scalpel equipment to remove the
calculus when present, and DNA extraction was performed as described
previously (Kazarina et al, 2019; Keyser-Tracqui and Ludes, 2004).
Briefly, tooth samples were rinsed in bleach (5% solution for 30 sec),
rinsed with nuclease-free water and exposed to UV light for 30 min on
each side. Samples were then left to dry overnight at room temperature.
The next day, whole tooth samples were reduced to fine powder using a
CryoMill (RETSCH, Germany). Sample decalcification was performed by
incubation of 1 g of powder in extraction buffer (5 mM ethyl-
enediaminetetraacetic acid, 2% sodium dodecyl sulfate, 10 mM Tris-HC1
(pH 8.0, 0.2 M sodium acetate, and 1 mg proteinase-K/mL) overnight at
50 "C with continwous vertical rotation. DNA was separated from
cellular debris by phenol/chloroform,/isoamyl alcohol (2572471, v/v)
extraction. Purification and concentration of DMNA samples were per-
formed using the Genomic DMA Clean & Concentrator Kit (Zymo
Research, United Statex) following the manufacturer’'s instructions. The
DMA concentration was estimated using a Qubit dsDMNA HS Assay Kit
(Life Technologies, United States), and the assessment of DNA quality
and fragment length was performed using an Agilent High Sensitivity
DNA Kit (Agilent Technologies, United States). To control laboratory
contamination, DNA isolation procedures were accompanied by corme-
sponding blank samples, which were also treated equally and underwent
the same DNA isolation steps using the same DNA purification and
concentration reagents.

2.3. Library preparation and sequencing

Metagenomics sequencing libraries were prepared using the lon Plus
Fragment Library Kit (lon Torrent™, Thermo Fisher Scientific, USA)
following the mamufacturer’s instructions. Each DNA sample was
divided into two aliquots of 10 pl each, which were further used to
prepare two types of libraries: non-fragmented and fragmented libraries.
For non-fragmented libraries, with the intention of keeping only short
DNA fragmenis (<350 bp), aliquots underwent size selection using
NucleoMag® NGS Clean-up and Size Select magnetic beads (Macherey-
Magel, USA). In this study, these libraries were named “Short DNA li-
brary”. For fragmented libraries, with the intention of analyzing the
total DNA in the samples, including long DNA fragments, prior to spe-
cific barcode attachment, aliquots underwent enzymatic fragmentation
with an lon Shear™ Plus Reagent Kit (lon Torrent™, Thermo Fisher
Scientific, USA) following the manufacturer’s instructions. In this study,
these libraries were named “Total DNA library”. Further library prepa-
ration steps were identical for both library types and, according to the
manufacturer’s instructions, involved the following steps: specific bar-
code ligation, library amplification and assessment of library quality on
the Bipanalyzer 2100 instrument with an Agilent High Sensitivity DNA
Kit (Agilent Technologies, USA). Sequencing was performed on an lon
Proton™ System (Thermo Fisher Scientific, USA).

2.4, Sequencing data analysis

Sequencing data were preprocessed on the local lon Torrent Proton
server, assigning data to each sample and removing barcodes and
adapters. The resulting data were exported from the server in the format
of BAM files, which further underwent a quality control workflow and
removal of two overrepresented remaining adapter sequences using
analysis tools on the Galaxy public server [(Goecks et al., 2010; Kosa-
kovsky Pond et al., 2009). Sequences that underwent quality filtering
and reads with quality PHRES scores <20 were excluded from further
manipulations. Kraken2 v2.0.7 with the use of the standard Kraken2
database {Wood and Salzberg, 2014) was used to assign taxonomic la-
bels to the resultant metagenomic DNA sequences. Kraken taxonomy
report files were further manipulated with the use of the Pavian web
application — taxonomy quality assignment was generated (Breitwieser

et al., 2020). Contamination control was performed using the R package
“Decontam™ (Davis et al., 2018; Salter et al., 2014).

Statistical analyses were performed and visualized using the Micro-
biomeAnalyst public server (hitps://www. microbiomeanalyst.ca/)
(Chong et al., 2020; Dhariwal et al., 2017) and Calypso public server (htt
ps2/ Aegenome.net/calypso,) (Zakrzewski et al, 2017). Community
alpha diversity was estimated by the Shannon diversity index, which
evaluates both the richness and evenness of taxa within the samples.
Differences in beta diversity between sample clusters were calculated
using analysis of similarities (ANOSIM) and a Bray-Curtis dissimilarity
matrix and displayed by principal component analysis (PCA).

2.5, Mentification of human DNA

To identify the presence of human DNA, sequencing reads obtained
from tooth samples were processed in silico with the Efficient Ancient
Genome Reconstruction pipeline (EAGER, v.1.92) (Peltzer et al., 2016).
De-multiplexed, adapter-clipped reads were aligned to a human genome
reference (GRCh38, GCA_O00001405.28) with BWA (Li and Durbin,
2009). DamageProfiler was used to characterize DNA damage (MNeu-
kamm et al., 2020). For the characterization of genomic data, the
PALEOMIX pipeline was used (http://geogenetics.ku.dk/publications/
paleomix) (Schubert et al., 20014).

2.6 Preservation of oral microbial species DNA

Preservation of oral microbial DNA in historic tooth samples was
assessed. The metagenomics sequencing read files of historic tooth
samples were analyzed using MALT 0.5.0 (Herbig et al., 2017} (https
1/ /software-ab.informatik. uni-tuebingen.de/download,/malt. welcome.
html}, using all complete bacterial genomes available from NCBI As-
sembly in August 2020 as a reference. Bacterial reads were extracted
using SAMtools, mapped to the reference genomes of the oral microor-
ganisms (lsenella sp. oral taxon 807 and Streptococcus sanguinis, and
DNA deamination rates were calculated using MapDamage (Jonsson
et al., 2013) within the EAGER pipeline.

3. Results

3.1. Pre-sequencing DNA data

The overall results of DNA fragment length distribution analysis and
total DMNA concentration for the tooth samples used in this study are
presented in Table 1 and Supplementary figure 1. The total DNA con-
centrations of the tooth samples ranged from 0.91 to 3.8 ng/pl. Samples
showed a wide range of DNA length distributions, with mean DNA
fragment lengths ranging from 432 to 4449 bp. The shortest mean and
median DNA fragment lengths were observed for the oldest sample,
TZA4, which was dated between the 15th and 16th centuries AD, while
all three samples dated to the 17th century CE showed much greater
mean DNA fragment length (Table 1). Based on these data, both short
DNA and total DMNA libraries were prepared for all samples for
SEQUENCIng PUrposes.

3.2. Sequencing data

The total library concentration and the number of raw sequencing
reads obtained are presented in Table 2. The sequencing reads were
deposited in the European Nucleotide Archive (ENA) under study
number PRJIEB47251. For the short DNA fragment fractions (i.e., non-
fragmented libraries), library concentrations for the tooth samples
ranged from 0.09 ng/pl to 1.43 ng/pl, and for the total DNA libraries (i.
e., DMA was additionally fragmented prior to the analysis), the con-
centration range was 0.347-3.07 ng/pl. After sequencing, on average,
2.9 million raw reads were obtained per sample (ranging from 0.4 to 8.5
million reads). Following data preprocessing, which implemented
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Table 2

Sequencing data.
Sample Library Library concentration., Reads Median read Eeads mappsd to human Sex assgned by sguence analysis/complementary to
¥ tvpe g/l abtained lemgth, bp penome, Mo (%) muorphalogical characteristics
T2 Shart 0248 368,570 122 57,518 (18.6) 10y
T2 Tatal 1.0GD 756,050 140 195,991 (2.5)
T3 Shart o2e 195,572 151 35,304 (11.9) XY yes
T3 Tatal 0347 4,122 576 101 129,687 (3.1)
T4 Shart CLOSHN 710,005 145 25 376 (3.6) X¥/na.
R Tatal E0T0 8,449,132 123 11,861 {0.1]
TZA3 Shart RE:1 L] 3,308 668 156 148, 768 (4.4 X fypes
TZA3 Tatal 605 3,507 3T 1x¥ 59,3487 (1.8)
TZA4 Shart 1430 3,391,062 187 T8, 886 (8.4) W ryes
TZA4 Tatal 1150 4,290,308 129 130,133 (3.00

" Short: non-fragmented sequencing libeary, only short DNA fragmenis were included (<350 bp). Total: sequencing library was prepared by total DNA fragmentation

including long DNA fragmenis.

duplicate and adapter removal, as well as quality filtering, taxonomic
analysis of sequenced reads was performed. After removing contami-
nants, data on the remaining taxa were further analyzed for all samples.
Reads that could not be classified at the phylum or genus levels were
omitted.

3.3. Taxonomc amalysis

3.3.1. Phylhmm level analysis
Metagenomic analysis of the sequencing data of archaeological tooth
samples showed that the most represented phyla with prevalence =1%

Bacteroidetes and Planctomycetes. These phyla were the most dominant
in bath the short and total DA fractions, and other phyla accounted for
«<2.3% of the sequencing reads. The most represented phyla in short
DNA fractions isolated from tooth samples were Proteobacteria (30.6%]),
Actinobacteria (28.74%) and Chordata (27_.83%), followed by less
abundant Firmicutes (5.56%), Chloroflexi (2.53%), Bacteroidetes
(1.67%), Planctomycetes (1.02%), Acidobacteria (0.31%), Cyanobac-
teria (0.19%) and Fusobacteria (0.19%) (Fig. 1A). Only slightly different
phyla patterns were observed for the total DNA samples isolated from
the same archaeological tooth samples: the most represented phyla were
Protecbacteria (35.1%) and Actinobacteria (38.87%), followed by Fir-
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Fig. 1. Phylum-level analysis ol 15th-17th century human archaeological tooth samples. A Stacked plots of taxonomic classification at the phylum level. The relative
abundances of the most abundant phyla are shown. B. Clustering dendrogram. The red color represents the total DNA samples, and the blue color represents the short
DMA fragment fractions. Samples with relatively similar phylum profiles were clustered eloser together. C. Comparison of the relative abundances of the phyla
berween short and loag DNA feactions. Asterisks denote significant diffesences (P < 0.05) between groups. D. Shannoa diversity analysis. P values are indicated. E.
Beta diverssity analysis. P values are indicated. E. Principal component analysis (PCA) plots of the shom and total DNA fractions. (For interpretation of the references
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73



Bacteroidetes (1.62%], Chioroflexi [1.4%), Aridobacteria (0.32%),
Cyanobacteria (0.27%) and Fusobacteria (0.18%) (Fig. 1A). The only
phylum that showed a statistically significant difference in terms of
mean relative abundance was Chordata (P < (L05); this phylum was
significantly more abundant in the short DNA fragment fractions of the
archaeological tooth samples than in the total DNA (Fiz. 1C).

The alpha diversity of the taxonomic composition at the phylum
level did not show a significant difference between short DNA fractions
and total DNA (P = 0.05; Fiz 1D). Additionally, ANOSIM did not show a
statistically significant difference (F = 0.05) in beta diversity between
these two sample groups (Fiz. 1E), and PCA grouped short and total DNA
fractions in two overlapping clusters (Fig. 1F).

332 Gemus level analysis

Next, taxonomic patterns of the paired short and total DNA fragment
fractions obtained from the archaeological tooth samples were
compared at the genus level. In total, 1727 OTUs were identified, and
197 OTUs were removed based on the low abundance filter. Among the
remaining 1367 OTUs, the most represented genera in both the short
and total DNA fragment fractions were Homo (31.78% and 10.43%,
respectively) and the scil bacteria Micromonospora (11.66% and
20.01%, respectively); these genera were followed by others, which
included mostly soil-related bacteria, with average abundance of <5%
each (Fig. 2A). However, great diversity between individual samples
was observed regarding the most abundant genera: the proportion of
reads belonging to the Homo genus in tooth samples ranged from 13.65
to 45.9% and from 0.68 to 20.9% for the short and total DNA fragments,

respectively. Similarly, the Micromonospora genus fraction represented
0.5-31.47% and 0.92-45.55% of the DNA reads in the short and total
DNA libraries, respectively (Fig. 2A). Among the ten most abundant
genera in short DNA fractions were Actinomyces (3.94%), Streptomyces
(3.07%), Mesorhizobium (1.96%), Oleenella (1.81%), Bradyrhizobium
(1.63%), Pseudomonas (1.31%), Streprococcus (1.12%), and Pseudo-
rhodoplanes (0.94%), while those among the total DNA samples were
Streptomyces (4.32%), Pseudorhodoplares (2.99%), Brevibacilius (2.13%),
Actinomyces (1.98%), Bradyrhizobinm (1.88%), Mesorhizobium (1.83%),
Psendomonas (1.58%), and Closiridiem (1.42%) (Fig. 2A).

Statistical significance was reached for only two genera: the genus
Homo was significantly more abundant in short DNA fragment fractions
than in total DNA (P < 0.05), while the genus Bacillus was sis;uiﬁ.canli!,r
more abundant in total DNA libraries (0L68% vs. 0.24%, P = 0.05)
(Fig. 2C). There was no statistically significant difference in alpha di-
versity between short and total DNA fragments (P = 0.05; Fig. 2D)
Similarly, ANOSIM results did not indicate significant differences in beta
diversity between the genus profiles detected within each group of
samples (P = LO5; Fiz. 2E). Similar results were obtained by PCA, which
grouped the samples into two overlapping clusters (Fig. 2FL

3.3.3. Taxonomical analysis of microbial profiles at the species level

In total, 4023 OTUs were identified; 763 OTUs were removed based
on the low abundance filter, and 3260 features remained after data
filtering within all 10 sequenced libraries. During the metagenomics
analysis of the sequencing data at the species level, no significant dif-
ferences in taxa richness or alpha (P = 0.05) or beta diversity indices (P

Total ONA library Shart DNA ligrary i
L.00 . Others 11A3:m|
Homo —— TEA4_shert
Micromanospara ! T2_shart
Streptomyces ' T5_iwtal
[ Actinoryces ) [ T3_seaal
ors [0 pseudorhodoplanes T4_shor
" B Mesorhizobium |_ T2_short
2 [ Bradyrhizohium B L
E [ Pseudomonas L I R R
Brevibacillus
E 0.50 Olzenella genus (p<0.05, Anava)
kS | Clastridium R
E Devosia E Bqs m total
Jiangella = &
Burkholderia 4
0.25 . Streptococcus 2 =
B I Rhizobium [}
--.l ! --.. [ Paenibacillus C 30 g
et —1 | - e Nitratireductor EE
- [r— s —— Anaurinibacillus
| | | | | | 1 | Bosea
A = o1 om oma e moT T TZA TEed L=
o |""--,_
genus P=0.3 E<1.3 (ANOVA] Anosim Bray-Curtis [R= -0.084, P= 0.696) Al

40 -

; .’ = — | z7| fer
10 = = | W ||, W
i
4.0 20 7 i - .1-‘ .-"
| ——— 10 | e e L L
T L] T

D E

total #hort

a A L 1 z
PO jsa%)
F

Fig. 2. Genus-level analysis of 15th-17th cenmury human archaeological tooth samples. A, Stacked plots of the taxonomic classification ar the genus level. The
relative abundances of the most abundant genera are shown. B. Clhistering dendrogram_ The red color represents the total DMNA samples, and the blue color represents
the short DMA fragment fractions. Samples with more similar genus profiles were clustered eloser together. C. Comparison of the relative abundances of the genera
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= 0.05) were found between the short and total DNA fractions (Fig. 3 B,
C). However, the results indicated a discordance between the microbial
patterns. Among the ten most abundant bacterial species in the total
DNA samples, all but two were soil-related: Pseudorhodoplanes sinus-
persici (5.89%), Micromonospora viridifaciens (5.61%), Micromonospora
narathiwarensis [(4.08%), Aneuwrinibacillus sp. XH2 (2.31%), Micro-
moospora inositola (2.00%), Micromonospora auratinigra (1.92%), Bre-
vibacillus sp. SCSIO 07484 (1.88%), and Jigngella sp. DSM 45060
{1.B4%); the two oral microbiome-related bacterial species were Amae-
rolineaceas bacterium oral taxon 439 {1.94%) and Acfinomyces sp. oral
taxon 414 (1.48%) (Fiz. 3A, Supplementary Table 1). In contrast, six of
the ten most abundant bacterial species within the short DNA fractions
belonged to the oral microbial community: Angerolineacese bacterium
oral taxon 439 (8.44%), Actinomyces sp. oral taxon 414 (8.04%), lse
nella sp. oral taxon 807 (4.84%), Psendopropionibacterium propionicim
(2.26%), Streptococcus samguinis (108%), and Desulfobulbus oralis
(0.78%); the four environment-related bacteria were Micromonospora
viridifaciens (1.47%), Betgproteobacterio bacterium GR16 43 (1.14%),
Micromonospora narathiwarensis (1.05%), and Psendorhiodoplanes sins-
persici (0.75%).

For the authentication of oral microbiome preservation in historic
tooth samples, the DNA damage patterns of two of the oral microor-
ganisms, (Nsenella sp. oral taxon 807 and Streprococcus sanguinis, were
evaluated. The analysis revealed signs of cytosine to thymine sub-
stitutions at the ends of DNA fragments characteristic of aDMNA, but only
for the short DNA fractions (Supplementary figure 2.

2.4, Human DNA analysis

Raw sequenced reads were mapped to the human reference genome
GRCh38 using BWA as implemented in the EAGER pipeline. For the
archaeological tooth samples, on average, 8.78% (3.6-15.6%) of the
short DNA reads aligned to the reference. MapDamage analysis of these
reads revealed distinctive cytosine-to-thymine damage patterns that are
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Fig. 3. Species-level taxonomic analysis of microbial profiles in 15th-17th
century human archaeological tooth samples. A, Stacked plots of the axoe-
nomic classification at the species level. The relative abundances of the most
abundant microbial species are shown. B. Shannon diversity analysis. P values
are indicated. C. Principal coordinates analysis (PCoA) derived from
Bray-Curtis distances among samples of the four groups (p < 0.001 by PER-
MANOVA)L For each axis, the percent of variation explained was reported in
square brackets,

characteristic of aDMA ([Table 2, Fig. 4). In comparison, 1.66%
(0.1-3.1%) of the total DNA library reads aligned to the reference and
DNA damage patterns were not observed (Table 2, Fig. 4).

Sex of the human remains was determined based on calculations
using the ratio of X chromosome to mean autosome coverage and Y
chromosome to mean autosome coverage; only sequencing data gener-
ated from the short DNA libraries were used (Table 2). The results for
samples T2, T3, TZAS and TZA4 matched the sex of the individuals,
which was determined based on morphological identification (the sex of
individual T9 was unknown).

4. Discussion

Historic genomes and metagenomes can provide valuable informa-
tion on past populations, including plants, animals and humans, as well
as ancient microbial communities. The success of these studies depends
on the preservation of aDMNA, as it is the most limiting factor in ancient
genomic research {Damgaard et al.. 2015). It is known that the vast
majority of human remains contain low percentages of endogenous
molecules, with most comprising only 1% of the library (Key et al.,
2017). However, endogenous human DNA content can vary significantly
based on taphonomic changes and source material (Dabney et al, 2003;
Hansen et al., 2017). Temperate and Arctic regions have yielded many
maore aDNA sequences than tropical regions, partly because conditions
are more favorable to the preservation of aDNA (Slatkin and Racimao,
20016). The average annual air temperature in Latvia, a country in the
Baltic region of Morthern Europe, is + 5.9 °C (Latvian Environment,
Geology and Meteorology Centre, hitps://www.meteo.lv/en/). Such
climate conditions with fairly severe winters, when the daytime tem-
peratures are usually below zero, could favor the preservation of DNA in
burial environments. Indeed, in our study, the average endogenous
content of human aDNA in tooth samples from archaeological human
remains dated 15th-17th century CE was 8.78%. These results exhibit
good agreement with those reported for tooth samples dated to the 18th
century from Denmark (ie., 2.00-159%; Damgaard et al, 2015) and
indicate good preservation of human aDNA in tooth samples of human
remains buried for approximately four to five centuries in the temperate
climate zone. The aDNA yield obtained in this study was sufficient to
perform molecular sex typing, and the genetic results confirmed
maorphological data in all cases. Such access to aDNA data and histotic
genomes will be highly important in future studies aimed at deciphering
histories of early modemn-age Latvians {16th-18th century) that are not
retrievable from contemporary individueals, and could explain the
contemporary genetic diversity in Latvia. For example, as recently
demaonstrated by a study of human mitochondrial DNA lineages in Iron-
Age Fennoscandia (COrversti et al., 2019), aDNA research provided in-
formation about the genetic shift from hunter-gatherers towards farmers
in Morth-East Europe.

The first systematic studies of aDMA properties back in 1989 revealed
that DNA extracted from 4- to 13,000-year-old dry remains of soft tissues
consists of 40-500-bp-long fragments (Pasbo. 1989). By studying
ancient bones of the extinet New Zealand moa, the average DNA half-life
was calculated to be 521 years for a 242 bp segment of mitochondrial
DNA (Allentoft et al., 2012). Usually, DNA fragmentation to <100 base
pairs is observed in ancient samples, and the short length of DNA mol-
ecules is widely used as a measure of authenticity of aDNA (Eev et al.,
2017). On the other hand, it is known that bacterial DNA degradation
follows different paths in comparison to host DNA (Key et al., 2017,
Schuenemann et al., 2013). Therefore, bacterial DNA, compared to the
host DNA strands, may appear to be longer and less damaged by hy-
drolytic DNA  deamination, thus resembling exogenous sample
contamination. In addition, higher rates of DNA damage were reported
in samples from warm, humid environments than in samples from
Europe (Adler et al., 2011). However, the results of a recent study have
shown that some well-preserved palecfeces from the southwestern U.S.
and Mexico contain longer (average mode length = 174 bp) aDNA
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fragments (Wibowo et al., 2021).

Within our study, the mean fragment length of the total DNA
extracted from human postmedieval archaeological tooth samples from
Latvia dated 15th-17th century CE was approximately 433 to 4449 bp,
indicating the presence of modern environmental contamination. Thus,
the taxonomic profiles of metagenomics data were analyzed for the
paired short DNA fractions (median length 122-157 bp), which were
supposed to contain aDMNA molecules, and total DNA zamples, which
were fragmented prior to the analysis to fit the sequencing technologies
used in our study. Based on the alpha and beta diversity analysis at the
phylum, genus and species levels, clear separation between short and
total DMA fragment fractions was not observed, and the majority of
microbial phyla/genera/species belonging to the typical soil microbiota
confirmed the contamination of archaeological samples by environ-
mental microorganisms. After inhumation, the human body, including
teeth, is inevitably exposed to the burial emvironment, which could
explain the high load and diversity of the typical soil microbiome
observed in archaeological samples. Additionally, in our study, the
presence of soil microbiota in short DNA fragment fractions indicates
that, along with endogenous human aDNA and ancient oral microbiota,
old contaminant molecules from the burial environment most likely
underwent degradation processes. Environmental DNA (eDMA) is often
fragmented to a size of <150 bp (Pedersen et al., 2015). As one example,
the study by Sampietro and colleagues showed that the damage profile
and rate of old contaminant sequences were similar to those of endog-
enpus DNA sequences (Sampietro et al., 2006). Likewise, eDMNA preser-
vation is highly dependent on the conditions of the environment. Under
favorable conditions of cold, dry permafrost, eDMA can survive for
hundreds of years (Willerslev et al., 2003), whereas in temperate water,
it degrades over a period of several weeks ([ejean et al., 2011; Thomsen
et al., 2012). Therefore, the DMA fragment size selection sirategy could
not easily eliminate the impact of the possible presence of eDNA in
ancient microbiome datasets.

Unsurprisingly, in this study, the proportions of both human DNA
and oral microbial DNA were significantly higher for the short length
DNA fragment fractions, suggesting severe degradation of the

endogenous aDMA, and the obtained DNA reads showed an excess of
cytosine to thymine misincorporations at the 5' ends, which is indicative
of authentic aDMA (Briggs et al., 2007, Brotherton et al., 2007, Key et al.,
2017). On the other hand, the proportion of the most abundant soil-
related bacterial species, such as Pseudorhodoplanes sinuspersici, Micro-
muonospora virdifaciens, and Micromonospora narathiwatensis, was much
larger in the total DMNA samples most likely representing modern envi-
ronmental contamination. This result indicates that sequencing of total
DNA samples izolated from archaeclogical remains along with short
aDNA fragments could help to determine the nature of exogenous
contamination from the burial environment. However, the abundances
of several other environmental bacterial species, including Bradyrhi-
zobium erythrophlel, Rhodopsendomonas palusiris, Sorangium cellulosiem
and Luteitalen pratensis, were similar for both DNA library types possibly
indicating the presence of historical eDNA fragments in the short DNA
fractions. Additional studies are required to decipher whether this result
suggests that the rate of degradation for different microorganisms can
vary, or instead indicates that humans of the early modern age had
increased contact with soil microorganisms during their lifetimes.
Additionally, the possibility exists that in some cases, eDNA might be
maore exposed to degradation factors than the DNA of bacteria trapped
inside an archaeological sample, and in this way may be protected from
robust environmental exposure.

In our study, DNA fragmentation was performed for the total DNA
sample aliquots prior o sequencing; this could explain the absence of
typical aDNA damage patterns for human and oral bacterial DNA reads
in total DNA libraries. The possibility of modem laboratory DNA
contamination in our study was ruled out by rigorous aDMNA handling
protocols indicating, along with lower yield, that these DNA reads more
likely represented short DNA fractions. However, we were not able to
prove the exact origins or to calculate the exact lengths of the historical
human and oral bacterial DMNA reads that were present in the total DNA
samples due to the limitations in sequencing technologies. Thus, for sex
determination purposes, only authenticated human aDNA reads from
the short DMNA Llibraries were used in this study. Similarly, more pro-
found analysis methods are needed to distinguish whether the longer
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bacterial DNA fragments in the total DNA libraries are modern strains
typical of the soil microbiota, or are historical strains which are well
preserved within the archaeological samples and /or have persisted, due
to their greater numbers. Nevertheless, as recently demonstrated by a
human paleofeces study (Wikowo et al., 2021), preservation of aDNA in
archaeological samples is relatively understudied, and more research is
needed.

5. Conclusions

Orverall, sufficient preservation of endogenous aDMNA was detected in
human archaeological tooth samples in Latvia dated 15th-17th century
CE, which enables future studies on early-modern human populations
and pre-industrial oral microbial communities. For ancient microbiome
studies, the use of DNA length for aDNA authentication is insufficient.
Concomitant analysis of historical and modern eDNA fragments may
provide additional important data on environmental microbial
contamination, which is important for deciphering the complete ancient
microbiome profiles and could provide insight into composition of his-
torical burial environments.
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4. Discussion

Recent advantages in sequencing technologies have provided us an opportunity to access our
ancestral microbial information. Ancient human-related microbial studies have gone a long way since
their dawn in 2008 and thanks to constant technological progress, there is still much more to go.
Taken together, these studies widen our notion about historic human lifestyle, health and diseases as

well as help us challenge the paradigm of modern public health.

Within this work, I have investigated ancient DNA (aDNA) from several archaeological human
remains material types: bones, dental calculus and teeth. All samples were collected from
postmedieval burial sites in Latvia. I have evaluated them in terms of historic biomolecule
preservation abilities and examined their limiting factors together with their possible contribution to
the realm of historic human microbiome studies. I’ve also attempted to characterize historic human
microbiome, based on the information obtained. Each material expressed its unique properties,

provided new insights and opened novel questions.

In the first study, several bone samples (vertebrae, rib and skull) were analysed for their
potential to serve as a secondary deposit material for historic microorganism DNA. Overall, their
microbiome data showed a close correlation with the typical composition of the soil microbiome.
However, some exceptions were observed. The most noticeable deviation between bone and soil
samples was witnessed in the proportion of the Firmicutes phylum, which was significantly more
abundant in bone samples than in the corresponding soil samples (P=0.0337). Although Firmicutes
phylum is common to soil microbiome, its abundance rarely exceeds 10% (Janssen, 2006). In our
study, mean relative abundances of Firmicutes phylum in soil vs bone samples ranged from 6.3% to
43.9% respectively. This fact is intriguing because Firmicutes phylum is known to be dominant in
human gut microbiome (Hollister et al., 2014). Also, it is noteworthy to mention that recently
Firmicutes were found to be most abundant microbial group in the palaeofeces of a pre-Columbian
mummy (Santiago-Rodriguez et al., 2015). Further, examining Firmicutes phylum to the genus level,
among typical soil Firmicutes genera we also found Sporanaerobacter genus, which was the most
abundant Firmicutes genus in bone samples. It also correlates to above mentioned Santiago-
Rodriguez study, which identified Sporanaerobacter in human gut microbiome of the pre-Columbian
mummy. Moreover, we know that members of the gastrointestinal bacterial community appear in
blood within 24 h post-mortem while being released into the abdominal cavity (Hyde et al., 2013;
Yang et al., 2012). Sporanaerobacter is also known to be constantly observed in later stages of tissue
decomposition under anaerobic conditions (Kim et al., 2017; Yang et al., 2012). All together, these

observations hint to the fact that members of authentic microbial communities of an organism may
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indeed be introduced to organism’s bones during post-mortem processes of soft tissue decomposition

and stay trapped inside, thus providing useful material for historic DNA research.

In the second study, microbial composition of dental calculus samples from archaeological
human teeth from Latvia was compared to microbial composition of modern Latvian dental plaque
and dental calculus samples. Firstly, the results of this study clearly indicated that despite some
environmental contamination, historic dental calculus samples provide a reliable snapshot of bacterial
oral communities from past individuals. Results also clearly showed that human oral microbiome
composition varies within different locations of oral cavity. Recent study by Irina Velsko et al.
investigated the question of dental plaque transformation into dental calculus, finding that bacterial
communities of the two formations carry significant differences (Velsko et al., 2019). Our study
demonstrated comparable results within historical and modern Latvian individuals, indicating that
biofilm type can have a greater impact on microbial communities than chronological origin of the
sample (historic vs. modern). This is an important note that should be taken into account whenever

one is willing to compare modern oral microbiome data to historical data.

Several commensal bacterial species of oral cavity were also detected within historic dental
calculus data. These included Streptococcus sanguinis, Streptococcus cristatus and Lautropia
mirabilis. While archaeological samples included in our study were without clear evidence of
periodontal disease, the periodontal pathobiont Desulfobulbus oralis was also present among 10 most
abundant bacterial species from postmedieval dental calculus samples. Nevertheless, given the
complex etiology of periodontal disease and the fact that studies of periodontitis in ancient
populations pose some technical challenges (Raitapuro-Murray et al., 2014), to fully study this
question a larger number of samples from both periodontal-positive and periodontal-negative
individuals are needed to determine the microbial association with the disease in postmedieval

Latvian individuals.

Strong presence of soil bacterial species was detected in ancient dental calculus specimens as
opposed to modern oral samples. This finding can be easily explained by the direct impact of the
burial environment. However, industrialization, urbanization, and modern food processing have
dramatically reduced human contact with soil microorganisms. There might be a chance that a
fraction of environmental bacteria within historic dental calculus samples represents traces of dirt that
may be incorporated into dental calculus over a lifetime of eating food that is not fully cleaned. Also,
a fraction of environmental bacteria found within samples, could potentially represent members of

historic human oral microbiome. To test this hypothesis more studies are needed.
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The third research included in my Thesis focuses on questions of aDNA preservation and
environmental contamination, comparing taxonomic composition of short DNA fragment fractions to
total DNA extracted from human postmedieval archaeological tooth samples from Latvia 15th—17th
century AD. Knowing that usual abundance of endogenous molecules within human remains is
generally very low, we can conclude that tooth samples showed relatively good average yield of
endogenous human aDNA — 8.78%. This could be explained with the fact that the average annual air
temperature in Latvia, a country in the Baltic region of Northern Europe, is +5.9°C (Latvian
Environment, Geology and Meteorology Centre, https://www.meteo.lv/en/). Such climate conditions
with fairly severe winters, when the daytime temperatures are usually below zero, could favour the

preservation of DNA in burial environments.

Within this study, the mean fragment length of the total DNA extracted from human
postmedieval archaeological tooth samples was approximately 433 to 4,449 bp, indicating the
presence of environmental contamination. Thus, the taxonomic profiles of metagenomics data were
analysed for the paired short DNA fractions (median length 122-157 bp), which were supposed to
contain aDNA molecules, and total DNA samples, which were fragmented prior to the analysis to fit
the sequencing technologies used in our study. Based on the alpha and beta diversity analysis at the
phylum, genus and species levels, clear separation between short and total DNA fragment fractions
was not observed and the majority of microbial phyla/genera/species belonging to the typical soil
microbiota confirmed the contamination of archaeological samples by environmental
microorganisms. Additionally, in our study, the presence of soil microbiota in short DNA fragment
fractions indicates that, along with endogenous human aDNA and ancient oral microbiota, old
contaminant molecules from the burial environment most likely underwent degradation processes.
Therefore, the DNA fragment size selection strategy could not easily eliminate the impact of the

possible presence of eDNA in ancient microbiome datasets.

The proportion of the most abundant soil-related bacterial species, such as Pseudorhodoplanes
sinuspersici, Micromonospora viridifaciens, and Micromonospora narathiwatensis, was much larger
in the total DNA samples, which was expected. However, the abundances of several other
environmental bacterial species, including Bradyrhizobium erythrophlei, Rhodopseudomonas
palustris, Sorangium cellulosum and Luteitalea pratensis, were similar for both DNA library types.
Additional studies are required to decipher whether this result suggests that the rate of degradation
for eDNA might differ from aDNA of historic specimen or instead indicates that humans of the early

modern age had increased contact with soil microorganisms during their lifetimes.
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Within every in this Thesis incorporated study a question arose weather environmental bacteria,
found within archaeological samples, represents environmental contamination of the specimen or is
it a trace of historic human microbiome which had a closer connection with environment. Indeed,
possibility exists that some microbiome elements that we assume to be environmental are in fact
members of historical human microbiome community. Why this might be so and what could it mean
for us? Soil is a completely different environment with different purposes and functions, comparing
with bacterial biotopes of human organism. A legitimate question comes to mind — why should we be
expecting to meet its members within human microbial communities? It appears, that answering this

question brings to the surface many important topics.

Soil is the richest natural microbial reservoir on Earth (Daniel, 2005; Naylor et al., n.d.). It is
estimated, that 1g of average agricultural soil contains around 5.95 x 10° bacterial cells (much of
which remains uncultured and unstudied), not to mention other highly important microbial
composition elements such as eukaryotic microbes (fungi, protists), archaea and viruses (Aoshima et
al., 2006; Gill et al., 2020). Environmental crisis nowadays expands from macro- to micro-levels,
influencing soil microbial biodiversity with many anthropogenic factors. Among those, an increasing
use of agrochemicals, low biodiversity of agricultural systems and rigorous soil maintenance practices
can be named (Dubey et al., 2019; Ng et al., 2021; Peltoniemi et al., 2021). However, list does not
end with that. As a result, we see a drop in the diversity of agricultural plant epithites and endophites
and an overall diversity drop within soil microbial communities (Chen et al., 2020; Jacoby et al.,
2017; Newman, 2019). Intriguingly, it correlates with the rise of lifestyle diseases in western societies

and developing countries (Haahtela et al., 2013).

On the other hand, due to current ecological situation, nowadays it might be difficult to find a
natural biotope that would be prospering in species diversity. Same relates to human gut microbiome
which is known to be undergoing dramatic diversity loss with the modern lifestyle. From hunter-
gatherers to modern society, much of human gut’s bacterial alpha diversity has been lost. Beta-
diversity, however, has increased which means that within one society humans now have more distant
microbial profiles (Conteville et al., 2019; Fragiadakis et al., 2019; Schnorr, 2015; Segata, 2015).
Analyzing evolutionary aspect of human microbiome, we also know that during the diversification
of African apes there are visible steady changes in microbiome composition. Human microbiomes,
however, diverged at an accelerated pace as a result of dramatic microbial diversity loss (Moeller et

al., 2014).

The highest bacterial and genetic function diversity that has ever been reported in humans was

discovered in 2015 in remote Amazonian jungle hunter-gatherer tribe from a Yanomami Amerindian
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village (Clemente et al., n.d.). Within the study, Jose C. Clemente et al. analyzed Amerindian gut,
skin and mouth microbiomes. Both skin and gut microbiomes expressed an unprecedented microbial
diversity. Interestingly, oral microbiome did not differ much from modern US human oral microbiome
in terms of alpha-diversity. Study authors explain this finding with the fact that among other possible
factors of influence, Amerindians have a strong tradition of cultivating tobacco and are used to its
consuming starting from an early age (Oyuela-Caycedo and Kawa, 2015). This resonates with our
findings from the second article included in the Thesis: analyzing historic dental calculus samples in
comparison to modern dental calculus specimens no significant alpha diversity was observed among
specimen groups. Keeping in mind the fact that postmedieval Latvia of 16™-17" centuries had already
been introduced to tobacco through European trading trails, tobacco usage might be one of the reasons
for a relatively low microbial diversity within historic dental calculus samples of postmedieval

Latvians.

Another interesting finding Clemente et al. mentions is the presence of environmental bacterial
taxa, such as Knoellia or Solibacteriaceae in the profiles of skin microbiota of Yanomami (Clemente
et al., n.d.). These taxa, previously reported as environmental, appeared to rightfully occupy their
niche within human skin microbiome, causing no harm and, most likely, providing some beneficial
functions for community and for the host (Groth et al., 2002; Ward et al., 2009). Similar observation
was made recently linking rise of colon cancer in western civilization to shortage of exposure to
nature (Bolourian and Mojtahedi, 2018). Streptomyces, predominantly soil bacterial genus, appear to
be healthy members of nonhumans, whose microbiomes might represent a snapshot of human
microbiomes in past hunter-gatherer and farming environments. It is suggested, that Streptomyces,
producing antiproliferatives/immunosuppressants, could protect our ancestors from inflammatory
bowel diseases and subsequently lower their susceptibility to colon cancer (Bolourian and Mojtahedi,

2018).

In 2019 Winfried Blum et al. proposed a novel environmental microbiome hypothesis, stressing
out a close linkage between soil microbiome and human intestinal microbiome (Blum et al., 2019).
The hypothesis discusses co-evolution of the two microbiomes as well as the impact they have on
one another. It would be fair to say, though, that the idea of soil-gut connection existed earlier and
there is a clast of studies, focusing on this topic. David and Charles F Sing in 2010 suggested that soil
exposure might provide important epigenetic signals, shaping our microbiome and our overall health
(Sing and Sing, 2010). One of co-evolution arguments is believed to be well-documented practice of
geophagy cultural tradition — soil dietary consumption, willful or accidental (Derbyshire, 2007; Johns
and Duquette, 1991). Hypothesis also have been tested on animal models, suggesting that the diversity

of gut microbiome increases being in contact with non-sterile soil, while contact with sterile soil
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leaves host microbiome unaffected (Blum et al., 2019). Another recent study, performed in 2019 by
Laura Grieneisen et al., explored gut microbiome of terrestrially living baboons. It was concluded
that soil might be the most influential factor on animal gut microbiome, affecting its formation 15

times more strongly than the genetics of the host (Grieneisen et al., 2019).

A growing evidence also suggests that traditional farming practices with exposure to diverse
healthy soils positively influences innate immune response and lowers the risk of developing allergies
and autoimmune diseases (Stein et al., 2016). This intersects with yet another hypothesis of
environment-human health correlation: Hygiene Hypothesis. First formulated in 2002, it suggested
that contact with unhygienic conditions early in life may further protect individual from allergies by
strengthening T helper 1 (TH1) cells (Yazdanbakhsh et al., 2002). Later, addition of microbiome
perspective once again stated the contact with diverse environmental microorganisms to be beneficial
to one’s internal microbiome diversity and thus provide another immune system adaptation lever
(Ege, 2017). Subsequently, it can be concluded that by contacting with microbe-rich environments
like soil we nurture our adaptation abilities through different mechanisms at the same time. We enrich
our microbiome, helping it regain healthy diversity and we introduce pathogens to our immune system
which can further contribute to immune tolerance by stimulating immunoregulatory pathways (Wall

etal., 2015).

Decades-long continuous loss of our ancestral microbial diversity together with important
microbiome members due to urbanization, hygiene and antibiotics nowadays intersects with global
pandemics control measures. Even more intensified hygiene, physical separation, travel barriers and
self-isolation are expected to have substantial long-term effect on human health, preventing microbial
diversity acquisition and accelerating diversity decline (Domingues et al., 2020; Finlay et al., 2021).
Taking into consideration microbiome’s influence on human health it is vital to track both how
microbiome influences one’s susceptibility to coronavirus and how pandemics preventive measures
might affect global health in the long-term. This information might prove to be useful in disease
prevention and treatment as well as dealing with long-term pandemics consequences (Finlay et al.,

2021).

Since the invention of penicillin in the beginning of 20" century germ theory reigned over
medicinal practices. One of the main paradigms of germ theory is treating the disease-causing agent
while not defining the host. The idea behind it is that if you can find the disease-causing element,
then you can decrypt what measures should be taken to eliminate it, this way curing the disease. The
theory works very well helping us fight against infectious agents, however the decline of infectious

diseases in 20™ century clearly matches the rise of noncommunicable chronic diseases (Egger, 2012).
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Modern realm of the rise of chronic diseases exposes the fact that the reigning medicinal paradigm
might have some aspects that are subject to improving. Chronic diseases cannot be characterized by
one shared etymology. It seems like to tackle this puzzle we need a paradigm shift, that would allow
us to look at the problem from a different angle. In the context of chronic diseases and our
continuously emerging notion about microbiome, this paradigm shift might redefine how we see
human health: from disease as an invader to health as a process. To successfully implement this
paradigm shift we might have to take few steps back and rethink our relationship with nature — it
appears that our mind evolves faster than our body, which is still following some hunter-gatherer
scripts, created many centuries ago. Within these scripts lies a holistic view of a human being — human
body’s systems are not discrete entities but one connected superorganism. It is much like one complex
ecological system — if you disrupt one part of the system, soon every other part is affected. The idea
of wholeness expands even further, beyond one individual human being, merging us with
environment we live in: as we see, we share same problems. For example, as discussed above, human
intestines share functional similarities with soil rhizosphere and microbiomes of both biotopes appear

to have a functional linkage as well (Ramakrishnan et al., 2021).

Nonetheless, future studies and novel approaches are needed to test these ideas. Human
microbiome is one of the most dynamic biomolecular research topics with wide areas for potential
investigation and relevance in preventive medicine. Despite various methodological challenges,
archaeological human remains specimens provide us the opportunity to access snapshots of ancestral

microbial profiles and study microbial-host coevolution.
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5. Conclusions

Human archaeological bone samples can serve as a secondary deposit material for human
microbiome remains, trapping human microbial agents during the process of soft tissue

decomposition and successfully storing them for centuries.

Archaeological dental calculus provides a reliable snapshot of historical human oral

microbiome.

Bacterial species diversity of postmedieval Latvian dental calculus microbiome does not have

a statistically reliant difference from modern Latvian dental calculus microbiome.

Oral biofilm type can have a greater impact on microbial communities than chronological

origin of the sample.

Human dental calculus can store the remains of historic pathogenic bacteria.

Human teeth samples provide a relatively good average yield of endogenous human aDNA.

DNA fragment size selection strategy could not easily eliminate the impact of the possible

presence of eDNA in ancient microbiome datasets.
Soil microbiome represents a challenging factor in ancient human microbiome research as no

existing methodological technique is capable of distinguishing authentic human microbial

remains from ancient environmental microbial remains.
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6. Thesis

Archaeological human remains material captures and stores human related microbial DNA.

Historic dental calculus microbiome from postmedieval Latvian population is similar to

modern Latvian dental calculus microbiome in terms of both alpha and beta diversity.

A fraction of environmental bacteria found within all sample groups could potentially

represent members of historic human microbiome.

87



7. Publications

Kazarina, A., Gerhards, G., Petersone-Gordina, E., Kimsis, J., Pole, 1., Zole, E., Leonova, V.,
Ranka, R., 2019. Analysis of the bacterial communities in ancient human bones and burial
soil samples: Tracing the impact of environmental bacteria. Journal of Archaeological Science
109, 104989. https://doi.org/10.1016/j.jas.2019.104989

. Kazarina, A., Petersone-Gordina, E., Kimsis, J., Kuzmicka, J., Zayakin, P., GriSkjans, Z.,

Gerhards, G., Ranka, R., 2021. The Postmedieval Latvian Oral Microbiome in the Context of
Modern Dental Calculus and Modern Dental Plaque Microbial Profiles. Genes 12, 309.
https://doi.org/10.3390/genes12020309

Kazarina, A., Kimsis, J., Petersone-Gordina, E., Zayakin, P., Poksane, A., Gerhards, G.,
Ranka, R., 2021. Exploring DNA preservation and taxonomic diversity in postmedieval
human tooth samples in Latvia. Journal of Archaeological Science: Reports 40, 103213.
https://doi.org/10.1016/j.jasrep.2021.103213

Related publications:

. Pétersone-Gordina, E., Gerhards, G., Roberts, C., Jakob, T., Ranka, R., Kimsis, J., Zole, E.,

Kazarina, A., 2021. Differential diagnosis of abnormal enlargement and bending deformities
in the skeleton of a medieval child from St Peter’s Church cemetery, Riga, Latvia.
Anthropologie. https://doi.org/10.26720/anthro.21.03.30.1

88


https://doi.org/10.1016/j.jas.2019.104989
https://doi.org/10.3390/genes12020309
https://doi.org/10.1016/j.jasrep.2021.103213

8. Approbation of research

Kazarina A, Gerhards G, Petersone-Gordina E, Kimsis J, Zole E, Leonova V, Zajakins P,
Ranka R. “Ancient human oral microbiome data mining by using dental calculus of post-
medieval archaeological remains from Latvia” 2019 The 10™ International Conference of
Prof. Jonas Puzinas. Investigating bones: diet, health, environment in the Baltic region.
Vilnius, Lithuania, 2019

Kazarina A “Archaeological dental calculus as a record of ancient human pathogens” 2018
Latvian Biochemical society conference, Riga, Latvia, 2018

Kazarina A, Gerhards G, Petersone-Gordina E, Pole I, Leonova V, Igumnova V, Kimsis J,
Capligina V, Ranka R. “Insights into archaeological human sample microbiome using 16S

rRNA gene sequencing” 2017 IEEE International Conference on Bioinformatics and
Biomedicine (BIBM), Kansas City, Missoury, USA, 2017

Kazarina A, Gerhards G, Petersone-Gordina E, Leonova V, Pole I, Capligina V, Jansone I,
Ranka R, “Metagenomics analysis of archaeological human remains samples from Medieval
Latvia as a primary screening tool for the identification of pathogen genomes”, 2nd
Conferene “Rapid Microbial NGS and Bioinformatics: Translation Into Practice”, Hamburg,
Germany, June 9-11, 2016

Kazarina A, Gerhards G, Petersone-Gordina E, Pole I, Zole E, Vilks K, Capligina V,
Jansone I, Ranka R, “Next Generation Sequencing of Ancient DNA for the identification of
the Mycobacterium tuberculosis genome in human remains”, 40th FEBS Congress, July 4 —
9 2015, Berlin, Germany. Thesis published in The FEBS Journal 282 (suppl. 1) (2015) p
362.

Kazarina A, Japina K, Keiss O, Salmane I, Bandere D, Capligina V, Ranka R, “Tick-borne
encephalitis virus prevalence thru L. ricinus ticks in birds in Latvia during autumn migration”
Riga Stradins University (RSU) Scientific Conference, Riga, Latvia, 2014, Poster. Thesis
published in RSU Scientific Conference Book of Abstracts, 2014, p182.

89



9. Acknowledgements

I would like to thank all my co-authors and colleges — the team of Molecular Biology laboratory
— for synergy and creative collaboration. Special thanks to Janis Kimsis and Pavels Zajakins for help
with bioinformatical data analysis. Special thanks to Viktorija Igumnova for many years of positive
vibes.

I am grateful for the opportunity to carry out my work in the Latvian Biomedical Research and
Study Centre.

I want to thank my parents, friends and my better half for support, encouragement and patience
during my work.

I want to express my special and sincere gratitude to Assoc. prof., Dr. biol. Renate Ranka for
all the help, encouragement, inspiration, support and for helping acquire financial possibilities that
made my work possible.

Big Thank You also goes to Guntis Gerhards and Elina P&tersone-Gordina for fuelling my

passion to archaeology and guiding me through the path of ancient research.

90



References

Aas, J.A., Paster, B.J., Stokes, L.N., Olsen, 1., Dewhirst, F.E., 2005. Defining the Normal Bacterial
Flora of the Oral Cavityy J. Clin. Microbiol. 43, 5721-5732.
https://doi.org/10.1128/JCM.43.11.5721-5732.2005

Abusleme, L., Moutsopoulos, N., 2017. IL-17: overview and role in oral immunity and microbiome.
Oral Dis. 23, 854-865. https://doi.org/10.1111/0di.12598

Achtman, M., Zhou, Z., 2020. Metagenomics of the modern and historical human oral microbiome
with phylogenetic studies on Streptococcus mutans and Streptococcus sobrinus. Philos. Trans.
R. Soc. B Biol. Sci. 375, 20190573. https://doi.org/10.1098/rstb.2019.0573

Adams, M., Mitchell, R., 2002. Fermentation and pathogen control: a risk assessment approach. Int.
J. Food Microbiol., Notermans Special Issue 79, 75-83. https://doi.org/10.1016/S0168-
1605(02)00181-2

Adams, M.R., Nicolaides, L., 1997. Review of the sensitivity of different foodborne pathogens to
fermentation. Food Control, Fermented Food Safety 8, 227-2309.
https://doi.org/10.1016/S0956-7135(97)00016-9

Adler, C.J., Dobney, K., Weyrich, L.S., Kaidonis, J., Walker, A.W., Haak, W., Bradshaw, C.J.A.,
Townsend, G., Sottysiak, A., Alt, K.W., Parkhill, J., Cooper, A., 2013. Sequencing ancient
calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic
and Industrial revolutions. Nat. Genet. 45, 450-455. https://doi.org/10.1038/ng.2536

Adler, C.J., Haak, W., Donlon, D., Cooper, A., 2011. Survival and recovery of DNA from ancient
teeth and bones. J. Archaeol. Sci. 38, 956-964. https://doi.org/10.1016/j.jas.2010.11.010

Alavi, S., Rafieyan, S., Yavari-Bafghi, M., Amoozegar, M.A., 2020. Extremophiles: A Powerful
Choice for Bioremediation of Toxic Oxyanions, in: Shah, M.P. (Ed.), Microbial
Bioremediation & Biodegradation. Springer, Singapore, pp. 203-249.
https://doi.org/10.1007/978-981-15-1812-6_9

Allentoft, M.E., Collins, M., Harker, D., Haile, J., Oskam, C.L., Hale, M.L., Campos, P.F,,
Samaniego, J.A., Gilbert, M.T.P., Willerslev, E., Zhang, G., Scofield, R.P., Holdaway, R.N.,
Bunce, M., 2012. The half-life of DNA in bone: measuring decay kinetics in 158 dated fossils.
Proc. R. Soc. B Biol. Sci. 279, 4724-4733. https://doi.org/10.1098/rspb.2012.1745

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of variance: NON-
PARAMETRIC MANOVA FOR ECOLOGY. Austral Ecol. 26, 32-46.
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

Andronowski, J.M., Mundorff, A.Z., Pratt, 1.V., Davoren, J.M., Cooper, D.M.L., 2017. Evaluating
differential nuclear DNA yield rates and osteocyte numbers among human bone tissue types:
A synchrotron radiation micro-CT approach. Forensic Sci. Int. Genet. 28, 211-218.
https://doi.org/10.1016/j.fsigen.2017.03.002

Aoshima, H., Kimura, A., Shibutani, A., Okada, C., Matsumiya, Y., Kubo, M., 2006. Evaluation of
soil bacterial biomass using environmental DNA extracted by slow-stirring method. Appl.
Microbiol. Biotechnol. 71, 875-880. https://doi.org/10.1007/s00253-005-0245-x

Arning, N., Wilson, D.J., 2020. The past, present and future of ancient bacterial DNA. Microb.
Genomics 6, e000384. https://doi.org/10.1099/mgen.0.000384

Ashelford, K.E., Chuzhanova, N.A., Fry, J.C., Jones, A.J., Weightman, A.J., 2005. At Least 1 in 20
16S rRNA Sequence Records Currently Held in Public Repositories Is Estimated To Contain
Substantial Anomalies. Appl. Environ. Microbiol. 71, 7724-7736.
https://doi.org/10.1128/AEM.71.12.7724-7736.2005

Babalola, 0.0., 2010. Beneficial bacteria of agricultural importance. Biotechnol. Lett. 32, 1559—
1570. https://doi.org/10.1007/s10529-010-0347-0

Beighton, D., Smith, K., Hayday, H., 1986. The growth of bacteria and the production of
exoglycosidic enzymes in the dental plaque of macaque monkeys. Arch. Oral Biol. 31, 829—
835. https://doi.org/10.1016/0003-9969(86)90137-8

91



Bell, L.S., Skinner, M.F., Jones, S.J., 1996. The speed of post mortem change to the human skeleton
and its taphonomic significance. Forensic Sci. Int. 82, 129-140. https://doi.org/10.1016/0379-
0738(96)01984-6

Blum, W.E.H., Zechmeister-Boltenstern, S., Keiblinger, K.M., 2019. Does Soil Contribute to the
Human Gut Microbiome? Microorganisms 7, 287.
https://doi.org/10.3390/microorganisms7090287

Boekel, M. van, Fogliano, V., Pellegrini, N., Stanton, C., Scholz, G., Lalljie, S., Somoza, V., Knorr,
D., Jasti, P.R., Eisenbrand, G., 2010. A review on the beneficial aspects of food processing.
Mol. Nutr. Food Res. 54, 1215-1247. https://doi.org/10.1002/mnfr.200900608

Boessenkool, S., Hanghgj, K., Nistelberger, H.M., Der Sarkissian, C., Gondek, A.T., Orlando, L.,
Barrett, J.H., Star, B., 2017. Combining bleach and mild predigestion improves ancient DNA
recovery from bones. Mol. Ecol. Resour. 17, 742—751. https://doi.org/10.1111/1755-

0998.12623
Bolourian, A., Mojtahedi, Z., 2018. Streptomyces, shared microbiome member of soil and gut, as ‘old
friends’ against colon cancer. FEMS Microbiol. Ecol. 94,

https://doi.org/10.1093/femsec/fiy120

Bos, K.I., Harkins, K.M., Herbig, A., Coscolla, M., Weber, N., Comas, |., Forrest, S.A., Bryant, J.M.,
Harris, S.R., Schuenemann, V.J., Campbell, T.J., Majander, K., Wilbur, A.K., Guichon, R.A.,
Wolfe Steadman, D.L., Cook, D.C., Niemann, S., Behr, M.A., Zumarraga, M., Bastida, R.,
Huson, D., Nieselt, K., Young, D., Parkhill, J., Buikstra, J.E., Gagneux, S., Stone, A.C.,
Krause, J., 2014. Pre-Columbian mycobacterial genomes reveal seals as a source of New
World human tuberculosis. Nature 514, 494-497. https://doi.org/10.1038/nature13591

Bos, K.I., Schuenemann, V.J., Golding, G.B., Burbano, H.A., Waglechner, N., Coombes, B.K.,
McPhee, J.B., DeWitte, S.N., Meyer, M., Schmedes, S., Wood, J., Earn, D.J.D., Herring, D.A.,
Bauer, P., Poinar, H.N., Krause, J., 2011. A draft genome of Yersinia pestis from victims of
the Black Death. Nature 478, 506-510. https://doi.org/10.1038/nature10549

Bourdichon, F., Casaregola, S., Farrokh, C., Frisvad, J.C., Gerds, M.L., Hammes, W.P., Harnett, J.,
Huys, G., Laulund, S., Ouwehand, A., Powell, I.B., Prajapati, J.B., Seto, Y., Ter Schure, E.,
Van Boven, A., Vankerckhoven, V., Zgoda, A., Tuijtelaars, S., Hansen, E.B., 2012. Food
fermentations: Microorganisms with technological beneficial use. Int. J. Food Microbiol. 154,
87-97. https://doi.org/10.1016/j.ijfoodmicro.2011.12.030

Braidwood, R.J., Howe, B., Reed, C.A., 1961. The Iranian Prehistoric Project: New problems arise
as more is learned of the first attempts at food production and settled village life. Science 133,
2008-2010. https://doi.org/10.1126/science.133.3469.2008

Breitwieser, F.P., Salzberg, S.L., 2020. Pavian: interactive analysis of metagenomics data for
microbiome studies and pathogen identification. Bioinforma. Oxf. Engl. 36, 1303-1304.
https://doi.org/10.1093/bioinformatics/btz715

Bresalier, R.S., Chapkin, R.S., 2020. Human Microbiome in Health and Disease: The Good, the Bad,
and the Bugly. Dig. Dis. Sci. 65, 671-673. https://doi.org/10.1007/s10620-020-06059-y

Briggs, A.W., Stenzel, U., Johnson, P.L.F., Green, R.E., Kelso, J., Priifer, K., Meyer, M., Krause, J.,
Ronan, M.T., Lachmann, M., P&ébo, S., 2007. Patterns of damage in genomic DNA sequences
from a Neandertal. Proc. Natl. Acad. Sci. 104, 14616-14621.
https://doi.org/10.1073/pnas.0704665104

Brites, D., Gagneux, S., 2015. Co-evolution of M ycobacterium tuberculosis and H omo sapiens .
Immunol. Rev. 264, 6-24. https://doi.org/10.1111/imr.12264

Brooks, S., Suchey, J.M., 1990. Skeletal age determination based on the os pubis: A comparison of
the Acsadi-Nemeskéri and Suchey-Brooks methods. Hum. Evol. 5, 227-238.
https://doi.org/10.1007/BF02437238

Brotherton, P., Endicott, P., Sanchez, J.J., Beaumont, M., Barnett, R., Austin, J., Cooper, A., 2007.
Novel high-resolution characterization of ancient DNA reveals C > U-type base modification
events as the sole cause of post mortem miscoding lesions. Nucleic Acids Res. 35, 5717—
5728. https://doi.org/10.1093/nar/gkm588

92



Brotman, R.M., 2011. Vaginal microbiome and sexually transmitted infections: An epidemiologic
perspective. J. Clin. Invest. 121, 4610-4617. https://doi.org/10.1172/JCI57172

Buckberry, J.L., Chamberlain, A.T., 2002. Age estimation from the auricular surface of the ilium: A
revised method. Am. J. Phys. Anthropol. 119, 231-239. https://doi.org/10.1002/ajpa.10130

Burger, J., Hummel, S., Herrmann, B., Henke, W., 1999. DNA preservation: A microsatellite-DNA
study on ancient skeletal remains. ELECTROPHORESIS 20, 1722-1728.
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8<1722::AID-ELPS1722>3.0.CO;2-
4

Cadotte, M.W.,, Dinnage, R., Tilman, D., 2012. Phylogenetic diversity promotes ecosystem stability.
Ecology 93, S223-S233. https://doi.org/10.1890/11-0426.1

Cano, R.J., Poinar, H.N., Pieniazek, N.J., Acra, A., Poinar, G.O., 1993. Amplification and sequencing
of DNA from a 120-135-million-year-old weevil. Nature 363, 536-538.
https://doi.org/10.1038/363536a0

Cano, R.J., Tiefenbrunner, F., Ubaldi, M., Cueto, C.D., Luciani, S., Cox, T., Orkand, P., Kunzel, K.H.,
Rollo, F., n.d. Sequence Analysis of Bacterial DNA in the Colon and Stomach of the Tyrolean
Iceman 28.

Cappellini, E., Prohaska, A., Racimo, F., Welker, F., Pedersen, M.W., Allentoft, M.E., de Barros
Damgaard, P., Gutenbrunner, P., Dunne, J., Hammann, S., Roffet-Salque, M., llardo, M.,
Moreno-Mayar, J.V., Wang, Y., Sikora, M., Vinner, L., Cox, J., Evershed, R.P., Willerslev, E.,
2018. Ancient Biomolecules and Evolutionary Inference. Annu. Rev. Biochem. 87, 1029-
1060. https://doi.org/10.1146/annurev-biochem-062917-012002

Cartwright, H. (Ed.), 2021. Artificial Neural Networks, Methods in Molecular Biology. Springer US,
New York, NY. https://doi.org/10.1007/978-1-0716-0826-5

Chaillan, F., Le Fléche, A., Bury, E., Phantavong, Y., Grimont, P., Saliot, A., Oudot, J., 2004.
Identification and biodegradation potential of tropical aerobic hydrocarbon-degrading
microorganisms. Res. Microbiol. 155, 587-595. https://doi.org/10.1016/j.resmic.2004.04.006

Chakravorty, S., Helb, D., Burday, M., Connell, N., Alland, D., 2007. A detailed analysis of 16S
ribosomal RNA gene segments for the diagnosis of pathogenic bacteria. J. Microbiol. Methods
69, 330-339. https://doi.org/10.1016/j.mimet.2007.02.005

Chen, Q.-L., Ding, J., Zhu, Y.-G., He, J.-Z., Hu, H.-W., 2020. Soil bacterial taxonomic diversity is
critical to maintaining the plant productivity. Environ. Int. 140, 105766.
https://doi.org/10.1016/j.envint.2020.105766

Chen, W., Zhang, C.K., Cheng, Y., Zhang, S., Zhao, H., 2013. A Comparison of Methods for
Clustering 16S rRNA Sequences into OTUs. PLo0S ONE 8.
https://doi.org/10.1371/journal.pone.0070837

Chong, J., Liu, P., Zhou, G., Xia, J., 2020. Using MicrobiomeAnalyst for comprehensive statistical,
functional, and meta-analysis of microbiome data. Nat. Protoc. 15, 799-821.
https://doi.org/10.1038/s41596-019-0264-1

Chu, D.M., Seferovic, M., Pace, R.M., Aagaard, K.M., 2018. The microbiome in preterm birth. Best
Pract. Res. Clin. Obstet. Gynaecol. 52, 103-113.
https://doi.org/10.1016/j.bpobgyn.2018.03.006

Clemente, J.C., Pehrsson, E.C., Blaser, M.J., Sandhu, K., Gao, Z., Wang, B., Magris, M., Hidalgo,
G., Contreras, M., Noya-Alarcon, O., Lander, O., McDonald, J., Cox, M., Walter, J., Oh, P.L.,
Ruiz, J.F., Rodriguez, S., Shen, N., Song, S.J., Metcalf, J., Knight, R., Dantas, G., Dominguez-
Bello, M.G., n.d. The microbiome of uncontacted Amerindians. Sci. Adv. 1, e1500183.
https://doi.org/10.1126/sciadv.1500183

Cole, J.R., Wang, Q., Fish, J.A., Chai, B., McGarrell, D.M., Sun, Y., Brown, C.T., Porras-Alfaro, A.,
Kuske, C.R., Tiedje, J.M., 2014. Ribosomal Database Project: data and tools for high
throughput rRNA analysis. Nucleic Acids Res. 42, D633-642.
https://doi.org/10.1093/nar/gkt1244

93



Conteville, L.C., Oliveira-Ferreira, J., Vicente, A.C.P., 2019. Gut Microbiome Biomarkers and
Functional Diversity Within an Amazonian Semi-Nomadic Hunter—Gatherer Group. Front.
Microbiol. 10, 1743. https://doi.org/10.3389/fmicbh.2019.01743

Cooper, A., Mourer-Chauviré, C., Chambers, G.K., von Haeseler, A., Wilson, A.C., P&abo, S., 1992.
Independent origins of New Zealand moas and kiwis. Proc. Natl. Acad. Sci. U. S. A. 89, 8741
8744. https://doi.org/10.1073/pnas.89.18.8741

Cooper, A., Poinar, H.N., 2000. Ancient DNA: do it right or not at all. Science 289, 1139.
https://doi.org/10.1126/science.289.5482.1139b

Cordain, L., Eaton, S.B., Sebastian, A., Mann, N., Lindeberg, S., Watkins, B.A., O’Keefe, J.H.,
Brand-Miller, J., 2005. Origins and evolution of the Western diet: health implications for the
21st century. Am. J. Clin. Nutr. 81, 341-354. https://doi.org/10.1093/ajcn.81.2.341

Dabke, K., Hendrick, G., Devkota, S., 2019. The gut microbiome and metabolic syndrome. J. Clin.
Invest. 129, 4050-4057. https://doi.org/10.1172/JC1129194

Dabney, J., Meyer, M., 2019. Extraction of Highly Degraded DNA from Ancient Bones and Teeth,
in: Shapiro, B., Barlow, A., Heintzman, P.D., Hofreiter, M., Paijmans, J.L.A., Soares, A.E.R.
(Eds.), Ancient DNA, Methods in Molecular Biology. Springer New York, New York, NY,
pp. 25-29. https://doi.org/10.1007/978-1-4939-9176-1_4

Dabney, J., Meyer, M., Paabo, S., 2013. Ancient DNA Damage. Cold Spring Harb. Perspect. Biol. 5,
a012567. https://doi.org/10.1101/cshperspect.a012567

Daffé, M., Draper, P., 1997. The Envelope Layers of Mycobacteria with Reference to their
Pathogenicity, in: Advances in Microbial Physiology. Elsevier, pp. 131-203.
https://doi.org/10.1016/S0065-2911(08)60016-8

Damgaard, P.B., Margaryan, A., Schroeder, H., Orlando, L., Willerslev, E., Allentoft, M.E., 2015.
Improving access to endogenous DNA in ancient bones and teeth. Sci. Rep. 5, 1-12.
https://doi.org/10.1038/srep11184

Daniel, R., 2005. The metagenomics of soil. Nat. Rev. Microbiol. 3, 470-478.
https://doi.org/10.1038/nrmicro1160

Davis, N.M., Proctor, D.M., Holmes, S.P., Relman, D.A., Callahan, B.J., 2018. Simple statistical
identification and removal of contaminant sequences in marker-gene and metagenomics data.
Microbiome 6, 226. https://doi.org/10.1186/s40168-018-0605-2

De La Fuente, C., Flores, S., Moraga, M., 2013. DNA FROM HUMAN ANCIENT BACTERIA: A
NOVEL SOURCE OF GENETIC EVIDENCE FROM ARCHAEOLOGICAL DENTAL
CALCULUS: A novel source of genetic evidence from archaeological dental calculus.
Archaeometry 55, 767—778. https://doi.org/10.1111/j.1475-4754.2012.00707 .x

Dejean, T., Valentini, A., Duparc, A., Pellier-Cuit, S., Pompanon, F., Taberlet, P., Miaud, C., 2011.
Persistence of Environmental DNA in Freshwater Ecosystems. PloS One.
https://doi.org/10.1371/journal.pone.0023398

Dentzien-Dias, P.C., Jr, G.P., Figueiredo, A.E.Q. de, Pacheco, A.C.L., Horn, B.L.D., Schultz, C.L.,
2013. Tapeworm Eggs in a 270 Million-Year-Old Shark Coprolite. PLOS ONE 8, €55007.
https://doi.org/10.1371/journal.pone.0055007

Derbyshire, E., 2007. Natural minerogenic dust and human health. Ambio 36, 73-77.
https://doi.org/10.1579/0044-7447(2007)36[73:nmdahh]2.0.co;2

DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber, T., Dalevi, D.,
Hu, P., Andersen, G.L., 2006. Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069-5072.
https://doi.org/10.1128/ AEM.03006-05

Devault, A., Golding, G., Waglechner, N., Enk, J., Kuch, M., Tien, J., Shi, M., Fisman, D., Dhody,
A., Forrest, S., Bos, K., Earn, D., Holmes, E., Poinar, H., 2014. Second-Pandemic Strain of
Vibrio cholerae from the Philadelphia Cholera Outbreak of 1849. N. Engl. J. Med. 370, 334-
340. https://doi.org/10.1056/NEJM0a1308663

94



Dhariwal, A., Chong, J., Habib, S., King, I.L., Agellon, L.B., Xia, J., 2017. MicrobiomeAnalyst: a
web-based tool for comprehensive statistical, visual and meta-analysis of microbiome data.
Nucleic Acids Res. 45, W180-W188. https://doi.org/10.1093/nar/gkx295

Domingues, C.P.F., Rebelo, J.S., Dionisio, F., Botelho, A., Nogueira, T., 2020. The Social Distancing
Imposed To Contain COVID-19 Can Affect Our Microbiome: a Double-Edged Sword in
Human Health. mSphere 5. https://doi.org/10.1128/mSphere.00716-20

Donoghue, H.D., 2007. Molecular Palaeopathology of Human Infectious Disease, in: Advances in
Human  Palaeopathology. John  Wiley &  Sons, Ltd, pp. 147-176.
https://doi.org/10.1002/9780470724187.ch8

Donoghue, H.D., Spigelman, M., Greenblatt, C.L., Lev-Maor, G., Kahila Bar-Gal, G., Matheson, C.,
Vernon, K., G Nerlich, A., R Zink, A., 2004. Tuberculosis: from prehistory to Robert Koch,
as revealed by ancient DNA. Lancet Infect. Dis. 4, 584-592. https://doi.org/10.1016/S1473-
3099(04)01133-8

Drancourt, M., Aboudharam, G., Signoli, M., Dutour, O., Raoult, D., 1998. Detection of 400-year-
old Yersinia pestis DNA in human dental pulp: An approach to the diagnosis of ancient
septicemia. Proc. Natl. Acad. Sci. 95, 12637-12640.
https://doi.org/10.1073/pnas.95.21.12637

Drancourt, M., Raoult, D., 2005. Palaeomicrobiology: current issues and perspectives. Nat. Rev.
Microbiol. 3, 23-35. https://doi.org/10.1038/nrmicro1063

Drancourt, M., Tran-Hung, L., Courtin, J., Lumley, H. de, Raoult, D., 2005. Bartonella quintana in a
4000-Year-Old Human Tooth. J. Infect. Dis. 191, 607-611. https://doi.org/10.1086/427041

Dubey, A., Malla, M.A., Khan, F., Chowdhary, K., Yadav, S., Kumar, A., Sharma, S., Khare, P.K.,
Khan, M.L., 2019. Soil microbiome: a key player for conservation of soil health under
changing climate. Biodivers. Conserv. 28, 2405-2429. https://doi.org/10.1007/s10531-019-
01760-5

Ege, M.J., 2017. The Hygiene Hypothesis in the Age of the Microbiome. Ann. Am. Thorac. Soc. 14,
S348-S353. https://doi.org/10.1513/AnnalsATS.201702-139AW

Egger, G., 2012. In Search of a Germ Theory Equivalent for Chronic Disease. Prev. Chronic. Dis. 9,
E95. https://doi.org/10.5888/pcd9.110301

Eisenhofer, R., Minich, J.J., Marotz, C., Cooper, A., Knight, R., Weyrich, L.S., 2019. Contamination
in Low Microbial Biomass Microbiome Studies: Issues and Recommendations. Trends
Microbiol. 27, 105-117. https://doi.org/10.1016/j.tim.2018.11.003

Eisenhofer, R., Weyrich, L.S., 2018. Proper Authentication of Ancient DNA Is Still Essential. Genes
9, 122. https://doi.org/10.3390/genes9030122

Elsner, J., Schibler, J., Hofreiter, M., Schlumbaum, A., 2015. Burial condition is the most important
factor for mtDNA PCR amplification success in Palaeolithic equid remains from the Alpine
foreland. Archaeol. Anthropol. Sci. 7, 505-515. https://doi.org/10.1007/s12520-014-0213-4

Emmons, A.L., Mundorff, A.Z., Keenan, S.W., Davoren, J., Andronowski, J., Carter, D.O., DeBruyn,
J.M., 2020. Characterizing the postmortem human bone microbiome from surface-
decomposed remains. PLOS ONE 15, e0218636.
https://doi.org/10.1371/journal.pone.0218636

Erdogan, E.E., Sahin, F., Karaca, A., 2012. Determination of petroleum-degrading bacteria isolated
from crude oil-contaminated soil in Turkey. Afr. J. Biotechnol. 11, 4853-4859.
https://doi.org/10.4314/ajb.v11i21.

Fang, C., Wu, L., Zhu, C., Xie, W.-Z., Hu, H., Zeng, X.-T., 2021. A potential therapeutic strategy for
prostatic disease by targeting the oral microbiome. Med. Res. Rev. 41, 1812-1834.
https://doi.org/10.1002/med.21778

Finlay, B.B., Amato, K.R., Azad, M., Blaser, M.J., Bosch, T.C.G., Chu, H., Dominguez-Bello, M.G.,
Ehrlich, S.D., Elinav, E., Geva-Zatorsky, N., Gros, P., Guillemin, K., Keck, F., Korem, T.,
McFall-Ngai, M.J., Melby, M.K., Nichter, M., Pettersson, S., Poinar, H., Rees, T., Tropini, C.,
Zhao, L., Giles-Vernick, T., 2021. The hygiene hypothesis, the COVID pandemic, and

95



consequences for the human microbiome. Proc. Natl. Acad. Sci. 118, €2010217118.
https://doi.org/10.1073/pnas.2010217118

Forster, S.C., Browne, H.P., Kumar, N., Hunt, M., Denise, H., Mitchell, A., Finn, R.D., Lawley, T.D.,
2016. HPMCD: the database of human microbial communities from metagenomic datasets
and microbial reference genomes. Nucleic Acids Res. 44, D604-6009.
https://doi.org/10.1093/nar/gkv1216

Fragiadakis, G.K., Smits, S.A., Sonnenburg, E.D., Van Treuren, W., Reid, G., Knight, R., Manjurano,
A., Changalucha, J., Dominguez-Bello, M.G., Leach, J., Sonnenburg, J.L., 2019. Links
between environment, diet, and the hunter-gatherer microbiome. Gut Microbes 10, 216-227.
https://doi.org/10.1080/19490976.2018.1494103

Fulton, T.L., Shapiro, B., 2019. Setting Up an Ancient DNA Laboratory, in: Shapiro, B., Barlow, A.,
Heintzman, P.D., Hofreiter, M., Paijmans, J.L.A., Soares, A.E.R. (Eds.), Ancient DNA,
Methods in Molecular Biology. Springer New York, New York, NY, pp. 1-13.
https://doi.org/10.1007/978-1-4939-9176-1_1

Gaffen, S.L., Moutsopoulos, N.M., 2020. Regulation of host-microbe interactions at oral mucosal
barriers by type 17 immunity. Sci. Immunol. 5, eaaud594.
https://doi.org/10.1126/sciimmunol.aau4594

Gaggia, F., Di Gioia, D., Baffoni, L., Biavati, B., 2011. The role of protective and probiotic cultures
in food and feed and their impact in food safety. Trends Food Sci. Technol., PathogenCombat
— Unique achievements in the fight against pathogens 22, S58-S66.
https://doi.org/10.1016/j.tifs.2011.03.003

Gamba, C., Hanghgj, K., Gaunitz, C., Alfarhan, A.H., Alquraishi, S.A., Al-Rasheid, K.A.S., Bradley,
D.G., Orlando, L., 2016. Comparing the performance of three ancient DNA extraction
methods for high-throughput sequencing. Mol. Ecol. Resour. 16, 459-4609.
https://doi.org/10.1111/1755-0998.12470

Gansauge, M.-T., Meyer, M., 2014. Selective enrichment of damaged DNA molecules for ancient
genome sequencing. Genome Res. 24, 1543-1549. https://doi.org/10.1101/gr.174201.114

Gilbert, J., Blaser, M.J., Caporaso, J.G., Jansson, J., Lynch, S.V., Knight, R., 2018. Current
understanding of the human  microbiome. Nat. Med. 24, 392-400.
https://doi.org/10.1038/nm.4517

Gilbert, M.T.P., Sanchez, J.J., Haselkorn, T., Jewell, L.D., Lucas, S.B., Marck, E.V., Bersting, C.,
Morling, N., Worobey, M., 2007. Multiplex PCR with minisequencing as an effective high-
throughput SNP typing method for formalin-fixed tissue. ELECTROPHORESIS 28, 2361
2367. https://doi.org/10.1002/elps.200600589

Gill, A.S., Purnell, K., Palmer, M.I., Stein, J., McGuire, K.L., 2020. Microbial Composition and
Functional Diversity Differ Across Urban Green Infrastructure Types. Front. Microbiol. 11,
912. https://doi.org/10.3389/fmicb.2020.00912

Ginolhac, A., Rasmussen, M., Gilbert, M.T.P., Willerslev, E., Orlando, L., 2011. mapDamage: testing
for damage patterns in ancient DNA sequences. Bioinformatics 27, 2153-2155.
https://doi.org/10.1093/bioinformatics/btr347

Giovanella, P, Vieira, G.A.L., Ramos Otero, 1.V., Pais Pellizzer, E., de Jesus Fontes, B., Sette, L.D.,
2020. Metal and organic pollutants bioremediation by extremophile microorganisms. J.
Hazard. Mater. 382, 121024. https://doi.org/10.1016/j.jhazmat.2019.121024

Goecks, J., Nekrutenko, A., Taylor, J., Galaxy Team, 2010. Galaxy: a comprehensive approach for
supporting accessible, reproducible, and transparent computational research in the life
sciences. Genome Biol. 11, R86. https://doi.org/10.1186/gb-2010-11-8-r86

Golenberg, E.M., Giannasi, D.E., Clegg, M.T., Smiley, C.J., Durbin, M., Henderson, D., Zurawski,
G., 1990. Chloroplast DNA sequence from a miocene Magnolia species. Nature 344, 656—
658. https://doi.org/10.1038/344656a0

Grieneisen, L.E., Charpentier, M.J.E., Alberts, S.C., Blekhman, R., Bradburd, G., Tung, J., Archie,
E.A., 2019. Genes, geology and germs: gut microbiota across a primate hybrid zone are

96



explained by site soil properties, not host species. Proc. R. Soc. B Biol. Sci. 286, 20190431.
https://doi.org/10.1098/rspb.2019.0431

Grigorenko, A.P., Borinskaya, S.A., Yankovsky, N.K., Rogaev, E.l., 2009. Achievements and
Peculiarities in Studies of Ancient DNA and DNA from Complicated Forensic Specimens.
Acta Naturae 1, 58-69.

Groth, I., Schumann, P., Schutze, B., Augsten, K., Stackebrandt, E., 2002. Knoellia sinensis gen. nov.,
sp. nov. and Knoellia subterranea sp. nov., two novel actinobacteria isolated from a cave. Int.
J. Syst. Evol. Microbiol. 52, 77-84. https://doi.org/10.1099/00207713-52-1-77

Haahtela, T., Holgate, S., Pawankar, R., Akdis, C.A., Benjaponpitak, S., Caraballo, L., Demain, J.,
Portnoy, J., von Hertzen, L., WAO Special Committee on Climate Change and Biodiversity,
2013. The biodiversity hypothesis and allergic disease: world allergy organization position
statement. World Allergy Organ. J. 6, 1-18. https://doi.org/10.1186/1939-4551-6-3

Hagan, R.W., Hofman, C.A., Hibner, A., Reinhard, K., Schnorr, S., Lewis, C.M., Sankaranarayanan,
K., Warinner, C.G., 2020. Comparison of extraction methods for recovering ancient microbial
DNA  from  paleofeces. Am. J. Phys.  Anthropol. 171, 275-284.
https://doi.org/10.1002/ajpa.23978

Hagelberg, E., Hofreiter, M., Keyser, C., 2015. Ancient DNA: the first three decades. Philos. Trans.
R. Soc. B Biol. Sci. 370, 20130371. https://doi.org/10.1098/rstb.2013.0371

Hagelberg, E., Sykes, B., Hedges, R., 1989. Ancient bone DNA amplified. Nature 342, 485.
https://doi.org/10.1038/342485a0

Hammes, W.P., Tichaczek, P.S., 1994. The potential of lactic acid bacteria for the production of safe
and wholesome food. Z. Fur Lebensm.-Unters. -Forsch. 198, 193-201.
https://doi.org/10.1007/BF01192595

Hansen, H.B., Damgaard, P.B., Margaryan, A., Stenderup, J., Lynnerup, N., Willerslev, E., Allentoft,
M.E., 2017. Comparing Ancient DNA Preservation in Petrous Bone and Tooth Cementum.
PLOS ONE 12, e0170940. https://doi.org/10.1371/journal.pone.0170940

Harkins, K.M., Stone, A.C., 2015. Ancient pathogen genomics: insights into timing and adaptation.
J. Hum. Evol., Special Issue: Ancient DNA and Human Evolution 79, 137-149.
https://doi.org/10.1016/j.jhevol.2014.11.002

Hayashizaki, J., Ban, S., Nakagaki, H., Okumura, A., Yoshii, S., Robinson, C., 2008. Site specific
mineral composition and microstructure of human supra-gingival dental calculus. Arch. Oral
Biol. 53, 168-174. https://doi.org/10.1016/j.archoralbio.2007.09.003

Hendy, J., Colonese, A.C., Franz, |., Fernandes, R., Fischer, R., Orton, D., Lucquin, A., Spindler, L.,
Anvari, J., Stroud, E., Biehl, P.F., Speller, C., Boivin, N., Mackie, M., Jersie-Christensen,
R.R., Olsen, J.V., Collins, M.J., Craig, O.E., Rosenstock, E., 2018. Ancient proteins from
ceramic vessels at Catalhdyik West reveal the hidden cuisine of early farmers. Nat. Commun.
9, 4064. https://doi.org/10.1038/s41467-018-06335-6

Herbig, A., Maixner, F., Bos, K.1., Zink, A., Krause, J., Huson, D.H., 2016. MALT: Fast alignment
and analysis of metagenomic DNA sequence data applied to the Tyrolean Iceman.
https://doi.org/10.1101/050559

Higuchi, R., Bowman, B., Freiberger, M., Ryder, O.A., Wilson, A.C., 1984. DNA sequences from the
quagga, an extinct member of the horse family. Nature 312, 282-284.
https://doi.org/10.1038/312282a0

Holling, C.S., 1973. Resilience and Stability of Ecological Systems. Annu. Rev. Ecol. Syst. 4, 1-23.
https://doi.org/10.1146/annurev.es.04.110173.000245

Hollister, E.B., Gao, C., Versalovic, J., 2014. Compositional and Functional Features of the
Gastrointestinal Microbiome and Their Effects on Human Health. Gastroenterology 146,
1449-1458. https://doi.org/10.1053/j.gastro0.2014.01.052

Hooks, K.B., O’Malley, M.A., 2020. Contrasting Strategies: Human Eukaryotic Versus Bacterial
Microbiome Research. J. Eukaryot. Microbiol. 67, 279-295.
https://doi.org/10.1111/jeu.12766

97



Hooper, L.V., Littman, D.R., Macpherson, A.J., 2012. Interactions Between the Microbiota and the
Immune System. Science 336, 1268-1273. https://doi.org/10.1126/science.1223490

Huson, D.H., Auch, A.F., Qi, J., Schuster, S.C., 2007. MEGAN analysis of metagenomic data.
Genome Res. 17, 377-386. https://doi.org/10.1101/gr.5969107

Huttenhower, C., Gevers, D., Knight, R., Abubucker, S., Badger, J.H., Chinwalla, A.T., Creasy, H.H.,
Earl, A.M., FitzGerald, M.G., Fulton, R.S., Giglio, M.G., Hallsworth-Pepin, K., Lobos, E.A.,
Madupu, R., Magrini, V., Martin, J.C., Mitreva, M., Muzny, D.M., Sodergren, E.J., Versalovic,
J., Wollam, A.M., Worley, K.C., Wortman, J.R., Young, S.K., Zeng, Q., Aagaard, K.M.,
Abolude, 0.0., Allen-Vercoe, E., Alm, E.J., Alvarado, L., Andersen, G.L., Anderson, S.,
Appelbaum, E., Arachchi, H.M., Armitage, G., Arze, C.A., Ayvaz, T., Baker, C.C., Begg, L.,
Belachew, T., Bhonagiri, V., Bihan, M., Blaser, M.J., Bloom, T., Bonazzi, V., Paul Brooks, J.,
Buck, G.A., Buhay, C.J., Busam, D.A., Campbell, J.L., Canon, S.R., Cantarel, B.L., Chain,
P.S.G., Chen, I.-M.A., Chen, L., Chhibba, S., Chu, K., Ciulla, D.M., Clemente, J.C., Clifton,
S.W.,, Conlan, S., Crabtree, J., Cutting, M.A., Davidovics, N.J., Davis, C.C., DeSantis, T.Z.,
Deal, C., Delehaunty, K.D., Dewhirst, F.E., Deych, E., Ding, Y., Dooling, D.J., Dugan, S.P.,
Michael Dunne, W., Scott Durkin, A., Edgar, R.C., Erlich, R.L., Farmer, C.N., Farrell, R.M.,
Faust, K., Feldgarden, M., Felix, V.M., Fisher, S., Fodor, A.A., Forney, L.J., Foster, L., Di
Francesco, V., Friedman, J., Friedrich, D.C., Fronick, C.C., Fulton, L.L., Gao, H., Garcia, N.,
Giannoukos, G., Giblin, C., Giovanni, M.Y., Goldberg, J.M., Goll, J., Gonzalez, A., Griggs,
A., Gujja, S., Kinder Haake, S., Haas, B.J., Hamilton, H.A., Harris, E.L., Hepburn, T.A,,
Herter, B., Hoffmann, D.E., Holder, M.E., Howarth, C., Huang, K.H., Huse, S.M., lzard, J.,
Jansson, J.K., Jiang, H., Jordan, C., Joshi, V., Katancik, J.A., Keitel, W.A., Kelley, S.T., Kells,
C., King, N.B., Knights, D., Kong, H.H., Koren, O., Koren, S., Kota, K.C., Kovar, C.L.,
Kyrpides, N.C., La Rosa, P.S., Lee, S.L., Lemon, K.P., Lennon, N., Lewis, C.M., Lewis, L.,
Ley, R.E., Li, K., Liolios, K., Liu, B., Liu, Y., Lo, C.-C., Lozupone, C.A., Dwayne Lunsford,
R., Madden, T., Mahurkar, A.A., Mannon, P.J., Mardis, E.R., Markowitz, V.M., Mavromatis,
K., McCorrison, J.M., McDonald, D., McEwen, J., McGuire, A.L., Mclnnes, P., Mehta, T.,
Mihindukulasuriya, K.A., Miller, J.R., Minx, P.J., Newsham, 1., Nusbaum, C., O’Laughlin,
M., Orvis, J., Pagani, I., Palaniappan, K., Patel, S.M., Pearson, M., Peterson, J., Podar, M.,
Pohl, C., Pollard, K.S., Pop, M., Priest, M.E., Proctor, L.M., Qin, X., Raes, J., Ravel, J., Reid,
J.G., Rho, M., Rhodes, R., Riehle, K.P., Rivera, M.C., Rodriguez-Mueller, B., Rogers, Y.-H.,
Ross, M.C., Russ, C., Sanka, R.K., Sankar, P., Fah Sathirapongsasuti, J., Schloss, J.A.,
Schloss, P.D., Schmidt, T.M., Scholz, M., Schriml, L., Schubert, A.M., Segata, N., Segre, J.A.,
Shannon, W.D., Sharp, R.R., Sharpton, T.J., Shenoy, N., Sheth, N.U., Simone, G.A., Singh,
I., Smillie, C.S., Sobel, J.D., Sommer, D.D., Spicer, P., Sutton, G.G., Sykes, S.M., Tabbaa,
D.G., Thiagarajan, M., Tomlinson, C.M., Torralba, M., Treangen, T.J., Truty, R.M,,
Vishnivetskaya, T.A., Walker, J., Wang, L., Wang, Z., Ward, D.V., Warren, W., Watson, M.A.,
Wellington, C., Wetterstrand, K.A., White, J.R., Wilczek-Boney, K., Wu, Y., Wylie, K.M.,
Wylie, T., Yandava, C., Ye, L., Ye, Y., Yooseph, S., Youmans, B.P., Zhang, L., Zhou, Y., Zhu,
Y., Zoloth, L., Zucker, J.D., Birren, B.W., Gibbs, R.A., Highlander, S.K., Methé, B.A., Nelson,
K.E., Petrosino, J.F., Weinstock, G.M., Wilson, R.K., White, O., The Human Microbiome
Project Consortium, 2012. Structure, function and diversity of the healthy human microbiome.
Nature 486, 207—-214. https://doi.org/10.1038/nature11234

Huynh, H.T.T., Verneau, J., Levasseur, A., Drancourt, M., Aboudharam, G., 2016. Bacteria and
archaea paleomicrobiology of the dental calculus: a review. Mol. Oral Microbiol. 31, 234—
242. https://doi.org/10.1111/omi.12118

Hyde, E.R., Haarmann, D.P., Lynne, A.M., Bucheli, S.R., Petrosino, J.F., 2013. The Living Dead:
Bacterial Community Structure of a Cadaver at the Onset and End of the Bloat Stage of
Decomposition. PLOS ONE 8, e77733. https://doi.org/10.1371/journal.pone.0077733

lizumi, T., Battaglia, T., Ruiz, V., Perez Perez, G.l., 2017. Gut Microbiome and Antibiotics. Arch.
Med. Res. 48, 727-734. https://doi.org/10.1016/j.arcmed.2017.11.004

98



Jacoby, R., Peukert, M., Succurro, A., Koprivova, A., Kopriva, S., 2017. The Role of Soil
Microorganisms in Plant Mineral Nutrition—Current Knowledge and Future Directions.
Front. Plant Sci. 8, 1617. https://doi.org/10.3389/fpls.2017.01617

Janda, J.M., Abbott, S.L., 2007. 16S rRNA gene sequencing for bacterial identification in the
diagnostic laboratory: pluses, perils, and pitfalls. J. Clin. Microbiol. 45, 2761-2764.
https://doi.org/10.1128/JCM.01228-07

Janssen, P.H., 2006. Identifying the dominant soil bacterial taxa in libraries of 16S rRNA and 16S
rRNA genes. Appl. Environ. Microbiol. 72, 1719-1728.
https://doi.org/10.1128/AEM.72.3.1719-1728.2006

Jing, G., Sun, Z., Wang, H., Gong, Y., Huang, S., Ning, K., Xu, J., Su, X., 2017. Parallel-META 3:
Comprehensive taxonomical and functional analysis platform for efficient comparison of
microbial communities. Sci. Rep. 7, 40371. https://doi.org/10.1038/srep40371

Johns, T., Duquette, M., 1991. Detoxification and mineral supplementation as functions of geophagy.
Am. J. Clin. Nutr. 53, 448-456. https://doi.org/10.1093/ajcn/53.2.448

Jonsson, H., Ginolhac, A., Schubert, M., Johnson, P.L.F., Orlando, L., 2013. mapDamage2.0: fast
approximate Bayesian estimates of ancient DNA damage parameters. Bioinformatics 29,
1682-1684. https://doi.org/10.1093/bioinformatics/btt193

Jovel, J., Patterson, J., Wang, W., Hotte, N., O’Keefe, S., Mitchel, T., Perry, T., Kao, D., Mason, A.L.,
Madsen, K.L., Wong, G.K.-S., 2016. Characterization of the Gut Microbiome Using 16S or
Shotgun Metagenomics. Front. Microbiol. 7. https://doi.org/10.3389/fmicb.2016.00459

Kazarina, A., Gerhards, G., Petersone-Gordina, E., Kimsis, J., Pole, 1., Zole, E., Leonova, V., Ranka,
R., 2019. Analysis of the bacterial communities in ancient human bones and burial soil
samples: Tracing the impact of environmental bacteria. J. Archaeol. Sci. 109, 1049809.
https://doi.org/10.1016/j.jas.2019.104989

Key, F.M., Posth, C., Krause, J., Herbig, A., Bos, K.I., 2017. Mining Metagenomic Data Sets for
Ancient DNA: Recommended Protocols for Authentication. Trends Genet. 33, 508-520.
https://doi.org/10.1016/j.tig.2017.05.005

Keyser-Tracqui, C., Ludes, B., 2005. Methods for the Study of Ancient DNA, in: Carracedo, A. (Ed.),
Forensic DNA Typing Protocols, Methods in Molecular Biology. Humana Press, Totowa, NJ,
pp. 253-264. https://doi.org/10.1385/1-59259-867-6:253

Kim, H.Y,, Seo, J., Kim, T.-H., Shim, B., Cha, S.M., Yu, S., 2017. Pyrosequencing-based assessment
of microbial community shifts in leachate from animal carcass burial lysimeter. Sci. Total
Environ. 587-588, 232-239. https://doi.org/10.1016/j.scitotenv.2017.02.126

Kinaston, R., Willis, A., Miszkiewicz, J.J., Tromp, M., Oxenham, M.F., 2019. The dentition:
development, disturbances, disease, diet, and chemistry, in: Buikstra, J.E. (Ed.), Ortner’s
Identification of Pathological Conditions in Human Skeletal Remains. Academic Press, San
Diego, CA, USA, pp. 749-797. https://doi.org/10.1016/C2011-0-06880-1

Kircher, M., 2012. Analysis of High-Throughput Ancient DNA Sequencing Data, in: Shapiro, B.,
Hofreiter, M. (Eds.), Ancient DNA, Methods in Molecular Biology. Humana Press, Totowa,
NJ, pp. 197-228. https://doi.org/10.1007/978-1-61779-516-9_23

Kistler, L., Ware, R., Smith, O., Collins, M., Allaby, R.G., 2017. A new model for ancient DNA decay
based on paleogenomic meta-analysis. Nucleic Acids Res. 45, 6310-6320.
https://doi.org/10.1093/nar/gkx361

Knights, D., Kuczynski, J., Charlson, E.S., Zaneveld, J., Mozer, M.C., Collman, R.G., Bushman, F.D.,
Knight, R., Kelley, S.T., 2011. Bayesian community-wide culture-independent microbial
source tracking. Nat. Methods 8, 761-763. https://doi.org/10.1038/nmeth.1650

Korlevi¢, P., Gerber, T., Gansauge, M.-T., Hajdinjak, M., Nagel, S., Aximu-Petri, A., Meyer, M.,
2015. Reducing microbial and human contamination in DNA extractions from ancient bones
and teeth. BioTechniques 59, 87-93. https://doi.org/10.2144/000114320

Korlevi¢, P., Meyer, M., 2019. Pretreatment: Removing DNA Contamination from Ancient Bones
and Teeth Using Sodium Hypochlorite and Phosphate. Methods Mol. Biol. Clifton NJ 1963,
15-19. https://doi.org/10.1007/978-1-4939-9176-1_2

99



Kosakovsky Pond, S., Wadhawan, S., Chiaromonte, F., Ananda, G., Chung, W.-Y., Taylor, J.,
Nekrutenko, A., Galaxy Team, 2009. Windshield splatter analysis with the Galaxy
metagenomic pipeline. Genome Res. 19, 2144-2153. https://doi.org/10.1101/gr.094508.109

Kuczynski, J., Lauber, C.L., Walters, W.A., Parfrey, L.W., Clemente, J.C., Gevers, D., Knight, R.,
2012. Experimental and analytical tools for studying the human microbiome. Nat. Rev. Genet.
13, 47-58. https://doi.org/10.1038/nrg3129

Lacroix, N., St-Gelais, D., Champagne, C.P., Fortin, J., Vuillemard, J.-C., 2010. Characterization of
aromatic properties of old-style cheese starters. J. Dairy Sci. 93, 3427-3441.
https://doi.org/10.3168/jds.2009-2795

Lambert, P.A., 2002. Cellular impermeability and uptake of biocides and antibiotics in Gram-positive
bacteria and mycobacteria: ANTIMICROBIAL PENETRATION OF WALLS. J. Appl.
Microbiol. 92, 46S-54S. https://doi.org/10.1046/].1365-2672.92.5s1.7.X

Lamster, I.B., Lalla, E., Borgnakke, W.S., Taylor, G.W., 2008. The Relationship Between Oral Health
and Diabetes Mellitus. J. Am. Dent. Assoc. 139, 19S-24S.
https://doi.org/10.14219/jada.archive.2008.0363

LeBlanc, J.G., Milani, C., de Giori, G.S., Sesma, F,, van Sinderen, D., Ventura, M., 2013. Bacteria as
vitamin suppliers to their host: a gut microbiota perspective. Curr. Opin. Biotechnol., Food
biotechnology . Plant biotechnology 24, 160-168.
https://doi.org/10.1016/j.copbio.2012.08.005

Lederberg, J., Mccray, A.T., 2001. "Ome Sweet "Omics--A Genealogical Treasury of Words. The
Scientist 15, 8-8.

Lee, C.J., Sears, C.L., Maruthur, N., 2020. Gut microbiome and its role in obesity and insulin
resistance. Ann. N. Y. Acad. Sci. 1461, 37-52. https://doi.org/10.1111/nyas.14107

Lees, L.H., 2015. World urbanization, 1750 to the present, in: McNeill, J.R., Pomeranz, K. (Eds.),
The Cambridge World History: Volume 7: Production, Destruction and Connection 1750—
Present, The Cambridge World History. Cambridge University Press, Cambridge, pp. 34-57.
https://doi.org/10.1017/CB09781316182789.003

Leonard, J., Shanks, O., Hofreiter, M., Kreuz, E., Hodges, L., Ream, W., Wayne, R., Fleischer, R.,
2007. Animal DNA in PCR reagents plagues ancient DNA research. J. Archaeol. Sci. 34,
1361-1366. https://doi.org/10.1016/j.jas.2006.10.023

Lewis, M., Roberts, C., Manchester, K., 1995. Inflammatory Bone Changes in Leprous Skeletons
from the Medieval Hospital of St. James and St. Mary Magdalene, Chichester, England. Int.
J. Lepr. Mycobact. Dis. Off. Organ Int. Lepr. Assoc. 63, 77-85.

Li, H., Durbin, R., 2009. Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics 25, 1754-1760. https://doi.org/10.1093/bioinformatics/btp324

Lieverse, A.R., 1999. Diet and the aetiology of dental calculus. Int. J. Osteoarchaeol. 9, 219-232.
https://doi.org/10.1002/(SIC1)1099-1212(199907/08)9:4<219::AID-OA475>3.0.CO;2-V

Llamas, B., Valverde, G., Fehren-Schmitz, L., Weyrich, L.S., Cooper, A., Haak, W., 2017. From the
field to the laboratory: Controlling DNA contamination in human ancient DNA research in
the high-throughput sequencing era. STAR Sci. Technol. Archaeol. Res. 3, 1-14.
https://doi.org/10.1080/20548923.2016.1258824

Lozupone, C.A., Stombaugh, J.I., Gordon, J.1., Jansson, J.K., Knight, R., 2012. Diversity, stability
and resilience of the human gut microbiota. Nature 489, 220-230.
https://doi.org/10.1038/nature11550

Lu, J., Breitwieser, F.P., Thielen, P., Salzberg, S.L., 2017. Bracken: estimating species abundance in
metagenomics data. PeerJ Comput. Sci. 3, €104. https://doi.org/10.7717/peerj-cs.104

Mann, A.E., Sabin, S., Ziesemer, K., Vagene, A.J., Schroeder, H., Ozga, A.T., Sankaranarayanan, K.,
Hofman, C.A., Fellows Yates, J.A., Salazar-Garcia, D.C., Frohlich, B., Aldenderfer, M.,
Hoogland, M., Read, C., Milner, G.R., Stone, A.C., Lewis, C.M., Krausg, J., Hofman, C., Bos,
K.I., Warinner, C., 2018. Differential preservation of endogenous human and microbial DNA
in dental calculus and dentin. Sci. Rep. 8, 9822. https://doi.org/10.1038/s41598-018-28091-9

100



Margaryan, A., Hansen, H.B., Rasmussen, S., Sikora, M., Moiseyev, V., Khoklov, A., Epimakhov, A.,
Yepiskoposyan, L., Kriiska, A., Varul, L., Saag, L., Lynnerup, N., Willerslev, E., Allentoft,
M.E., 2018. Ancient pathogen DNA in human teeth and petrous bones. Ecol. Evol. 8, 3534—
3542. https://doi.org/10.1002/ece3.3924

Marilley, L., Casey, M.G., 2004. Flavours of cheese products: metabolic pathways, analytical tools
and identification of producing strains. Int. J. Food Microbiol. 90, 139-159.
https://doi.org/10.1016/S0168-1605(03)00304-0

Mas-Lloret, J., Obdn-Santacana, M., Ibafiez-Sanz, G., Guing, E., Pato, M.L., Rodriguez-Moranta, F.,
Mata, A., Garcia-Rodriguez, A., Moreno, V., Pimenoff, V.N., 2020. Gut microbiome diversity
detected by high-coverage 16S and shotgun sequencing of paired stool and colon sample. Sci.
Data 7, 92. https://doi.org/10.1038/s41597-020-0427-5

Matsvay, A.D., Alborova, L.E., Pimkina, E.V., Markelov, M.L., Khafizov, K., Mustafin, K.K., 2019.
Experimental approaches for ancient DNA extraction and sample preparation for next
generation sequencing in ultra-clean conditions. Conserv. Genet. Resour. 11, 345-353.
https://doi.org/10.1007/s12686-018-1016-1

McCoy, K.D., Burkhard, R., Geuking, M.B., 2019. The microbiome and immune memory formation.
Immunol. Cell Biol. 97, 625-635. https://doi.org/10.1111/imcb.12273

McGhee, J.J., Rawson, N., Bailey, B.A., Fernandez-Guerra, A., Sisk-Hackworth, L., Kelley, S.T.,
2020. Meta-SourceTracker: application of Bayesian source tracking to shotgun
metagenomics. PeerJ 8, e8783. https://doi.org/10.7717/peer}.8783

Melchior, L., Kivisild, T., Lynnerup, N., Dissing, J., 2008. Evidence of Authentic DNA from Danish
Viking Age Skeletons Untouched by Humans for 1,000 Years. PLoS ONE 3, e2214.
https://doi.org/10.1371/journal.pone.0002214

Mercado, F., Marshall, R.I., Klestov, A.C., Bartold, P.M., 2000. Is there a relationship between
rheumatoid arthritis and periodontal disease? J. Clin. Periodontol. 27, 267-272.
https://doi.org/10.1034/j.1600-051x.2000.027004267.x

Miller, A., Korem, M., Almog, R., Galboiz, Y., 2005. Vitamin B12, demyelination, remyelination and
repair in multiple sclerosis. J. Neurol. Sci., Preserve the Neuron. 233, 93-97.
https://doi.org/10.1016/j.jns.2005.03.009

Mishra, S., Jyot, J., Kuhad, R.C., Lal, B., 2001. In Situ Bioremediation Potential of an Oily Sludge-
Degrading Bacterial Consortium. Curr. Microbiol. 43, 328-335.
https://doi.org/10.1007/s002840010311

Moeller, A.H., Li, Y., Ngole, E.M., Ahuka-Mundeke, S., Lonsdorf, E.V., Pusey, A.E., Peeters, M.,
Hahn, B.H., Ochman, H., 2014. Rapid changes in the gut microbiome during human
evolution. Proc. Natl. Acad. Sci. 111, 16431-16435. https://doi.org/10.1073/pnas.1419136111

Montebugnoli, L., Servidio, D., Miaton, R.A., Prati, C., Tricoci, P., Melloni, C., 2004. Poor oral health
is associated with coronary heart disease and elevated systemic inflammatory and haemostatic
factors. J. Clin. Periodontol. 31, 25-29. https://doi.org/10.1111/j.0303-6979.2004.00432.x

Morris, J.A., Harrison, L.M., Partridge, S.M., 2006. Postmortem bacteriology: a re-evaluation. J. Clin.
Pathol. 59, 1-9. https://doi.org/10.1136/jcp.2005.028183

Moutsopoulos, N.M., Konkel, J.E., 2018. Tissue-Specific Immunity at the Oral Mucosal Barrier.
Trends Immunol. 39, 276-287. https://doi.org/10.1016/j.it.2017.08.005

Mundorff, A., Davoren, J.M., 2014. Examination of DNA yield rates for different skeletal elements
at increasing post mortem intervals. Forensic Sci. Int. Genet. 8, 55-63.
https://doi.org/10.1016/j.fsigen.2013.08.001

Muyzer, G., Waal, E.C. de, Uitterlinden, A.G., 1993. Profiling of complex microbial populations by
denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified genes
coding for 16S rRNA. Appl. Environ. Microbiol. 59, 695-700.

Nascimento-Dias, B.L. do, 2020. A brief summary of the biophysical aspects of magnetotactic
bacteria and their relationship to astrobiology through terraforming. Res. Soc. Dev. 9,
55921962. https://doi.org/10.33448/rsd-v9i2.1962

101



Naylor, D., Fansler, S., Brislawn, C., Nelson, W.C., Hofmockel, K.S., Jansson, J.K., McClure, R., n.d.
Deconstructing the Soil Microbiome into Reduced-Complexity Functional Modules. mBio
11, e01349-20. https://doi.org/10.1128/mBi0.01349-20

Neukamm, J., Pfrengle, S., Molak, M., Seitz, A., Francken, M., Eppenberger, P., Avanzi, C., Reiter,
E., Urban, C., Welte, B., Stockhammer, P.W., TeBmann, B., Herbig, A., Harvati, K., Nieselt,
K., Krause, J., Schuenemann, V.J., 2020. 2000-year-old pathogen genomes reconstructed from
metagenomic analysis of Egyptian mummified individuals. BMC Biol. 18, 108.
https://doi.org/10.1186/s12915-020-00839-8

Newman, D.J., 2019. The impact of decreasing biodiversity on novel drug discovery: is there a serious
cause for concern? Expert Opin. Drug Discov. 14, 521-525.
https://doi.org/10.1080/17460441.2019.1593370

Ng, E.L., Lin, S.Y., Dungan, A.M., Colwell, J.M., Ede, S., Huerta Lwanga, E., Meng, K., Geissen,
V., Blackall, L.L., Chen, D., 2021. Microplastic pollution alters forest soil microbiome. J.
Hazard. Mater. 409, 124606. https://doi.org/10.1016/j.jhazmat.2020.124606

NIH HMP Working Group, Peterson, J., Garges, S., Giovanni, M., Mclnnes, P., Wang, L., Schloss,
J.A., Bonazzi, V., McEwen, J.E., Wetterstrand, K.A., Deal, C., Baker, C.C., Di Francesco, V.,
Howcroft, T.K., Karp, R.W., Lunsford, R.D., Wellington, C.R., Belachew, T., Wright, M.,
Giblin, C., David, H., Mills, M., Salomon, R., Mullins, C., Akolkar, B., Begg, L., Davis, C.,
Grandison, L., Humble, M., Khalsa, J., Little, A.R., Peavy, H., Pontzer, C., Portnoy, M., Sayre,
M.H., Starke-Reed, P., Zakhari, S., Read, J., Watson, B., Guyer, M., 2009. The NIH Human
Microbiome Project. Genome Res. 19, 2317-2323. https://doi.org/10.1101/gr.096651.109

Oelze, V.M., Siebert, A., Nicklisch, N., Meller, H., Dresely, V., Alt, K.W., 2011. Early Neolithic diet
and animal husbandry: stable isotope evidence from three Linearbandkeramik (LBK) sites in
Central Germany. J. Archaeol. Sci. 38, 270-279. https://doi.org/10.1016/j.jas.2010.08.027

Ogden, A., 2007. Advances in the Palaeopathology of Teeth and Jaws, in: Advances in Human
Palaeopathology. John Wiley & Sons, Ltd, pp. 283-307.
https://doi.org/10.1002/9780470724187.ch13

Orlando, L., Allaby, R., Skoglund, P., Der Sarkissian, C., Stockhammer, P.W., Avila-Arcos, M.C., Fu,
Q., Krause, J., Willerslev, E., Stone, A.C., Warinner, C., 2021. Ancient DNA analysis. Nat.
Rev. Methods Primer 1, 1-26. https://doi.org/10.1038/s43586-020-00011-0

Oyuela-Caycedo, A., Kawa, N.C., 2015. A Deep History of Tobacco in Lowland South America, in:
The Master Plant. Routledge.

Ozga, A.T., Nieves-Colén, M.A., Honap, T.P., Sankaranarayanan, K., Hofman, C.A., Milner, G.R.,
Lewis, C.M., Stone, A.C., Warinner, C., 2016. Successful enrichment and recovery of whole
mitochondrial genomes from ancient human dental calculus: WHOLE MITOCHONDRIAL
GENOMES FROM ANCIENT DENTAL CALCULUS. Am. J. Phys. Anthropol. 160, 220-
228. https://doi.org/10.1002/ajpa.22960

Paabo, S., Gifford, J.A., Wilson, A.C., 1988. Mitochondrial DNA sequences from a 7000-year old
brain. Nucleic Acids Res. 16, 9775-9787. https://doi.org/10.1093/nar/16.20.9775

Paabo, S., Poinar, H., Serre, D., Jaenicke-Despres, V., Hebler, J., Rohland, N., Kuch, M., Krause, J.,
Vigilant, L., Hofreiter, M., 2004. Genetic analyses from ancient DNA. Annu. Rev. Genet. 38,
645-679. https://doi.org/10.1146/annurev.genet.37.110801.143214

Palfi, G., Maixner, F., Maczel, M., Molnér, E., Posa, A., Kristof, L.A., Marcsik, A., Balazs, J.,
Masson, M., Paja, L., Palkd, A., Szentgyorgyi, R., Nerlich, A., Zink, A., Dutour, O., 2015.
Unusual spinal tuberculosis in an Avar Age skeleton (Csongrad-Felgyd, Urmds-tanya,
Hungary): A morphological and biomolecular study. Tuberc. Edinb. Scotl. 95 Suppl 1, S29-
34. https://doi.org/10.1016/j.tube.2015.02.033

Pallen, M.J., Wren, B.W., 2007. Bacterial pathogenomics. Nature 449, 835-842.
https://doi.org/10.1038/nature06248

Paul Ross, R., Morgan, S., Hill, C., 2002. Preservation and fermentation: past, present and future. Int.
J. Food Microbiol.,, Notermans Special Issue 79, 3-16. https://doi.org/10.1016/S0168-
1605(02)00174-5

102



Pedersen, M., Overballe-Petersen, S., Ermini, L., Der Sarkissian, C., Haile, J., Hellstrom, M., Spens,
J., Thomsen, P., Bohmann, K., Cappellini, E., Schnell, 1., Wales, N., Carge, C., Campos, P.,
Schmidt, A., Gilbert, M., Hansen, A., Orlando, L., Willerslev, E., 2014. Ancient and modern
environmental DNA. Philos. Trans. R.  Soc. B Biol. Sci. 370.
https://doi.org/10.1098/rstbh.2013.0383

Peltoniemi, K., Velmala, S., Fritze, H., Lemola, R., Pennanen, T., 2021. Long-term impacts of organic
and conventional farming on the soil microbiome in boreal arable soil. Eur. J. Soil Biol. 104,
103314. https://doi.org/10.1016/j.ejsobi.2021.103314

Peltzer, A., Jager, G., Herbig, A., Seitz, A., Kniep, C., Krause, J., Nieselt, K., 2016. EAGER: efficient
ancient genome reconstruction. Genome Biol. 17, 60. https://doi.org/10.1186/s13059-016-
0918-z

Perry, J., Waglechner, N., Wright, G., 2016. The Prehistory of Antibiotic Resistance. Cold Spring
Harb. Perspect. Med. 6, a025197. https://doi.org/10.1101/cshperspect.a025197

Phenice, TW., 1969. A newly developed visual method of sexing the os pubis. Am. J. Phys.
Anthropol. 30, 297-301. https://doi.org/10.1002/ajpa.1330300214

Popkin, B.M., 1999. Urbanization, Lifestyle Changes and the Nutrition Transition. World Dev. 27,
1905-1916. https://doi.org/10.1016/S0305-750X(99)00094-7

Postler, T.S., Ghosh, S., 2017. Understanding the Holobiont: How Microbial Metabolites Affect
Human Health and Shape the Immune System. Cell Metab. 26, 110-130.
https://doi.org/10.1016/j.cmet.2017.05.008

Postmortem bacteriology: a re-evaluation | Journal of Clinical Pathology [WWW Document], n.d.
URL https://jcp.bmj.com/content/59/1/1 (accessed 7.14.20).

Poutanen, K., Flander, L., Katina, K., 2009. Sourdough and cereal fermentation in a nutritional
perspective. Food Microbiol., 4th International Symposium on Sourdough - From Arts to
Science 14-17 October 2009, Freising, Germany - Guest Editors: R.F. Vogel and M.G. Génzle
26, 693-699. https://doi.org/10.1016/j.fm.2009.07.011

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K.S., Manichanh, C., Nielsen, T., Pons, N.,
Levenez, F., Yamada, T., Mende, D.R., Li, J., Xu, J., Li, Shaochuan, Li, D., Cao, J., Wang, B.,
Liang, H., Zheng, H., Xie, Y., Tap, J., Lepage, P., Bertalan, M., Batto, J.-M., Hansen, T., Le
Paslier, D., Linneberg, A., Nielsen, H.B., Pelletier, E., Renault, P., Sicheritz-Ponten, T.,
Turner, K., Zhu, H., Yu, C., Li, Shengting, Jian, M., Zhou, Y., Li, Y., Zhang, X., Li, Songgang,
Qin, N., Yang, H., Wang, Jian, Brunak, S., Doré, J., Guarner, F., Kristiansen, K., Pedersen, O.,
Parkhill, J., Weissenbach, J., Bork, P., Ehrlich, S.D., Wang, Jun, 2010. A human gut microbial
gene catalogue established by metagenomic sequencing. Nature 464, 59-65.
https://doi.org/10.1038/nature08821

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glockner, F.O., 2013.
The SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590-D596. https://doi.org/10.1093/nar/gks1219

Quince, C., Lanzén, A., Curtis, T.P., Davenport, R.J., Hall, N., Head, .M., Read, L.F., Sloan, W.T.,
2009. Accurate determination of microbial diversity from 454 pyrosequencing data. Nat.
Methods 6, 639-641. https://doi.org/10.1038/nmeth.1361

Raitapuro-Murray, T., Molleson, T., Hughes, F., 2014. The prevalence of periodontal disease in a
Romano-British  population c¢. 200-400 AD. Br. Dent. J. 217, 459-66.
https://doi.org/10.1038/sj.bd}.2014.908

Ramakrishnan, B., Maddela, N.R., Venkateswarlu, K., Megharaj, M., 2021. Linkages between plant
rhizosphere and animal gut environments: Interaction effects of pesticides with their
microbiomes. Environ. Adv. 5, 100091. https://doi.org/10.1016/j.envadv.2021.100091

Ranjan, R., Rani, A., Metwally, A., McGee, H.S., Perkins, D.L., 2016. Analysis of the microbiome:
Advantages of whole genome shotgun versus 16S amplicon sequencing. Biochem. Biophys.
Res. Commun. 469, 967-977. https://doi.org/10.1016/j.bbrc.2015.12.083

Rascovan, N., Huynh, H., Chouin, G., Adekola, K., Georges-Zimmermann, P., Signoli, M., Desfosses,
Y., Aboudharam, G., Drancourt, M., Desnues, C., 2016. Tracing back ancient oral

103



microbiomes and oral pathogens using dental pulps from ancient teeth. Npj Biofilms
Microbiomes 2, 6. https://doi.org/10.1038/s41522-016-0008-8

Rasmussen, S., Allentoft, M.E., Nielsen, K., Orlando, L., Sikora, M., Sjogren, K.-G., Pedersen, A.G.,
Schubert, M., Van Dam, A., Kapel, C.M.O., Nielsen, H.B., Brunak, S., Avetisyan, P.,
Epimakhov, A., Khalyapin, M.V., Gnuni, A., Kriiska, A., Lasak, I., Metspalu, M., Moiseyev,
V., Gromov, A., Pokutta, D., Saag, L., Varul, L., Yepiskoposyan, L., Sicheritz-Pontén, T.,
Foley, R.A., Lahr, M.M., Nielsen, R., Kristiansen, K., Willerslev, E., 2015. Early Divergent
Strains of Yersinia pestis in Eurasia 5,000 Years Ago. Cell 163, 571-582.
https://doi.org/10.1016/j.cell.2015.10.009

Reinhard, K.J., Bryant, V.M., 1992. Coprolite Analysis: A Biological Perspective on Archaeology.
Archaeol. Method Theory 4, 245-288.

Reinhardt, R.A., Payne, J.B., Maze, C.A,, Patil, K.D., Gallagher, S.J., Mattson, J.S., 1999. Influence
of Estrogen and Osteopenia/Osteoporosis on Clinical Periodontitis in Postmenopausal
Women. J. Periodontol. 70, 823-828. https://doi.org/10.1902/jop.1999.70.8.823

Richardson, A.E., Simpson, R.J., 2011. Soil Microorganisms Mediating Phosphorus Availability
Update on Microbial Phosphorus. Plant Physiol. 156, 989-996.
https://doi.org/10.1104/pp.111.175448

Ritari, J., Salojarvi, J., Lahti, L., de Vos, W.M., 2015. Improved taxonomic assignment of human
intestinal 16S rRNA sequences by a dedicated reference database. BMC Genomics 16, 1056.
https://doi.org/10.1186/5s12864-015-2265-y

Rogaev, E.l., Moliaka, Y.K., Malyarchuk, B.A., Kondrashov, F.A., Derenko, M.V., Chumakov, I.,
Grigorenko, A.P., 2006. Complete Mitochondrial Genome and Phylogeny of Pleistocene
MammothMammuthus primigenius. PLoS Biol. 4, e73.
https://doi.org/10.1371/journal.pbio.0040073

Rohland, N., Hofreiter, M., 2007a. Ancient DNA extraction from bones and teeth. Nat. Protoc. 2,
1756-1762. https://doi.org/10.1038/nprot.2007.247

Rohland, N., Hofreiter, M., 2007b. Comparison and optimization of ancient DNA extraction.
BioTechniques 42, 343-352. https://doi.org/10.2144/000112383

Rollo, F., Luciani, S., Marota, 1., Olivieri, C., Ermini, L., 2007. Persistence and decay of the intestinal
microbiota’s DNA in glacier mummies from the Alps. J. Archaeol. Sci. 34, 1294-1305.
https://doi.org/10.1016/j.jas.2006.10.019

Rudovica, V., Viksna, A., Actins, A., Zarina, G., Gerhards, G., Lusens, M., 2011. Investigation of
Mass Graves in the Churchyard of St. Gertrude’s, Riga, Latvia 8.

Sajantila, A., 2013. Major historical dietary changes are reflected in the dental microbiome of ancient
skeletons. Investig. Genet. 4, 10. https://doi.org/10.1186/2041-2223-4-10

Salo, W.L., Aufderheide, A.C., Buikstra, J., Holcomb, T.A., 1994. Identification of Mycobacterium
tuberculosis DNA in a pre-Columbian Peruvian mummy. Proc. Natl. Acad. Sci. 91, 2091
2094. https://doi.org/10.1073/pnas.91.6.2091

Salter, S.J., Cox, M.J., Turek, E.M., Calus, S.T., Cookson, W.O., Moffatt, M.F., Turner, P., Parkhill,
J., Loman, N.J., Walker, A.W., 2014. Reagent and laboratory contamination can critically
impact sequence-based microbiome analyses. BMC Biol 12, 87.
https://doi.org/10.1186/s12915-014-0087-z

Santiago-Rodriguez, T.M., Fornaciari, G., Luciani, S., Dowd, S.E., Toranzos, G.A., Marota, |., Cano,
R.J., 2015. Gut Microbiome of an 11th Century A.D. Pre-Columbian Andean Mummy. PLOS
ONE 10, e0138135. https://doi.org/10.1371/journal.pone.0138135

Sawafuji, R., Saso, A., Suda, W., Hattori, M., Ueda, S., 2020. Ancient DNA analysis of food remains
in human dental calculus from the Edo period, Japan. PLOS ONE 15, e0226654.
https://doi.org/10.1371/journal.pone.0226654

Schmidt, T.M., DeLong, E.F., Pace, N.R., 1991. Analysis of a marine picoplankton community by
16S rRNA gene cloning and sequencing. J. Bacteriol. 173, 4371-4378.
https://doi.org/10.1128/jb.173.14.4371-4378.1991

104



Schnorr, S.L., 2015. The Diverse Microbiome of the Hunter-Gatherer. Nature 518, S14-S15.
https://doi.org/10.1038/518S14a

Scholz, M.B., Lo, C.-C., Chain, P.S., 2012. Next generation sequencing and bioinformatic
bottlenecks: the current state of metagenomic data analysis. Curr. Opin. Biotechnol.,
Analytical biotechnology 23, 9-15. https://doi.org/10.1016/j.copbio.2011.11.013

Schroeder, H., de Barros Damgaard, P., Allentoft, M.E., 2019. Pretreatment: Improving Endogenous
Ancient DNA Yields Using a Simple Enzymatic Predigestion Step. Methods Mol. Biol.
Clifton NJ 1963, 21-24. https://doi.org/10.1007/978-1-4939-9176-1 3

Schubert, M., Ermini, L., Sarkissian, C.D., Jonsson, H., Ginolhac, A., Schaefer, R., Martin, M.D.,
Ferndndez, R., Kircher, M., McCue, M., Willerslev, E., Orlando, L., 2014. Characterization of
ancient and modern genomes by SNP detection and phylogenomic and metagenomic analysis
using PALEOMIX. Nat Protoc 9, 1056-1082. https://doi.org/10.1038/nprot.2014.063

Segata, N., 2015. Gut Microbiome: Westernization and the Disappearance of Intestinal Diversity.
Curr. Biol. 25, R611-R613. https://doi.org/10.1016/j.cub.2015.05.040

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W.S., Huttenhower, C., 2011.
Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60.
https://doi.org/10.1186/gb-2011-12-6-r60

Severance, E.G., Yolken, R.H., Eaton, W.W., 2016. Autoimmune diseases, gastrointestinal disorders
and the microbiome in schizophrenia: more than a gut feeling. Schizophr. Res. 176, 23-35.
https://doi.org/10.1016/j.schres.2014.06.027

Shah, N., Tang, H., Doak, T.G., Ye, Y., 2010. COMPARING BACTERIAL COMMUNITIES
INFERRED FROM 16S rRNA GENE SEQUENCING AND SHOTGUN
METAGENOMICS, in: Biocomputing 2011. WORLD SCIENTIFIC, pp. 165-176.
https://doi.org/10.1142/9789814335058_0018

Shapiro, B., Barlow, A., Heintzman, P.D., Hofreiter, M., Paijmans, J.L.A., Soares, A.E.R. (Eds.),
2019. Ancient DNA: Methods and Protocols, Methods in Molecular Biology. Springer New
York, New York, NY. https://doi.org/10.1007/978-1-4939-9176-1

Sharma, N., 2005. Fungi in dinosaurian (lIsisaurus) coprolites from the Lameta Formation
(Maastrichtian) and its reflection on food habit and environment. Micropaleontology 51, 73—
82. https://doi.org/10.2113/51.1.73

Shillito, L.-M., Blong, J.C., Green, E.J., van Asperen, E.N., 2020. The what, how and why of
archaeological coprolite analysis. Earth-Sci. Rev. 103196.
https://doi.org/10.1016/j.earscirev.2020.103196

Sicard, D., Legras, J.-L., 2011. Bread, beer and wine: Yeast domestication in the Saccharomyces
sensu stricto complex. C. R. Biol., On the trail of domestications, migrations and invasions in
agriculture 334, 229-236. https://doi.org/10.1016/j.crvi.2010.12.016

Sigel, A., Sigel, H., Sigel, R.K.O. (Eds.), 2013. Interrelations between Essential Metal lons and
Human Diseases, Metal lons in Life Sciences. Springer Netherlands.
https://doi.org/10.1007/978-94-007-7500-8

Sing, D., Sing, C.F., 2010. Impact of direct soil exposures from airborne dust and geophagy on human
health. Int. J. Environ. Res. Public. Health 7, 1205-1223.
https://doi.org/10.3390/ijerph7031205

Singh, B.K., Bardgett, R.D., Smith, P., Reay, D.S., 2010. Microorganisms and climate change:
terrestrial feedbacks and mitigation options. Nat. Rev. Microbiol. 8, 779-790.
https://doi.org/10.1038/nrmicro2439

Slatkin, M., Racimo, F., 2016. Ancient DNA and human history. Proc. Natl. Acad. Sci. 113, 6380
6387. https://doi.org/10.1073/pnas.1524306113

Smit, G., Smit, B.A., Engels, W.J.M., 2005. Flavour formation by lactic acid bacteria and biochemical
flavour profiling of cheese products. FEMS Microbiol. Rev. 29, 591-610.
https://doi.org/10.1016/j.fmrre.2005.04.002

105



Souza, R. de, Ambrosini, A., Passaglia, L.M.P., Souza, R. de, Ambrosini, A., Passaglia, L.M.P., 2015.
Plant growth-promoting bacteria as inoculants in agricultural soils. Genet. Mol. Biol. 38, 401—
419. https://doi.org/10.1590/S1415-475738420150053

Spyrou, M.A., Bos, K.1., Herbig, A., Krause, J., 2019. Ancient pathogen genomics as an emerging
tool for infectious disease research. Nat. Rev. Genet. 20, 323-340.
https://doi.org/10.1038/s41576-019-0119-1

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., Ludwig, C., 2015. The trajectory of the
Anthropocene: The Great Acceleration. Anthr. Rev. 2, 81-98.
https://doi.org/10.1177/2053019614564785

Stein, J.L., Marsh, T.L., Wu, K.Y., Shizuya, H., DeLong, E.F., 1996. Characterization of uncultivated
prokaryotes: isolation and analysis of a 40-kilobase-pair genome fragment from a planktonic
marine archaeon. J. Bacteriol. 178, 591-599. https://doi.org/10.1128/jb.178.3.591-599.1996

Stein, M.M., Hrusch, C.L., Gozdz, J., Igartua, C., Pivniouk, V., Murray, S.E., Ledford, J.G., Marques
dos Santos, M., Anderson, R.L., Metwali, N., Neilson, JW., Maier, R.M., Gilbert, J.A.,
Holbreich, M., Thorne, P.S., Martinez, F.D., von Mutius, E., Vercelli, D., Ober, C., Sperling,
A.l,, 2016. Innate Immunity and Asthma Risk in Amish and Hutterite Farm Children. N. Engl.
J. Med. 375, 411-421. https://doi.org/10.1056/NEJMo0al1508749

Su, X., Xu, J., Ning, K., 2012. Parallel-META: efficient metagenomic data analysis based on high-
performance computation. BMC Syst. Biol. 6, S16. https://doi.org/10.1186/1752-0509-6-S1-
S16

Sun, Y., Cai, Y., Huse, S.M., Knight, R., Farmerie, W.G., Wang, X., Mai, V., 2012. A large-scale
benchmark study of existing algorithms for taxonomy-independent microbial community
analysis. Brief. Bioinform. 13, 107-121. https://doi.org/10.1093/bib/bbr009

Taylor, J.J., Preshaw, P.M., 2016. Gingival crevicular fluid and saliva. Periodontol. 2000 70, 7-10.
https://doi.org/10.1111/prd.12118

Tett, A., Huang, K.D., Asnicar, F., Fehlner-Peach, H., Pasolli, E., Karcher, N., Armanini, F., Manghi,
P., Bonham, K., Zolfo, M., De Filippis, F., Magnabosco, C., Bonneau, R., Lusingu, J., Amuasi,
J., Reinhard, K., Rattei, T., Boulund, F., Engstrand, L., Zink, A., Collado, M.C., Littman, D.R.,
Eibach, D., Ercolini, D., Rota-Stabelli, O., Huttenhower, C., Maixner, F., Segata, N., 2019.
The Prevotella copri Complex Comprises Four Distinct Clades Underrepresented in
Westernized Populations. Cell Host Microbe 26, 666-679.e7.
https://doi.org/10.1016/j.chom.2019.08.018

McGrath, J., & Martin, K.C., 2017. The Modernization of the Western World: A Society Transformed
(2nd ed.). Routledge. https://doi.org/10.4324/9781315157795

Thomas, R.H., Schaffner, W., Wilson, A.C., Paabo, S., 1989. DNA phylogeny of the extinct marsupial
wolf. Nature 340, 465-467. https://doi.org/10.1038/340465a0

Thomas, W.K., Pdabo, S., Villablanca, F.X., Wilson, A.C., 1990. Spatial and temporal continuity of
kangaroo rat populations shown by sequencing mitochondrial DNA from museum specimens.
J. Mol. Evol. 31, 101-112. https://doi.org/10.1007/BF02109479

Thomason, C.A., Mullen, N., Belden, L.K., May, M., Hawley, D.M., 2017. Resident Microbiome
Disruption with Antibiotics Enhances Virulence of a Colonizing Pathogen. Sci. Rep. 7, 16177.
https://doi.org/10.1038/s41598-017-16393-3

Thomsen, P.F.,, Kielgast, J., lversen, L.L., Wiuf, C., Rasmussen, M., Gilbert, M.T.P., Orlando, L.,
Willerslev, E., 2012. Monitoring endangered freshwater biodiversity using environmental
DNA. Mol. Ecol. 21, 2565-2573. https://doi.org/10.1111/j.1365-294X.2011.05418.x

Tito, R.Y., Macmil, S., Wiley, G., Najar, F., Cleeland, L., Qu, C., Wang, P., Romagne, F., Leonard, S.,
Ruiz, A.J., Reinhard, K., Roe, B.A., Jr, C.M.L., 2008. Phylotyping and Functional Analysis
of Two Ancient Human Microbiomes. PLOS ONE 3, e3703.
https://doi.org/10.1371/journal.pone.0003703

Truong, D.T., Franzosa, E.A., Tickle, T.L., Scholz, M., Weingart, G., Pasolli, E., Tett, A,
Huttenhower, C., Segata, N., 2015. MetaPhlAn2 for enhanced metagenomic taxonomic
profiling. Nat. Methods 12, 902—-903. https://doi.org/10.1038/nmeth.3589

106



Ubaldi, M., Luciani, S., Marota, I., Fornaciari, G., Cano, R.J., Rollo, F., 1998. Sequence analysis of
bacterial DNA in the colon of an Andean mummy. Am. J. Phys. Anthropol. 107, 285-295.
https://doi.org/10.1002/(SICI1)1096-8644(199811)107:3<285::AID-AJPA5>3.0.CO;2-U

Vaz, E., Penfound, E., 2020. Mars Terraforming: A Geographic Information Systems Framework.
Life Sci. Space Res. 24, 50-63. https://doi.org/10.1016/j.1ssr.2019.12.001

\elsko, I.M., Fellows Yates, J.A., Aron, F., Hagan, R.W., Frantz, L.A.F., Loe, L., Martinez, J.B.R.,
Chaves, E., Gosden, C., Larson, G., Warinner, C., 2019. Microbial differences between dental
plaque and historic dental calculus are related to oral biofilm maturation stage. Microbiome
7, 102. https://doi.org/10.1186/s40168-019-0717-3

\elsko, I.M., Frantz, L.A.F., Herbig, A., Larson, G., Warinner, C., 2018. Selection of Appropriate
Metagenome Taxonomic Classifiers for Ancient Microbiome Research. mSystems 3, e00080-
18, /msystems/3/4/msys.00080-18.atom. https://doi.org/10.1128/mSystems.00080-18

Vitamin B12 [WWW  Document], 2014. . Linus  Pauling Inst. URL
https://Ipi.oregonstate.edu/mic/vitamins/vitamin-B12 (accessed 6.10.20).

Wade, W.G., 2021. Resilience of the oral microbiome. Periodontol. 2000 86, 113-122.
https://doi.org/10.1111/prd.12365

Wall, D.H., Nielsen, U.N., Six, J., 2015. Soil biodiversity and human health. Nature 528, 69-76.
https://doi.org/10.1038/nature15744

Ward, N.L., Challacombe, J.F., Janssen, P.H., Henrissat, B., Coutinho, P.M., Wu, M., Xie, G., Haft,
D.H., Sait, M., Badger, J., Barabote, R.D., Bradley, B., Brettin, T.S., Brinkac, L.M., Bruce,
D., Creasy, T., Daugherty, S.C., Davidsen, T.M., DeBoy, R.T., Detter, J.C., Dodson, R.J.,
Durkin, A.S., Ganapathy, A., Gwinn-Giglio, M., Han, C.S., Khouri, H., Kiss, H., Kothari, S.P.,
Madupu, R., Nelson, K.E., Nelson, W.C., Paulsen, I., Penn, K., Ren, Q., Rosovitz, M.J.,
Selengut, J.D., Shrivastava, S., Sullivan, S.A., Tapia, R., Thompson, L.S., Watkins, K.L.,
Yang, Q., Yu, C., Zafar, N., Zhou, L., Kuske, C.R., 2009. Three Genomes from the Phylum
Acidobacteria Provide Insight into the Lifestyles of These Microorganisms in Soils. Appl.
Environ. Microbiol. 75, 2046-2056. https://doi.org/10.1128/AEM.02294-08

Warinner, C., Herbig, A., Mann, A., Fellows Yates, J.A., Weil, C.L., Burbano, H.A., Orlando, L.,
Krause, J., 2017. A Robust Framework for Microbial Archaeology. Annu. Rev. Genomics
Hum. Genet. 18, 321-356. https://doi.org/10.1146/annurev-genom-091416-035526

Warinner, C., Rodrigues, J.F.M., Was, R., Trachsel, C., Shved, N., Grossmann, J., Radini, A.,
Hancock, Y., Tito, R.Y., Fiddyment, S., Speller, C., Hendy, J., Charlton, S., Luder, H.U.,
Salazar-Garcia, D.C., Eppler, E., Seiler, R., Hansen, L.H., Castruita, J.A.S., Barkow-
Oesterreicher, S., Teoh, K.Y., Kelstrup, C.D., Olsen, J.V., Nanni, P., Kawai, T., Willerslev, E.,
von Mering, C., Lewis, C.M., Collins, M.J., Gilbert, M.T.P., Ruhli, F., Cappellini, E., 2014.
Pathogens and host immunity in the ancient human oral cavity. Nat. Genet. 46, 336—344.
https://doi.org/10.1038/ng.2906

Warinner, C., Speller, C., Collins, M.J., 2015a. A new era in palaeomicrobiology: prospects for
ancient dental calculus as a long-term record of the human oral microbiome. Philos. Trans. R.
Soc. B Biol. Sci. 370, 20130376. https://doi.org/10.1098/rsth.2013.0376

Warinner, C., Speller, C., Collins, M.J., Lewis, C.M., 2015b. Ancient human microbiomes. J. Hum.
Evol. 79, 125-136. https://doi.org/10.1016/j.jhevol.2014.10.016

Watts, T.L.P., Combe, E.C., 1981. An estimation of the strength of attachment of subgingival calculus
to extracted teeth. J. Clin. Periodontol. 8, 1-3. https://doi.org/10.1111/j.1600-
051X.1981.th02017.x

Weyrich, L.S., Dobney, K., Cooper, A., 2015. Ancient DNA analysis of dental calculus. J. Hum. Evol.
79, 119-124. https://doi.org/10.1016/j.jhevol.2014.06.018

Weyrich, L.S., Duchene, S., Soubrier, J., Arriola, L., Llamas, B., Breen, J., Morris, A.G., Alt, K.W.,,
Caramelli, D., Dresely, V., Farrell, M., Farrer, A.G., Francken, M., Gully, N., Haak, W., Hardy,
K., Harvati, K., Held, P., Holmes, E.C., Kaidonis, J., Lalueza-Fox, C., de la Rasilla, M., Rosas,
A., Semal, P., Soltysiak, A., Townsend, G., Usai, D., Wahl, J., Huson, D.H., Dobney, K.,

107



Cooper, A., 2017. Neanderthal behaviour, diet, and disease inferred from ancient DNA in
dental calculus. Nature 544, 357-361. https://doi.org/10.1038/nature21674

White, D.J., 1997. Dental calculus: recent insights into occurrence, formation, prevention, removal
and oral health effects of supragingival and subgingival deposits. Eur. J. Oral Sci. 105, 508—
522. https://doi.org/10.1111/j.1600-0722.1997.tb00238.x

White, D.J., 1991. Processes contributing to the formation of dental calculus. Biofouling 4, 209-218.
https://doi.org/10.1080/08927019109378211

White, J.S., 2014. Sucrose, HFCS, and Fructose: History, Manufacture, Composition, Applications,
and Production, in: Rippe, J.M. (Ed.), Fructose, High Fructose Corn Syrup, Sucrose and
Health. Springer New York, New York, NY, pp. 13-33. https://doi.org/10.1007/978-1-4899-
8077-9 2

Wibowo, M.C., Yang, Z., Borry, M., Hibner, A., Huang, K.D., Tierney, B.T., Zimmerman, S.,
Barajas-Olmos, F., Contreras-Cubas, C., Garcia-Ortiz, H., Martinez-Hernandez, A., Luber,
J.M., Kirstahler, P., Blohm, T., Smiley, F.E., Arnold, R., Ballal, S.A., Pamp, S.J., Russ, J.,
Maixner, F., Rota-Stabelli, O., Segata, N., Reinhard, K., Orozco, L., Warinner, C., Snow, M.,
LeBlanc, S., Kostic, A.D., 2021. Reconstruction of ancient microbial genomes from the
human gut. Nature 594, 234-239. https://doi.org/10.1038/s41586-021-03532-0

Willerslev, E., Cooper, A., 2005. Ancient DNA. Proc. Biol. Sci. 272, 3-16.
https://doi.org/10.1098/rspb.2004.2813

Willerslev, E., Hansen, A.J., Binladen, J., Brand, T.B., Gilbert, M.T.P., Shapiro, B., Bunce, M., Wiuf,
C., Gilichinsky, D.A., Cooper, A., 2003. Diverse plant and animal genetic records from
Holocene and Pleistocene sediments. Science 300, 791-795.
https://doi.org/10.1126/science.1084114

Wood, D.E., Lu, J., Langmead, B., 2019. Improved metagenomic analysis with Kraken 2. Genome
Biol. 20, 257. https://doi.org/10.1186/5s13059-019-1891-0

Wood, D.E., Salzberg, S.L., 2014. Kraken: ultrafast metagenomic sequence classification using exact
alignments. Genome Biol. 15, R46. https://doi.org/10.1186/gb-2014-15-3-r46

Wooley, J.C., Ye, Y., 2010. Metagenomics: Facts and Artifacts, and Computational Challenges. J.
Comput. Sci. Technol. 25, 71-81. https://doi.org/10.1007/s11390-010-9306-4

Yang, S.-H., Hong, S.H., Cho, S.B., Lim, J.S., Bae, S.E., Ahn, H., Lee, E.Y., 2012. Characterization
of microbial community in the leachate associated with the decomposition of entombed pigs.
J. Microbiol. Biotechnol. 22, 1330-1335. https://doi.org/10.4014/jmb.1205.05006

Yang, X., Xie, L., Li, Y., Wei, C., 2009. More than 9,000,000 Unique Genes in Human Gut Bacterial
Community: Estimating Gene Numbers Inside a Human Body. PLOS ONE 4, e6074.
https://doi.org/10.1371/journal.pone.0006074

Yatsunenko, T., Rey, F.E., Manary, M.J., Trehan, I., Dominguez-Bello, M.G., Contreras, M., Magris,
M., Hidalgo, G., Baldassano, R.N., Anokhin, A.P., Heath, A.C., Warner, B., Reeder, J.,
Kuczynski, J., Caporaso, J.G., Lozupone, C.A., Lauber, C., Clemente, J.C., Knights, D.,
Knight, R., Gordon, J.1., 2012. Human gut microbiome viewed across age and geography.
Nature 486, 222—-227. https://doi.org/10.1038/nature11053

Yazdanbakhsh, M., Kremsner, P.G., van Ree, R., 2002. Allergy, Parasites, and the Hygiene
Hypothesis. Science 296, 490-494. https://doi.org/10.1126/science.296.5567.490

Young, V.B., 2017. The role of the microbiome in human health and disease: an introduction for
clinicians. BMJ 356, j831. https://doi.org/10.1136/bmj.j831

Zakrzewski, M., Proietti, C., Ellis, J.J., Hasan, S., Brion, M.-J., Berger, B., Krause, L., 2017. Calypso:
a user-friendly web-server for mining and visualizing microbiome—environment interactions.
Bioinformatics 33, 782—783. https://doi.org/10.1093/bioinformatics/btw725

Zhang, Z., Gai, L., Hou, Z., Yang, C., Ma, C., Wang, Z., Sun, B., He, X., Tang, H., Xu, P., 2010.
Characterization and biotechnological potential of petroleum-degrading bacteria isolated from
oil-contaminated soils. Bioresour. Technol. 101, 8452-8456.
https://doi.org/10.1016/j.biortech.2010.05.060

108



Ziesemer, K.A., Mann, A.E., Sankaranarayanan, K., Schroeder, H., Ozga, A.T., Brandt, B.W., Zaura,
E., Waters-Rist, A., Hoogland, M., Salazar-Garcia, D.C., Aldenderfer, M., Speller, C., Hendy,
J., Weston, D.A., MacDonald, S.J., Thomas, G.H., Collins, M.J., Lewis, C.M., Hofman, C.,
Warinner, C., 2015. Intrinsic challenges in ancient microbiome reconstruction using 16S
rRNA gene amplification. Sci. Rep. 5, 16498. https://doi.org/10.1038/srep16498

109



