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ABSTRACT

Anthropogenic effects on the environment, ecology, and biodiversity of animals are not
exclusive to the Anthropocene but extend deep into antiquity. In fact, many archaeologists and
historical ecologists argue that the complex interplay between humans and their environment for
the past millennia have shaped the Anthropocene. Archaeologists, in particular, have long
recognized humans as the ultimate niche constructors given their ability to significantly alter the
environment to meet their needs, which in turn creates and influences other natural selective
pressures. Such effects have been observed within early human-animal interactions and the
resulting transition to animal domestication. In addition, it has been argued that these early
human alterations to both our environment and animals fostered the rise in zoonotic diseases.
New biomolecular tools and advances in the “-omics” coupled with the archaeological record
can provide meaningful snapshots in time to address how humans have facilitated changes to
domestication patterns and consequentially animal health and the spread of zoonotic diseases. As
such, this dissertation research takes a theoretical, methodological, and data driven approach to
address human-animal interactions and the long dynamic nature of anthropogenic disruptions.
The impact of this dissertation is threefold: increasing our understanding of human-made
environmental impacts, increasing the recognition of natural history collections and
biorepositories as valuable resources to address historical shifts in biodiversity and ecologies due
to human activity, and the incorporation of microbiome data in broadening our understanding of
human-animal interactions. As a result, this dissertation research offers a transdisciplinary
approach that will fill the gap in studies of past human-animal interactions.
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CHAPTER 1

Reconstructing past human and animal environments

1.1 INTRODUCTION

Major shifts in human behavior and their alterations to the environment that we consider as
instigators of the Anthropocene can be associated with human behavior deep into antiquity
(Braje and Rick, 2011; Smith and Zeder, 2013; Hofman et al., 2015; Boivin et al., 2016; Roberts
et al.,2017; Ellis, 2021; Ellis ef al., 2021). Such alterations have shaped both human and animal
demographics and behavioral responses to ecological niches for the past millennia (Smith and
Zeder, 2013; Boivin et al., 2016) — a process known as niche construction (Odling-Smee, Laland
and Feldman, 1996; Laland, Odling-Smee and Feldman, 2001). Archaeologists have long
recognized humans as the ultimate niche constructors given their ability to significantly alter the
environment to meet their needs, which in turn creates and influences other natural selective
pressures (Laland, Odling-Smee and Feldman, 2001). Niche Construction Theory (NCT)
provides a co-evolutionary framework from which to assess how organisms influence and shape
their environment. Within archaeology NCT provides a multilinear approach evaluate the
selective ecological pressures on organisms that have allowed for the succession of certain
species. This allows archaeologists to incorporate human agency and a behavioral component
with NCT to observe genetic inheritance and exchange within a dynamic environment, tying in
well with concepts of gene-culture coevolution (Laland and O’Brien, 2010; O’Brien and Laland,
2012). This has been observed within early human-animal interactions and the resulting
transition to animal domestication (Zeder, 2016) as well as the consequential rise of zoonotic
diseases due to early human alterations to both our environment and animals (Cockburn, 1971;
Harper and Armelagos, 2013; Zuckerman et al., 2014).

Niche Construction and the Anthropocene parallel with one another as the Anthropocene is
viewed as a transition from “natural” landscapes to cultural landscapes (Crutzen and Stoermer,
2000; Waters et al., 2016; McMahon, Morand and Gray, 2018; Waters and Turner, 2022).

The complex interplay between humans and their environment for the past millennia have
shaped the Anthropocene (Braje and Rick, 2011; Smith and Zeder, 2013; Hofman et al., 2015;
Szabo, 2015; Armstrong et al., 2017; Ellis et al., 2021). As a result, the onset of the
Anthropocene has been equated with different periods of time, such as the early 1800s and the
onset of the Industrial Revolution (Crutzen and Stoermer 2000; Steffen et al. 2011), the 1610
Orbis Spike and the Euro-colonial expansion into the Americas (Lewis and Maslin, 2015), the
Neolithic Demographic Transition and the adoption of agriculture (Smith and Zeder 2013;
Ruddiman 2017), to as far back as the presence of controlled fire (~0.5 mya) (Gowlett 2016;
Lucock et al. 2013). Consequently, human niche constructions have also led to biodiversity loss
through habitat fragmentation, particularly deforestation, and climate change (Laland et al.
2001). These “anthromes or anthropogenic biomes” shape the genetic selection of multiple
species around us and have been built upon several successive rounds of ecological inheritance
(Fuentes and Baynes-Rock, 2017; Ellis, 2021)

Doctoral Dissertation -1- K. M. Rayfield



Chapter 1: Reconstructing past human and animal environments

The archaeological record — an archive of the long-term human-environment interactions — can
provide insight to the dynamic and contingent nature of how anthropogenic activities alter
animal demographics, ecosystems, and disease landscapes over time. Now, new biomolecular
tools and advances in the “~omics” coupled with the archaeological record can provide
meaningful snapshots in time to address how humans have facilitated changes to domestication
patterns and consequentially environmental and animal health and the spread of zoonotic
diseases. As such, this dissertation research takes a theoretical (Chapter 2), methodological
(Chapter 3), and data-driven (Chapter 4) approach to address human-animal interactions and the
long dynamic nature of anthropogenic disruptions.

I first provide a theoretical approach in addressing how NCT coupled with the One Health
perspective can be used to reconstruct past human created disease landscapes, from now on
referred to as “disease-scapes”. Within this review chapter, I discuss how humans, as niche
constructors, have driven disease emergence for millennia. I highlight new “-omic”
methodologies that can be incorporated to study past human-animal-environment interactions
and how contemporary “disease-scapes’ are built on successive rounds of anthropogenic
disruptions. In addition, I provide alternative datasets that can be incorporated to model how
these changes have taken place over time. Within Chapters 3 and 4, I demonstrate how ancient
proteomic and genomic methods can be used to address past human-animal-environment
interactions. I apply a proteomic methodological approach to determine sex from archaeological
animal dental remains and address the application of this technique when studying early animal
husbandry practices. In Chapter 4, I tie many of the themes introduced within Chapter 2 (review
of One Health and NCT) with a genomic data driven approach to study human alterations to
marine mammal oral microbiomes and past ecologies. Overarchingly, this dissertation explores
how we can reconstruct past human-animal-environmental interactions coupling theoretical
concepts with new biomolecular tools that can fill the gap in these studies.

1.2 UNITING ONE HEALTH AND NCT TO STUDY PAST DISEASE-SCAPES

Approximately 60% of human pathogens are associated with non-human animal origins
(Woolhouse and Gowtage-Sequeria, 2005; Jones et al., 2013). The recent rise in re-emerging
infectious diseases such as malaria, tuberculosis and brucellosis and emerging infectious diseases
including HIV, HIN1, SARS, MERS, and now coronaviruses argue for a deeper investigation
into human-animal relationships and their associated interactions with their environments. One
approach that recognizes and enhances detection of the spread of zoonotic diseases is the
adoption of a One Health strategy. A One Health approach that mitigates and prevents future
pandemics and enhances the surveillance of human-animal interfaces with the greatest zoonotic
disease risk has increasingly gained attraction (Heymann and Dixon, 2013; Plowright et al.,
2021). The adoption of this approach stresses how human, animal, and environmental health are
codependent of each other and influence health outcomes (Salyer et al., 2017; Bendrey et al.,
2020).

Zoonotic transmission is a complex cascade of events and factors that require the alignment of
ecological, epidemiological, and behavioral determinants to allow for favorable transmission of a
pathogen to a new host species (Plowright ef al., 2017). The current One Health model equates
this cascade of events to anthropogenically induced ecological changes. Most frequently the

Doctoral Dissertation -2- K. M. Rayfield



Chapter 1: Reconstructing past human and animal environments

major anthropogenic influences on these ecological changes include landscape alteration, global
travel of humans, domesticated animals, wildlife trade, plants and microbes, the introduction of
antibiotics and antimicrobial resistance, and the geographic expansion of animals and disease
vectors due to climate change (McMahon, Morand and Gray, 2018). Such alterations have been
further linked to the rising rate of emerging and re-emerging infectious disease where 75% of
these infectious diseases originate from wildlife populations (Woolhouse and Gowtage-Sequeria,
2005; Jones et al., 2013; White and Razgour, 2020). In addition, environmentally introduced
antimicrobial resistance through the misuse and overuse of antibiotics in both humans and
domesticated animals (Brealey et al., 2021) as well as industrialized food production (Atlas and
Maloy, 2014), and the expanding interface between humans, domesticated animals, and wildlife
has created new ecological niches for pathogenic microbes to spread to alternative host species
(Atlas and Maloy, 2014). These alterations are expected to intensify in the Anthropocene and
have been doing so at an alarming rate (Jones et al., 2013; McMahon, Morand and Gray, 2018).

Environmental modifications ultimately change the infections humans and animals are likely to
encounter and can therefore provide critical details when addressing coevolutionary disease
relationships. Current emerging disease trends have increasingly been linked to anthropogenic
land alterations and highlight the impact environmental disruptions, both natural and cultural,
play on disease outbreaks. To consider a select few — land conversion and deforestation, habitat
fragmentation and climate change — have been significantly linked to both past and present
ecological changes and disease dynamics. This has been readily documented with the creation of
agricultural land and Nipah virus outbreaks (Epstein ef al., 2006; McMahon, Morand and Gray,
2018) and the reversion to woodlands with the expansion of tick borne diseases such as Lyme’s
Disease (Ostfeld and Keesing, 2000, 2012). Habitat fragmentation and deforestation have
fostered the emergence of Ebola, HIV along with numerous vector borne diseases such as Zika
(Ali et al., 2017; McMahon, Morand and Gray, 2018). Finally, geographic expansion and
seasonal fluctuations of mosquito vectors like Blue Tongue Virus and West Nile Virus are have
been linked to anthropogenic climate change (Gibbs and Greiner, 1994; Wilson and Mellor,
2009; Paz, 2015). As a result, changes in the landscape can consequently influence the types of
organisms — animals, insect vectors, microbes — humans are now sharing space with, as well as
what organisms would benefit from cultural modifications within an anthropogenically
constructed niche.

To date, the One Health strategy has most frequently been applied to altered terrestrial
ecosystems, focused on either the human-wildlife-interface or industrialized food production
with a focus on antibiotic resistance. Archaeology has a long history of recognizing zoonotic
disease transmission from animals to humans (Cockburn, 1971; Goodman et al., 1984; Cohen,
1989; Dobson and Carper, 1996; Bocquet-Appel, Naji and Bandy, 2008; Harper and Armelagos,
2013; Harper et al., 2013; Zuckerman et al., 2014; Roberts and Buikstra, 2019). This has been
readily documented with the First Epidemiological Transition and the advent of agriculture (Omran,
1971; Harper and Armelagos, 2013; Zuckerman et al., 2014). The resulting altered environments,
the transition to a sedentary lifestyle, the domestication of animals, and an increase in population
densities consequently created new ecological niches for the transmission of zoonotic and vector
borne pathogens (Harper and Armelagos, 2013; Zuckerman et al., 2014). Yet, archaeology has
not fully been incorporated in One Health discussions. Within this review chapter I demonstrate
that that current disease-scapes are spillovers of ecological inheritance and can be untangled
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Chapter 1: Reconstructing past human and animal environments

using archaeological methods. This has been documented with the successive layering of large
scale anthropogenic disruptions on the environment as well as the ecology and biogeography of
animals that extends to the Late Pleistocene, beginning when ancient peoples first hunted
megafauna and burned landscapes (Ellis, 2021; Ellis ef al., 2021). Four unique patterns of
transitions that are consistent with the Anthropocene include (1) the extinction of megafauna at
the end of the Pleistocene (2) the Neolithic Demographic Transition and the adoption of
agriculture (3) the colonization of islands (4) and the rise of urbanization and creation of large
commercial networks (Boivin et al., 2016). While the start of the Anthropocene is continuously
debated, each of these suggested periods have been associated with major environmental
disruption, changing demographics, as well as the creation of new ecological niches at the
human-animal interface (Atlas and Maloy, 2014; Boivin et al., 2016; Ellis, 2021; Ellis et al.,
2021) — the key drivers that One Health recognizes as contributing to new disease-scapes. As a
result, the full anthropogenic impact on zoonotic disease ecology and current disease-scapes has
not been well addressed with One Health alone (Messenger, Barnes and Gray, 2014; Wollf,
2015). A temporal perspective provided through NCT must be incorporated to understand the
disease dynamics within current disease-scapes.

By combining zooarchaeological, bioarchaeological, and palaeoecological data under a One
Health framework, I address how humans, as niche constructors, have facilitated new host and
reservoir species and disease-scapes from the Late Pleistocene and Holocene directly into the
Anthropocene. I also address how the archaeological record has relevance for environmental and
conservation concerns, of importance, the archaeological record has informed our understanding
of past human-environment interactions and the behaviors adopted under times of environmental
stress. These studies have helped in addressing ways to bridge archaeology with current climate
and environmental problems we face today within the Anthropocene (climate change, drought,
El Nifio events, etc.) (Burke et al., 2021). I discuss how museum collections can be used to
provide a timestamp of change and a temporal perspective in understanding past disease
(DiEuliis et al., 2016; Dunnum ef al., 2017). Finally I address how archaeology can be used to
understand the impact of past pandemics on health disparities that persist into the present
(Davalos et al., 2020; Wade, 2020) and provide ethical consideration for conducting
collaborative and inclusive research with descendant communities.

1.3 A PROTEOMIC METHOD FOR SEXING ANIMAL REMAINS

One area we can further explore the scale of human influence, is the study of animal husbandry
and domestication. We can do this using proteomic methods as a complementary or alternative
method to ancient DNA, as it is generally more reliable, less expensive, and less destructive
(Hendy et al., 2018). Proteomics is the study of proteins produced by organism (proteomes)
(Hendy et al., 2018; Hendy, 2021) and as a field has shown that proteins degrade slower than
DNA and within more temperate climates, thus making them more applicable for analyses in
multiple parts of the world (Hendy et al., 2018; Welker ef al., 2020). The analysis of proteins and
recovery of amino acid sequences has been practiced since the 1950s, however their application
to ancient contexts and the innovative development of methods in their analyses has grown
exponentially in the past two decades (Cappellini, Collins and Gilbert, 2014; Hendy et al., 2018;
Hendy, 2021). The applications of proteomic research can be broadly applied to organic
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materials, reconstructing subsistence patterns, diet, and past human diseases (Hendy, 2021;
Warinner, Korzow Richter and Collins, 2022).

Residual protein analysis has allowed archaeologists to explore how people were engaging with
their environment and they type of resources they were using through the analysis of cultural
material. This has been documented in the protein analysis of paint and glue substances used for
art as well as pot sherd for dietary reconstructions(Tokarski et al., 2006; Solazzo et al., 2008;
Dallongeville et al., 2013). Most notably proteomic research has been used for reconstructing
phylogeny and species identification (Cappellini et al., 2012, 2019; Coutu ef al., 2021). In
particular, the application of Zooarchaeology by Mass Spectrometry (ZooMS) has provided
taxonomic resolution and ecological reconstruction where archaeological methods alone cannot
(Buckley et al., 2009; Buckley and Collins, 2011; Richter et al., 2022). ZooMS uses the amino
acid sequence of collagen peptides recovered from bones to taxonomically identify
unidentifiable fragments (Buckley et al., 2009; Buckley and Collins, 2011; Richter et al., 2022).

Stewart and contributors use a different protein, the amelogenin protein, from archaeological
human remains for sex determination. This proteomic approach has been applied to determine
sex from human dental remains with success (Stewart et al., 2017; Parker et al., 2019; Buonasera
et al., 2020). Sex determination of human remains is fundamental in archaeology and forensic
cases, especially among juveniles who cannot be sexed by osteology. Within zooarchaeological
contexts, the ability to determine sex among animal remains is critical to address animal harvest,
husbandry and exploring domestication processes. Doing so sheds light on how people
influenced the reproduction of animals. Determining the proportion of males versus females
within zooarchaeological sites can identify early herd management practices as one step in the
process of domestication (Zeder, 2016). Domestication is often defined as a sustained
multigenerational relationship where one organism significantly influences the reproduction and
care of another organism (Zeder, 2015). Such alterations can leave both genetic and
morphological alterations. However, these alterations cannot be easily identified in early
domestication settings. Early markers for domestication are often identified through alterations to
the age and sex profiles, such as the selective harvesting of young males, where younger males
are killed for consumption purposes, but the number of females and the number of older females
remains in the herd. Alternatively, sex specific bones or the size of the bone are relied on to
determine sex (Zeder, 2015).

Within this dissertation chapter I provide an innovative proteomic methodological approach to
determine sex from zooarchaeological remains using teeth. Teeth preserve well and their enamel
mineralization is among the hardest components in the human body, surviving well after
decomposition of other tissue. As a result, the dental enamel provides a stable source for protein
analysis. The protein amelogenin makes up 90% of the tooth enamel and is coded by the X and
Y chromosomes in humans. The protein products of the X and Y gene have been recovered in
human tooth enamel and used to determine sex with the absence of the Y protein. This proteomic
method has been shown to be less destructive than DNA extraction from teeth, with a potential
for less allelic dropout. I apply the same protein extraction method performed by Stewart and
contributors to non-human mammals, where sex determination remains challenging due to the
preservation and taphonomy of faunal assemblages as well as the lack of sexual dimorphism that
can be observed between some species.
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I conducted a blind experiment of acid etching tooth enamel and top-down mass spectrometry to
identify the amelogenin protein in four mammalian species commonly found in North America,
Canis latrans (coyote), Canis lupus familiaris (dog), Odocoileus virginianus (white-tailed deer),
and Castor canadensis (beaver) from the Sam Noble Oklahoma Museum of Natural History. Our
study evaluates this methodological approach in determining sex from non-human animal
remains. I demonstrate the possibilities and challenges with the proteomic characterization of
amelogenin and provide steps in how to recover sex determining peptides from the amelogenin
protein for future analyses.

1.4 ANTHROPOGENIC EFFECTS ON MAMMALIAN ORAL MICROBIOMES

In addition to human alterations to domesticated animals, human alterations to the environment
contribute significantly to microbial diversity and zoonotic disease transmission. In this final
study, I take a novel approach to assess the scale of human impacts by examining oral
microbiomes of California sea lions. For this data driven research, I examine the microbial
diversity of oral microbiomes in California sea lions to use as a sentinel for documenting
transitioning environments and California sea lion health within the Channel Islands.

The California Channel Islands have fostered a long, dynamic, and continuous relationship
between humans and marine mammals. Located off the southern coast of California,
archaeological and cultural resources extend through more than 12,000 years (Rick and
Erlandson, 2008). While anthropogenic disruptions have increased with the onset of the
Anthropocene, marine biome modifications and ecosystem alterations due to human activity can
extend to the Pleistocene when ancient peoples hunted marine mammals (Braje and Rick,

2011). Historical exploitation of marine mammal fur, meat and oil during the 18" and 19t
century consequently fostered a modern population heavily shaped by centuries of anthropogenic
disruptions (Braje and Rick, 2011). We can explore the extent and scale of human impacts by
using a historical ecological framework that integrates archaeology with biological datasets.

One method of understanding the long and continuous impact of anthropogenic disruptions is
through studying the ancient microbiomes of marine mammals. Human and animal microbiome
studies have shown environmental and social adaptations that influence the microbial diversity
and abundance of phyla within their microbiomes (Trinh et al., 2018). The oral microbiome is a
reservoir for both primary and opportunistic pathogens (Warinner, 2016). Investigations of the
mammalian oral microbiomes are underexplored within the zooarchaeological record.
Mammalian microbiome studies have focused on the gut in conservation efforts or to observe the
influence of antibiotics used as growth promoters (Allen and Stanton, 2014; Bahrndorff et al.,
2016). These studies have shown that captivity and the loss of wildtype food sources can
strongly impact the prevalence of certain microbes (McKenzie et al., 2017). Mammalian oral
microbiome studies have observed human influence on wild vs captive and ancient microbiomes
of primates and bears, to name a select few (Ottoni ef al., 2019; Brealey et al., 2021; Fellows
Yates et al., 2021).

I studied ancient marine mammal oral microbiomes from museum collections using dental
calculus. Dental calculus — mineralized plaque — is a layered fossilized record of preserved
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microbial cells or other debris calcified in situ during the individual’s lifespan (Warinner, 2016).
The abundance of dental calculus can vary between human populations due to host genetics or
in marine mammal popula_ti_o_ris_t_n_l‘g E:l_lrr_e_n_tfy it is unclear what factors contribute to its formation
(Wellman ef al., 2020). Dental calculus held in museum collections provide a temporal
perspective to address shifting microbial abundance and diversity.

Understanding the historical ecology of sea lions can help shed light on past human and marine
mammal relations (Rick and Erlandson, 2008; Braje and Rick, 2011; Thurstan et al., 2015;
Hofman et al., 2018; Radde, 2021; Scarborough et al., 2022). To date, archaeologists have
investigated and assessed these early human impacts on the environment within the Channel
Islands by observing the absence or presence of pinnipeds in their abundance, biogeography and
breeding behavior as a result of ancient peoples from southern California (Braje and Rick, 2011;
Hofman et al., 2018). With the addition of metagenomic analysis of dental calculus, we can
recognize patterns of marine biome microbial change associated with human alterations of the
demographics, distribution, microbiome, and ecology of marine mammals through past ~130
years.

1.5 CONCLUSION

This dissertation research offers a theoretical and multi -omic approach, uniting One Health with
archaeology to study past human-animal-environmental interaction. Understanding the past
human-animal-environmental interactions and the creation of disease-scapes has can address
critical global questions of interest to a broad audience that stimulates new discussion and
transdisciplinary research. I demonstrate the application of proteomic and genomic methods that
are minimally destructive approaches and can be extrapolated and applied to other collections
and specimens to address similar archaeological and zooarchaeological questions. Furthermore,
the comprehensive genomic data generated using small samples in our approach will protect and
conserve historic and archaeological materials that are important to for future study. The impact
of this dissertation is threefold: increasing our understanding of human-made environmental
impacts, increasing the recognition of natural history collections and biorepositories as valuable
resources to address historical shifts in biodiversity and ecologies due to human activity, and the
incorporation of microbiome data in broadening our understanding of human-animal
interactions. Incorporating such analyses can open the door in developing datasets to identify
unrecognized impacts.
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Abstract:

The accelerating pace of global zoonotic disease events in the 215 century has motivated
academic researchers, health professionals, and policy makers to craft integrative One Health
approaches from disease ecology, environmental science, and epidemiology to detect and
mitigate future outbreaks. Zoonotic disease events are frequently attributed to human-animal
interactions through landscape alterations, industrialized food production, and wildlife trade.
However, we demonstrate that anthropogenic effects on the environment, ecology, and
biogeography of animals extends to the Late Pleistocene, beginning when ancient peoples first
hunted megafauna and burned landscapes. The archaeological record — a long-term archive of
human-animal-environment interactions — has largely been untapped in One Health research,
thus limiting our understanding of how anthropogenic activities alter ecosystems and the disease
dynamics within “disease-scapes” over time. Here, we highlight how new biomolecular tools and
advances in the “-omics” can be coupled with paleoecological reconstructions to holistically
evaluate past human impacts on environments and animal populations in the service of studying
zoonotic disease emergence and reemergence. By combining zooarchaeological,
bioarchaeological, and paleoecological data under a One Health perspective, we address how
humans, as niche constructors, have facilitated new host and reservoir species and disease-scapes
from the Late Pleistocene and Holocene directly into the Anthropocene.

2.1 INTRODUCTION

The profound physical and biological alteration of the global environment characteristic of the
Great Acceleration, now marking the Anthropocene has effectively introduced new variables into
zoonotic pathogen selection (Steffen et al., 2015; McMahon, Morand and Gray, 2018). Over the
past 40 years, the rise in emerging pathogens including HIV, HIN1, Ebola Virus and
Coronaviruses has highlighted the need to better understand the emergence of zoonotic diseases
— infectious diseases that spread between humans and non-human animals — as well as the
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reemergence of familiar ones using a One Health approach (Destoumieux-Garzon et al., 2018).
As ~60% of human infectious diseases have a non-human origin, significant effort is now
directed at predicting which species and populations are prime for emerging zoonotic diseases
based on their phylogeny, ecology, environmental conditions, and interactions with humans
(Carlson et al., 2021). One Health provides an all-encompassing perspective of health
determinants involving wildlife, domesticated animals, human practices, climate, ecological, and
environmental factors (Destoumieux-Garzon et al., 2018). While this perspective has been
tractable and successful in addressing syndemics — where multiple diseases cluster together and
influence public health — a temporal dimension is missing (Singer et al., 2017). Archaeology
provides this temporal dimension by recognizing the deep history of human influence in shaping
diseases of the present and future but has not been employed in the service of predicting zoonotic
disease emergence (Bendrey et al., 2020). With the addition of archaeology as an integrative
field of study and practice within One Health, we can highlight how disease-scapes are spillovers
of ecological inheritance (Zeder, 2016) and that One Health is really a manifestation of niche
construction where all three components (human, animal, and environmental health) and their
synergistic activities reflect how humans have been iteratively shaping the syndemics of a
population.

The present is a palimpsest of overwritten landscapes and species interactions that form the roots
of present-day dynamics. These overwritten constructions can make it challenging to pinpoint
how influential long-term human-animal interactions were in shaping the present-day disease
ecology — a concept known in archaeology as niche construction theory (NCT). Drivers of
disease emergence we see today — deforestation, climate change, species translocation, wildlife
trade, as well as urban-adapted mammals harboring more pathogens (Shivaprakash et al., 2021;
Albery et al., 2022) — are rooted in antiquity (Hofman et al., 2015; Armstrong et al., 2017; Ellis
et al., 2021). Continuous anthropogenic processes facilitate the passage of pathogenic microbes
between humans and non-human animals within a shared space, whether through indirect
(environmental — water, air, feces) or direct routes of transmission (butchering, consumption)
(Barrett et al., 1998; Harper and Armelagos, 2013). Therefore, zoonotic transmission is not a
simple event but rather a complex cascade of events and factors that must come together at the
same time and place to allow for favorable transmission of a pathogen to a new host species
(Plowright et al., 2017). Such a cascade requires the alignment of ecological, epidemiological,
and behavioral determinants which foster increased pathogen pressure, the likelihood that the
recipient host has adequate exposure to the pathogen, and the receptiveness of the new host
(Plowright et al., 2017). Thus, the resulting disease dynamics are not novel but are instead
contingently built on successive rounds of anthropogenic disruptions.

Developing predictive models, anticipating outcomes, making them relevant across cultural and
ecological contexts requires understanding history, place, and context. Models can assist in
determining if spillovers of today recapitulate the initial spillovers of many diseases in the past
and if there are parallels between the past and present for drivers in disease emergence. The
archaeological record is an archive of the long-term human-animal-environment interactions that
provides a temporal context for understanding disease dynamics in a particular place, culture, or
ecosystem. Anthropogenically created disease landscapes, or “disease-scapes”, are the result of
the types of animals, plants, and microbes that are culturally and behaviorally selected within a
constructed niche. Here we demonstrate how applying the lens of NCT to the One Health
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framework provides a temporal perspective to the complexity of disease dynamics. We outline a
technical toolset to extend One Health beyond the present to deeper time data by uniting
zooarchaeological, bioarchaeological, and paleoecological data in addressing disease dynamics
from the Late Pleistocene to the Anthropocene. In doing so, we address how
archaeological/temporal datasets can contribute to documenting changes in environmental,
animal, and human health and bring these together to show connectivity between these datasets.

We also address the relevance of the archaeological lens in viewing health disparities, as past
pandemics disproportionately affect marginalized communities and create inequities that persist
into the present (Davalos ef al., 2020; Wade, 2020). We provide steps forward for
interdisciplinary research and highlight ethical considerations for collaborative and inclusive
research. Incorporating the archaeological record with One Health highlights the scale of human
influence on shifting historical ecologies and overall fosters the development of datasets to
identify unrecognized zoonotic pathways.

2.2 EPIDEMOLOGICAL TRANSITIONS AS MANIFESTATIONS OF HUMAN NICHE
CONSTRUCTION

NCT provides a co-evolutionary framework and recognizes that organisms do not solely adapt to
their environment, but rather reconstruct the environment around them which in turn creates or
influences other natural selective pressures (Odling-Smee, 1988; Laland, Matthews and
Feldman, 2016). It recognizes that the selective pressures created during niche construction have
long-lasting effects on multiple taxa and result in greater evolutionary and ecological
consequences (Odling-Smee, Laland and Feldman, 1996; McNally and Brown, 2015).
Consequently, not only are selected genes passed from generation to generation, but also an
altered ecological inheritance (Odling-Smee, 1988; Odling-Smee, Laland and Feldman, 1996).
Through ecological inheritance, organisms create repetitive niche constructions that best fit the
inherited genes from their ancestors, therefore the environment is re-imposed on future
generations and becomes a source of selection (Odling-Smee, Laland and Feldman, 1996).
Humans are considered the ultimate niche constructors given that they have greatly influenced
their own natural selection and biological evolution by altering the environment for their
exclusive benefit, which in turn has created and influenced other natural selective pressures
(Smith, 2015; Boivin ef al., 2016). We can consider epidemiological transitions as manifestations
of human niche construction through time where humans have driven disease dynamics and
pathogen selection within their shared environment through niche creation, niche modification,
and niche reduction (Figure 1). Three epidemiological transitions are recognized: 1) the rise of
zoonotic diseases and souvenir species — coinciding with the adoption of agriculture and
transition to a more sedentary lifestyle, 2) a shift from acute infectious diseases to chronic
diseases — coinciding with industrialization and colonialism, 3) the emergence and re-emergence
of infectious diseases due to antibiotic resistance and global travel (Omran, 1971; Harper and
Armelagos, 2013).
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Figure 1: Human niche construction of disease-scapes. We can address anthropogenic impacts on
disease dynamics through niche creation, niche modification and niche reduction (1). While
ecological niches are further reduced, pathogen niches expand (2). During niche creation a subset
of an area is altered (1a); consequently, introducing naive host populations to new pathogens
(2a). Through niche modification, specific plants and animal species are selected, resulting from
either domestication, translocation, or extinction events (1b), thus resulting in an influx in
zoonotic spillovers (2b). Within niche reduction, we continue to limit the biodiversity within the
constructed niche (1c), yet pathogen biodiversity expands as new reservoir hosts are created and
diseases become endemic (2c).

2.2.1 First epidemiological transition

The transition from the Pleistocene to the Holocene, was accompanied by major climatic shifts,
the extinction of the majority of the world’s mammalian megafauna, and human population size
increase. Together, these factors promoted new developments in lithic technologies (new stone
tools such as ground stone tools and pottery for food surplus and storage) and in subsistence
strategies including — a transition from hunting and gathering to the adoption of agriculture and
sedentism (Smith, 2015). While the transition to agriculture occurred in different regions
independently and during different times (the earliest evidence in the Levant ~12,000 years ago
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and the most recent in North America ~5,000 years ago), during this period humans start to
intentionally interfere with the selective breeding and reproduction of certain traits within plants
and animals — a process known as domestication — in addition to adopting monocrop strategies
and a less diverse diet (Smith, 2015). Consequently, the resulting altered environments for
agriculture and the domestication of animals created new ecological niches for the transmission of
zoonotic and vector borne pathogens.

Anthropogenically created landscapes and cultivated land introduced humans to both vector and
non-vector parasites through irrigation systems and feces used as fertilizers (Harper and
Armelagos, 2013). New parasitic infections, such as blood born parasites, like malaria, take hold
as souvenirs of these new behaviors in human-animal-environment interactions (Loy et al.,
2017). Agricultural burning, land clearing, terracing, and irrigation resulted in habitat
fragmentation while also redefining human, domestic animal, and wildlife relationships.
Landscape alterations fostered the opportunity for domesticated animals such as cattle, goats,
sheep, pigs and fowl to become reservoirs for zoonotic diseases such as flu, tuberculosis and
brucellosis (Pearce-Duvet, 2006; Fournié, Pfeiffer and Bendrey, 2017). Growing human and
animal populations clustered in a shared space fostered crowd diseases and the frequent passing
of some pathogens between animal and humans to evolve and become more virulent and specific
to their new human reservoirs, such as measles and smallpox (Barrett et al., 1998). As a result,
the transition to agriculture and sedentism sparked the First Epidemiological Transition. This has
been readily documented within the archaeological record by comparing the rates of nutritional
deficiencies, oral pathologies, infectious disease, and an increase in co-morbidities and early
mortality rates in early agrarian societies and Paleolithic hunter gatherer groups (Goodman ef al.,
1984; Cohen, 1989; Armelagos, Barnes and Lin, 1996; Barrett ef al., 1998; Pearce-Duvet, 2006;
Bocquet-Appel, Naji and Bandy, 2008; Armelagos, 2009; Harper and Armelagos, 2010, 2013;
Zuckerman et al., 2014). Ultimately, the adoption of agriculture changed disease ecology as
humans created new routes and sources of infection associated with urbanization where
landscape alterations, human waste, storage of food, and animal husbandry became prominent
within densely populated communities.

2.2.2  Second epidemiological transition

Colonialism and industrialization brought new challenges as once created niches have now been
modified into larger and more elaborate built environments to support growing and densely
packed populations. Along with these challenges, increasing social and health disparities became
a reflection of the modified environmental conditions both locally and globally due to
colonization (Armelagos, 2009). Niche modification built over the last millennia established the
culturally selected plants, animal species, as well as microbes resulting from either
domestication, translocation, or extinction events. The consequence of niche modification can be
defined by the Second Epidemiological Transition in a shift from infectious diseases to chronic,
non-degenerative, non-infectious diseases (Armelagos, 2009; Zuckerman and Armelagos, 2014).
While infectious diseases are still prevalent, many of them have become established with
reoccurring outbreaks of smallpox, typhoid, diphtheria, measles, typhus, yellow fever, as well as
tuberculosis and other respiratory diseases due to the harsh working environments, crowded
living conditions, and Euro-colonial expansion (Armelagos, 2009). Medical intervention and
later public health involvement alleviated some of these stresses and allowed for some
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individuals to live longer, thus expanding the population size and shifting the age demographics
to include a growing number of older individuals (Armelagos, 2009; Zuckerman and Armelagos,
2014). Within these now modified niches and established anthromes, there is a transition from
infectious diseases to chronic disease such as cancer, diabetes, obesity, and diseases related to
environmental pollution and metabolic diseases (Zuckerman and Armelagos, 2014). These
heavily modified niches changed what microbes we allowed ourselves to be exposed to and
fostered the rise in allergies and autoimmune diseases people face in industrialized nations, also
known as the hygiene hypothesis.

2.2.3 Third epidemiological transition

The Third Epidemiological Transition has been associated with major ecological changes due to
biodiversity loss as a result of niche reduction and has fostered the emergence of both novel and
familiar diseases in different geographic areas as well as the re-emergence of now antibiotic
resistant diseases (Omran, 1971; Barrett et al., 1998; Zuckerman et al., 2014). Within reduced
niches, pathogens have not only been selected by the environment but also by human behavior
and interference for the past millennia. This epidemiological transition is most often linked to
changes in disease ecology today and major anthropogenic disruptions we attribute to disease
outbreaks (climate change, geographic expansion of vectors, industrialized food production and
food borne pathogens, as well as novel infectious disease). Finally, sanitized environments have
resulted in microbiome shifts where individuals from industrialized nations have a less diverse
microbiome (Obregon-Tito ef al., 2015; Segata, 2015). The lack of microbial diversity and
microorganism exposure potentially impacts immune system function and may result in
hypersensitivity and allergy development (Zuckerman and Armelagos, 2014). As the Third
Epidemiological Transition continues to unfold, now is the time recognize that these transitions
are a consequence of continued alterations to modified disease-scapes shaped by successions of
reduced biodiversity and pathogen expansion.

2.2.4 Overlapping epidemiological transitions

Epidemiological models can help focus on anthropogenic disease ecologies within established
anthromes, yet we are still left with large temporal gaps in highlighting region-specific disease
ecology baselines. The spark of these epidemiological transitions is compared to
archaeologically described “Paleolithic baselines” where population sizes and technologies are
problematically viewed as roughly uniform globally and infectious diseases do not start to take a
foothold until alterations to the environment and transitions within population demographics
change. Consequently, these epidemiological transitions are often viewed as unilinear and
uniform across the globe and do not incorporate how these transitions overlap nor incorporate
socioeconomic situations that can contribute to a population simultaneously undergoing the first
and third epidemiological transition or second and third epidemiological transition (Inhorn and
Brown, 1990; Barrett ef al., 1998). For instance, the impacts of land appropriation and
colonization translocated new diseases to non-immune populations with devastating
consequences, as seen with the decimation of Indigenous people in the Americas from measles,
smallpox and other diseases introduced via European colonization beginning in the 15" century
(Larsen, 1994; Martin and Goodman, 2002; Uhl et al., 2019) (Box 1). New global supply chain
demands, mass mining, and the reliance on monoculture has led to global landscape changes that
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are still felt today with simplified ecosystems, loss of predator species and the propagation of
disease-carrying reservoirs and cosmopolitan species (i.e. mice, rats, bats) (Keesing et al., 2010),
as well as the rapid progression from outbreak to pandemics due to globalization (Chin et al.,
2020). As a result, the three epidemiological models, particularly the second and third
transitions, have centered on westernized nation demographics, economic, and sociological
determinants and their associated consequences that influenced health and disease (Omran,
1971). They have also fallen short in addressing the significance of race, gender, and class health
disparities within the nation as a whole as well as globally where pandemics have
disproportionately impacted marginalized communities (Inhorn and Brown, 1990; Armelagos,
Barnes and Lin, 1996; Barrett et al., 1998). We can start to tease apart these overlapping
epidemiological transitions and disease dynamics (including exposure, transmission, and host
switching) with the inclusion of zooarchaeological, bioarchaeological, and palaeoecological
datasets under a One Health framework.

Box 1: The origin and spread of Morbilliviruses

Humans have driven disease dynamics and pathogen selection with the origin and spread of
crowd diseases like morbilliviruses, which includes rinderpest (RPV), measles (MeV), and
canine distemper virus (CDV) (Figure 2). RPV is a ruminant morbillivirus that was eradicated in
2011 (FAO - News Article: Rinderpest eradicated - what next?, no date). The origin of MeV has
been associated with the early transmission of RPV from domesticated cattle in the Eurasia
Steppe given that MeV and RPV are genetically similar (Uhl et al., 2019). The spread of MeV
from Europe to the Americas decimated Indigenous populations. This MeV outbreak may have
resulted in the eventual spillover into local dogs, as the first recorded case of CDV is noted in
Ecuador during this time (Uhl et al., 2019). Since its transmission into domestic canines, the
transmission of CDV into alternative hosts has rapidly and globally expanded. Outbreaks have
been reported within marine mammals, thus resulting in Phocid distemper virus (PDV) and
Cetacean morbillivirus (CeMV), as well as, in ferrets, tigers and lions, non-human primates,
pandas, and badgers. Therefore, these ecological niches are a reflection of spillover disease-
scapes (Zeder, 2016).
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Figure 2: Origin and spread of morbilliviruses. A) transmission of rinderpest virus (RPV) to
humans and the origin of measles virus (MeV). B) Transmission of MeV into the Americas and
the first documentation of canine distemper virus (CDV). C) Current reported countries with
CDV. D) Spread of morbilliviruses into recent alternative host species.

23 TOOLS AND DATASETS TO RECONSTRUCT PAST DISEASE-SCAPES

Examination of the archaeological record allows for the reconstruction of disease-scapes
resulting from niche creation, modification, and reduction. Below, we provide a toolkit to
explore how past diseases could have shaped local human history (Figure 3). We separately
show how archaeological tools and datasets can contribute to documenting changes in
environmental, animal, and human health in the past.
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Figure 3: Tools and datasets to reconstruct past disease-scapes. The Venn diagram presents tools
that can be implemented into a One Health framework to reconstruct past disease-scapes. The
box contains physical data sources for each component — human, animal, environment — that can
be studied.

2.3.1 Reconstructing past animal populations and health

Zooarchaeology is the study of animal remains (bones, dental remains, hair, feathers, eggshells,
hides, crabs, mollusks, and shells) within archaeological contexts (Reitz and Shackley, 2012).
Most often this involves the identification of faunal remains when looking at how humans
interacted with animals through harvest, consumption, domestication, translocation, or extinction
events. These research areas have been explored using tools such as morphometrics,
Zooarchaeology by Mass Spectrometry (ZooMS), stable isotopes, as well as ancient genomics
research (discussed below). Analysis of the zooarchaeological record permits us to reconstruct
past species richness and abundance, which in turn can be used to evaluate hypotheses exploring
how humans were interacting with and shaping the abundance of different animal species, and
the purpose for interacting with these animals (i.e., food, dairying, ritual, clothing, shelter, tools,
cultural material). Such research can provide insight into types of disease transmission routes
(vector, butchery, consumption) that may have been present. We focus on specific tools that have
been implemented within zooarchaeology to reconstruct past faunal assemblages; analysis of
animal remains, morphometrics, paleopathology, ZooMS, as well as Species by Proteome
Investigation (SPIN).

Doctoral Dissertation - 16 - K. M. Rayfield



Chapter 2: Bringing archaeology into One Health

The majority of zooarchaeological faunal assemblages consist of fragmented skeletal remains.
This can be challenging when trying to determine which species were present and how the
animals were used. Usually, this is achieved by analyzing the minimum number of individuals
(MNI) within the assemblage. Yet, it is an incomplete record of species present as both cultural
and taphonomic filters, such as diagenetic processes and human alterations (butchering,
modelling for tools or other objects that have be produced and used by humans) make taxa
identification challenging (Buckley, Collins and Thomas-Oates, 2008). Taxonomic resolution is
achieved by analyzing the differences in mass of the collagen peptide, which forms a unique
fingerprint for different taxa (Buckley, Collins and Thomas-Oates, 2008). ZooMS has been
useful in reconstructing past ecologies by looking at species that are infrequently observed in
archaeological faunal assemblages (Richter ez al., 2022). It has provided taxonomic resolution
for animal remains that have been culturally modified (tools, jewelry) (McGrath et al., 2019;
Trolle Jensen ef al., 2019), as well for animals that are difficult to distinguish through skeletal
remains alone (sheep and goat) (Buckley, Collins and Thomas-Oates, 2008; Buckley and Collins,
2011). While these are major achievements in reconstructing past assemblages, the application of
ZooMS is limited to taxa where there is enough divergence within the collagen protein.
Therefore, canid species (dog, wolf, coyote) or bovids (cattle and bison), as well as equids (horse
and donkey) would be difficult to identify at the species level using ZooMS alone. Alternative
peptide biomarkers may resolve some of these taxonomic resolution issues using similar methods
in equid species (Paladugu et al., 2023). Archaeological context can provide further insight and
help with classification where species identification cannot be achieved. A new proteomic
method known as SPIN, which uses shotgun proteomics and Liquid Chromatography through
Mass Spectrometry (LC-MS/MS) can provide further taxonomic resolution where ZooMS cannot
(Riither et al., 2022).

The analysis of infectious disease within animal remains is an underexplored area (Thomas,
2019). Early medical reports of past animal disease include canine distemper, rabies, cowpox,
tuberculosis, plague (Yersinia pestis), trichinonosis, to name a few (Pearce-Duvet, 2006; Uhl et
al., 2019). The study of past animal health has focused on butchering techniques, trauma, and
dental pathologies. Nonetheless, incorporating the tools described to reconstruct the types of
animals present, both wild and domestic, can reveal the species of animals that were around and
may have contributed to alternative enzootic transmission events or early spillovers between
humans and animals. This area has a lot of potential that can be incorporated with the addition of
biomolecular technologies to provide further insight into past zoonotic diseases.

2.3.2 Reconstructing past human populations and health

We can broaden our toolkit to include techniques to study the bioarchaeological record— human
skeletal remains within archaeological contexts — thus documenting disease transmission events.
The analyses of the bioarchaeological record contribute to our understanding of how people were
living in a constructed, modified, or reduced niche and how their behaviors within these niches
have impacted past and future health problems. From this, the bioarchaeological record has
provided insight into human origins (Hillson, 1996), human migration (Gregoricka, 2021), past
human behavior including funerary and ritual practices (Roberts, 2009), identity and gender roles
(Agarwal, 2012), diet (Brickley and Mays, 2019), demography (Roberts, 2009), and the impacts
of these behavior on past human health (Grauer and Buikstra, 2019). This has mostly been done
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through the analysis of skeletal remains, yet new insights and deeper timescales have been
addressed with the incorporation of biomolecular techniques.

The majority of palaeopathology techniques have relied on identifying skeletal lesions or
alterations to the bone that signify a bone growth or weakening due to stress or an immune
response. This includes trauma (fractures, breaks) and nutritional stress which can lead to
metabolic diseases such as rickets, scurvy osteoporosis, osteomalacia, and fluorosis and are often
attributed to vitamin deficiencies along with poor diet (Brickley and Mays, 2019). These types of
metabolic diseases are identified through demineralization of bone and bone formation
alterations and are most often attributed to vitamin deficiencies along with poor diet.
Bioarchaeological research on nutritional stress have focused on cribra orbitalia, porotic
hyperostosis, stature, and oral pathologies as indicators of poor health and increased
susceptibility (Bocquet-Appel, Naji and Bandy, 2008; Brickley and Mays, 2019; Grauer and
Buikstra, 2019). For example, some studies focusing on nutritional deficiencies have shown that
health did decline after the adoption of agriculture (Goodman ef al., 1984; Bocquet-Appel, Naji
and Bandy, 2008; Stock and Pinhasi, 2011). Consequently, among the most vulnerable, maternal
and infant stress increased, leading to decreased age at death and increased maternal mortality.
However, other studies have shown that the frequency of nutritional deficiencies with agriculture
are short lived (Stock and Pinhasi, 2011; Wells and Stock, 2020) and therefore health decline is
regional specific (Stock and Pinhasi, 2011).

Although most people died of infectious diseases prior to the development of medical
interventions, the focus of human skeletal analyses has mostly been on bacterial (i.e.,
tuberculosis, leprosy, brucellosis, treponemal diseases — particularly syphilis) and parasitic
infections. This focus is partly for lack of bony responses to acute, severe infections that are
typically observed with viral pathogens. Researchers are often limited in studying viral infections
from skeletal remains alone, with the exception of poliomyelitis and variola osteomyelitis
(Grauer and Roberts, 2019), especially as many of the bony lesions caused by infectious agents
are non-specific indicators of disease or poor health. In addition, they are limited in studying
ancient mycoses given that very few fungi species have the ability to alter human bone (Grauer
and Roberts, 2019). Within the archaeological record, these are most often limited to studying
systemic mycoses infection, such as sporotrichosis and aspergillosis, within a immunologically
compromised host (Grauer and Roberts, 2019). CT scanning and radiographs may help resolve
some of these issue by locating hidden lesions. Nonetheless, this type of osteological paradox
(Wood et al., 1992) can make it a challenge when recording the scale of infectious diseases in
the past, both in morbidity and mortality within a population.

The Osteological Paradox questions many conclusions made from health and stress indicators of
human skeletal remains to understand the overall health of prehistoric populations (Wood et al.,
1992). Of importance, conclusions drawn from skeletal remains can create population bias given
that we are observing only a subset of a population, particularly when looking at cemeteries.
Furthermore, of that subset, individuals with “sicker” looking bones or those that have a higher
frequency of skeletal lesions are determined as representing weaker individuals in the
population. Instead, individuals with skeletal lesions present should be viewed as survivors given
that they are most likely in the later stage of the disease, and of importance, they have survived
long enough for the disease progression to affect the bones, providing a biased sample set.
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Therefore, individuals that may have been infected but succumbed to the infection, before
skeletal lesion presence, are under-observed and or not accounted for within the
bioarchaeological literature. Additionally, while nutritionally deficiencies can be recorded in the
skeletal record, we are often limited in recording overt skeletal evidence of identifiable infectious
diseases. Where we may begin to resolve the complexity of disease identification in the past is
through isotopic and biomolecular techniques.

2.3.3 Reconstructing past environments

Environmental modifications change the types of organisms — animals, insect vectors, microbes
— humans are now sharing a space with, therefore providing critical details when addressing
coevolutionary disease relationships. The archaeological record has informed our understanding
of past human-environment interactions and the behaviors adopted under times of environmental
stress but can be further implemented in studying disease-scapes. One method that provides
incremental snapshots of environmental changes, both natural and anthropogenic, is the analysis
of sediment cores. Sediment cores taken from lakes, oceans, and terrestrial environments can
reconstruct past vegetation through pollen and microbotanical analysis to identify climate
change, landscape alterations and land use practices including the use of fire. Through the
remnants of charcoal, some of the earliest evidence of landscape alteration comes from
controlled burning and deforestation up to 45,000 years ago in Southeast Asia, Australia, and
Papua New Guinea (Roberts et al., 2017) and among Pre-Columbian settlements in the Amazon,
known as terras pretas (Arroyo-Kalin, 2012; Roberts et al., 2017). Such analyses have
highlighted the longevity of human manipulation of tropical forest ecologies, especially when
combined with macrobotanical remains (seeds, roots, woods, and fruits) and microbotanical
remains (phytoliths, pollen, spores, and starch grains) in archaeological contexts (Reitz and
Shackley, 2012). Botanical remains can also provide evidence for plant introduction (native,
alien, and invasive species) and human usage in the past. The botanical remains found on tools or
ceramics can reveal the types of plants humans were engaging with and how they were being
used (i.e. medicinal, diet). Together, these datasets can reconstruct how plant communities
changed over time.

Alternative methods used to reconstruct past population sizes, an important component for
assessing environmental impact and change, include laser imaging detection and ranging
(LiDAR) for archaeological site identification and size estimation, metabolomic datasets (White
et al., 2019) to estimate fecal accumulation from stanols, and summed probability distributions
(SPDs) which uses the spatial distribution abundance of radiocarbon dated materials from
archaeological sites as a proxy for determining past human population sizes (Robinson et al.,
2019; Crema and Shoda, 2021). With many open-source databases, archaeological data can now
be modeled to explore regional and global population fluctuations and responses to
environmental and climatic changes. These include sediment core databases — Neotoma
(NeotomaDB - Home Page), International Paleofire Network (Global Paleofire Database) —
radiocarbon databases — AustArch (Williams and Ulm, 2014), Radiocarbon Paleolithic Europe
Database (Radiocarbon Palaeolithic Europe Database v29, Feb 2022), and p3kl4c (Bird et al.,
2022) — in addition to environmental models — History Database of the Global Environment
(HYDE 3.2) (Goldewijk et al., 2017) and ANTHROMES (Ellis et al., 2021). For instance,
paleoenvironmental reconstructions using ANTHROMES data illustrated that more than 95% of
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temperate and 90% of tropical woodlands were inhabited or cultivated as far back as 12,000
years ago, thus suggesting that the Anthropocene is advancing the alteration to already modified
environments (Ellis ez al., 2021).

Overlapping these paleoenvironmental datasets with disease records can link alterations to
possible disease emergence in the past. For instance, periods of drought and climatic shift, that
can be identified through dendrochronology and sediment cores, are usually followed by famines
and high mortality rates (Zuckerman and Dafoe, 2020). The presence of controlled fire and
deforestation for agricultural and irrigation purposes signifies large population sizes, pooling
water and the propagation of vector borne diseases, as observed with malaria (Harper and
Armelagos, 2013). In addition, deforestation changes bat roosting patterns into more favorable
habitats for various bat species, thus allowing a greater likelihood for bat-borne viruses to enter
human populations (Afelt, Frutos and Devaux, 2018). As a result, paleoecological datasets and
environmental reconstructions can elucidate some of the early baselines for current disease-
scapes.

2.3.4 Tools to reconstruct past human-animal-environment interactions

The incorporation of geochemistry and new “-omic” methodologies has advanced our
understanding of past human-animal-environment interactions within the same ecological niche.
While there is a plethora of research on how each of these tools have been implemented in
different scientific disciplines, we focus on tools that can be incorporated in reconstructing past
disease-scapes: stable isotopes, trace elements and genomic, proteomic, and metabolomic
methods.

2.3.4.1 Geochemistry

Chemical signatures representative of the environment to reconstruct past diets, life histories,
migration, climates, and husbandry strategies can be studied through the geochemical techniques
of stable isotopes and trace elements analysis. Stable isotope analyses of organic remains (plant,
animals, and humans) provide quantitative perspectives of the life histories and resources
consumed within an ecological niche (Reitz and Shackley, 2012). Most frequently stable
isotopes, such as carbon and nitrogen, are observed to access dietary patterns and trophic levels.
Strontium isotopes have reconstructed past migration, trade, and diet within humans and animals
as they reflect the geochemistry of local water sources (Bori¢ and Price, 2013). Newer methods
such as compound specific stable isotopes focus on analysis of essential amino acids within bone
collagen to capture information on nutrient sources and physiology, helping to alleviate some of
the challenges that come with isotope analysis — such as shifting baselines and overlapping
isotope values (Whiteman et al., 2019). In addition to isotopes, trace elements, such as cadmium,
lead, manganese, mercury, and zinc, have been studied to reconstruct trophic levels. Trace
elements are needed for metabolic processes and can help address past health and disease. The
abundance or lack of has been shown to impact the health and immune system of individuals in
the present as well as in the past (Nelson, Halling and Buikstra, 2019).

2.3.4.2 “Omics”
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New techniques in the “omics” have opened doors to study past interactions and how animals
and plants have been used to make a range of items including, food, creams, medicine, art, etc.
This has predominately been led by aDNA and archaeogenomics, where DNA has been
recovered from bone, dental calculus, seeds, and paleofeces from animals, plants, and humans.
Now environmental DNA (eDNA also known as sedaDNA) methods can reconstruct past
ecologies where zooarchaeological and bioarchaeological data may be absent (Kjer et al., 2022).
With more standardized methods, targeted enrichment techniques, and high-throughput
sequencing, ancient genome analysis has allowed us to explore human and animal
biogeographies (Sugiyama et al., 2022). It is also now possible to uncover past epidemiological
events, such as the phylogeny and co-evolution of pathogens and humans. With deep sequencing
and enrichment techniques, the reconstruction of entire genomes of ancient pathogens is feasible.
This has been applied to Yersinia pestis (Bos et al., 2011), Mycobacterium tuberculosis (Bos et
al., 2014), human herpes simplex virus 1 (HSV-1) (Guellil et al., 2022), the 1918 influenza strain
(Tumpey et al., 2005), Salmonella enterica (Key et al., 2020), as well as Klebsiella pneumoniae
(Austin et al., 2022), among others. Pathogen aDNA preserves best in the tooth root compared to
bone, but dental calculus and paleofeces also provide insight into both host and microbial
evolution (Spyrou et al., 2019).

Where aDNA is limited due to preservation, other omic techniques such as paleoproteomics and
metabolomics are starting to fill in the gaps, especially since proteins may preserve better than
DNA (Welker et al., 2015). Both targeted and metaproteomic techniques have been applied to
reconstructing our own evolutionary history as well as determining how past animal byproducts
have been used in tool manufacturing, art, and dairying (Welker et al., 2020; Hendy, 2021). The
application of metaproteomics allows researchers to investigate ancient diseases through host-
pathogen interactions as well as explorations of the host immune response (Warinner et al.,
2014). While underexplored in past disease ecology, metabolomics has proven value in
highlighting pathogen biomarkers (Tounta ef al., 2021). Within the archaeological record,
metabolomics has mainly been used for the analysis of organic residues found within ceramics.
Yet it can also be applied to recover gut microbiomes from paleofeces (Porru et al., 2021).
Further development of methods that target pathogen specific biomarkers within both fields will
offer new insights into the pathogen evolution and epidemiology within and between human and
animal populations.

2.3.5 Evaluating synergies: How did human-animal-environment interactions contribute to
zoonotic spread? A focus on rats.

Through evaluating these synergies, we can understand how species introductions can also
indirectly alter disease ecology. Humans have been translocating species for at least ~20,000
years (Grayson, 2001; Boivin et al., 2016; Hofman and Rick, 2018). For example, small
mammals were translocated through Melanesia as a reliable protein source (Grayson, 2001;
Roberts et al., 2017; Hofman and Rick, 2018). Three species of rodents — the black rat (Rattus
rattus) the house mouse (Mus musculus) and the brown rat (Rattus norvegicus) are significantly
more abundant in anthropogenically modified niches where they serve as commensal organisms.
Their remains are often found in food storage pits and linked to agricultural transitions and food
surplus (Cucchi, Vigne and Auffray, 2005; Hofman and Rick, 2018). These species of rodents
have attained a global distribution due to human migration and have therefore been successful in
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inhabiting areas outside their natural bounds with human assistance (Cucchi, Vigne and Auffray,
2005). They have been used as a proxy to study human migration (Matisoo-Smith, 2009;
Puckett, Orton and Munshi-South, 2020) but can also serve as a proxy for associated vector
borne diseases (Grayson, 2001; Matisoo-Smith, 2009). Rodents are reservoirs for many zoonotic
diseases that can infect humans including, hantavirus, hemorrhagic fever, leptospirosis, plague
and among others (Young et al., 2017). They are characterized as hyper-reservoirs (Han et al.,
2015) and through human facilitated translocation, they have caused extinction events or created
new disease reservoirs. This has been documented with the translocation of rodents (and their
fleas) to create new plague reservoirs among North American ground squirrels and prairie dogs
(Eads and Biggins, 2015) (Box 2) as well as the extinction of Christmas Island rat (Rattus
macleari) with the introduction of a pathogenic trypanosome (Wyatt et al., 2008). Consequently,
the translocation of species, like rodents, has greatly impacted the epizootic transmission of
diseases as well as facilitate alternative host species.

Box 2: What can we learn from past pandemics: Plague Pandemics

Many of the techniques described above to reconstruct past human-animal-environment
interactions have revealed the long-lasting impact and ecological inheritance from Justinian
Plague and Black Death pandemics. Through the analysis of documented Plague burial sites and
extraction of aDNA from plague victims, Bos and colleagues (Bos ef al., 2011) were able to
reconstruct the Yersinia pestis genome. In addition, research in rat ecology, immunological
responses, environmental changes, and vector competence are further unravelling the role of host
susceptibility and vector dynamics within a shared environment (Miarinjara et al., 2021).
Paleogenomic analysis of black rats populations reflect human migration and trade networks
established during the Roman Empire (Yu et al., 2022). The spatial distribution of rat
populations may highlight the local vs. regional impact of the Black Death. Palynological
records also support spatial heterogeneity in the impact of Yersinia pestis outbreaks (Izdebski, no
date). The abundance of pollen in sediment cores can be used as a proxy for population size — the
greater agricultural turnover, the larger the population — thus suggesting the Black Death was not
a uniform pandemic environment as historical accounts suggest.

A key question in ancient pandemic research is what can we learn from past pandemics to predict
and respond to future one? The Black Death was a large selective pressure on immunological
genes that have lasting effects the on the susceptibility to chronic inflammatory and autoimmune
diseases today (Klunk et al., 2022). While a homozygous allele of the ERAP2 gene provided
better protection against the Black Death (~40% more likely to survive), it has been shown to be
a risk factor for Crohn’s disease (Klunk et al., 2022). Other factors that have long lasting impacts
include social and economic inequalities (Davalos et al., 2020). Overtime, with fewer plague
mortalities among wealthier individuals, plague became seen as a disease associated with the
poor (Wade, 2020). As such, the health and social impacts of pandemics are long lasting,
resulting in future health implications and further health disparities. Future pandemic responses
will need to focus on identifying and mitigating environmental and social pressures that foster
the longevity of pandemics at both regional and global fronts.

24  NEW AVENUES FOR TRANSDISCIPLINARY RESEARCH AND DATA SOURCES
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2.4.1 Museum specimens as a source of data

Collaborative efforts between zoos, natural history museums, and biorepositories can provide
data in genealogy, genetics, physiology, behavior, and life history that can contribute to
understanding zoonotic disease host origins and transmission events (DiEuliis ef al., 2016; Poo et
al., 2022). Museum collections have provided valuable insight into the spread of antimicrobial
resistance (Brealey et al., 2021), the HIN1 influenza virus in 1918 (Colella et al., 2021), the
epidemiology of chytrid (Schmitt et al., 2019), Lyme disease (Marshall et al., 1994), White Nose
Syndrome (Campana et al., 2017), and Sin Nombre (Dunnum et al., 2017), among others. In
addition, they offer a snapshot of biodiversity, spanning over important time gaps between
archaeological and modern outbreaks. Virtual communities such as Project ECHO’s Museums
and Emerging Pathogens in the Americas (MEPA) are transforming how collaborative research
using biorepositories and specimen vouchers along with field collections can add value in
predictive outbreak models (Colella et al., 2021; Thompson et al., 2021). These collaborations
and the use of either biorepository for zoonotic diseases remains underutilized but can provide
meaningful and temporal insight towards understanding disease dynamics while costing less than
reconducting fieldwork for One Health.

2.4.2 Applications to conservation problems

Zoonotic disease transmission and epizootic outbreaks remain major threats for conservation
efforts. The contemporary spread of chytrid and white-nose syndrome attest to the detrimental
impact of infectious diseases within conservation biology. Habitat destruction, globalization, and
the expanding human-wildlife interface is a concern for not only the transmission of infectious
diseases from animals to humans but also from humans to animals. The archaeological record
can fill important gaps to access how human disruptions to past species populations may have
impacted their susceptibility to diseases today. While zoonotic disease transmission events are
most frequently recognized as being unidirectional from animals to humans, humans can
similarly transmit pathogens and alter their environment in ways that can influence disease
ecologies and etiologies (Messenger, Barnes and Gray, 2014; Fagre et al., 2022). The
transmission of pathogens from humans to multiple species has been referred to as reverse
zoonosis or zooanthroponosis (Hubalek, 2003; Messenger, Barnes and Gray, 2014; Fernandes et
al., 2018). Some zooanthroponsoses studies have been reported on Pseudomonas aeruginosa
(Fernandes et al., 2018), Mycobacterium tuberculosis (Fagre et al., 2022), influenza strains,
Giardia duodenalis, and Crytopsporidium parvum (Messenger, Barnes and Gray, 2014) and now
SARS CoV-2 (Clayton et al., 2022). Overlooking this bidirectional flow complicates our
understanding of spillovers and transmission events, leaving major gaps in interpreting disease
dynamics for conservation concern. Yet, while the integration of diverse datasets across different
timescales can be challenging, especially with taphonomic filters and statistical analyses,
developing regional and local specific models along with standardized data collection may help
alleviate these challenges (Rick and Lockwood, 2013; Zipkin et al., 2021).

2.5 ETHICAL CONSIDERATIONS

While every field of research in this transdisciplinary One Health perspective has their own
guidelines and standards for ethical research, we highlight two crosscutting ethical concerns for
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marginalized and underrepresented communities: 1) collaborative and inclusive research through
community engagement and 2) data sovereignty. Each of these ethical concerns are ongoing
discussions (Claw et al., 2018; Carroll et al., 2020; Wagner et al., 2020), however we highlight
some ways they have been implemented for a more inclusive and decolonized interpretation of
the past.

Collaborative and inclusive research begins with community engagement. Consulting with
descendant communities (broadly defined) to co-develop research agendas, identify how the
community will benefit and make decisions on research methods, destructive sampling, data
storage and availability at the beginning of a project is a powerful approach to address the
historical inequities in research (Wagner et al., 2020; Tsosie et al., 2021). Co-interpretation of
data can provide accurate cultural and behavioral contexts and avoid inappropriate language use.
This has been highlighted within ‘omics’ research, where indigenous communities are often
relied on as a baseline of “non-westernized” vs “westernized” and are frequently described as
‘non-modern’, ‘non-industrialized’ or ‘traditional’ for comparative studies (Mangola et al.,
2022). Such terminology relays to the broader audience that the community is somehow stagnant
both culturally and genetically while progressing bias and inaccurate narratives (Mangola et al.,
2022). The incorporation of ethnographic ethnohistoric records, oral traditions, and languages in
conjunction with archaeology and phylogeography have provided valuable insight where
archaeological and phylogeographic evidence is lacking and have documented the longevity of
zoonotic disease dynamics (Hawkins, O’Connor and Kealy, 2016; Turner, Geralda Armstrong
and Lepofsky, 2021). Incorporating community participation into the One Health study design
can strengthen our understanding of how humans are niche constructors of emerging and re-
emerging infectious diseases.

Finally, data sovereignty is becoming increasingly important, especially for Indigenous
communities (Tsosie et al., 2021). Discussions of who has access to data, for long and for what
purpose at the onset of research can reduce conflict and harm. In addition, the researcher and
community should discuss if future research can be pursued from the generated data as the
misuse of data outside the scope of the project can have long lasting and negative effects (Carroll
et al., 2020). Indigenous consortiums and open-source platforms such as The Native BioData
Consortium (‘About Us’, no date) and Mukurtu (Home, no date) are paving new paths for
collaborative and ethical research. While these bioethics are becoming more prominent within
archaeology, inclusive research needs to be further implemented in zoonotic outbreaks. This
includes the sharing of zoonotic risk technologies and diagnostics with communities in higher
risk areas of spillover events to occur.

2.6 CONCLUSIONS

While some zoonotic pathogens may not be able to transmit to multiple hosts due to host
plasticity, zoonotic diseases that can infect ecologically and taxonomically diverse host range
have proven to have devastating impacts. Now, with our accelerating population sizes, rapid
global travel, encroaching wildlife habitats, antibiotic resistance, and increasing social inequality,
the biggest challenge for human health is preventing devasting overlapping pandemics.
Predicting emerging diseases, therefore, cannot simply begin with predicting likely diseases to
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infect human populations, but rather focus on diseases that will likely infect secondary hosts and
then transmit to humans as well as diseases that humans are likely to transmit to animals.

This review addresses how these complex challenges in studying disease-scapes can be
addressed with long-term data. The major shifts in human behavior and alterations to the
environment that we consider as instigators under our One Health framework today, have their
roots in the past. Disease-scapes, therefore, are spillovers of ecological inheritance where
humans have created, modified, and reduced disease-scapes for the past millennia. Both human
and animal demographic and behavioral responses to ecological niches have been shaped over
centuries of anthropogenic disruptions. By incorporating paleoecological, zooarchaeological, and
bioarchaeological tools we can begin to untangle past human-animal-environment interactions
and pathogen transmission over the past millennia and start to study past disease-scapes as
models for studying future emerging infectious disease events.
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Abstract:

Sex determination from animal skeletal remains challenging, often relying on sex specific bones,
osteometrics, or DNA. Determining sex is beneficial in understanding animal husbandry
practices, as well as human-animal interactions. Building on previous work with humans, we
explore the potential of a proteomic approach for determining sex from tooth enamel in non-
human mammals. This proteomic method is less destructive than DNA extraction from teeth and
cost-effective. The protein amelogenin, which makes up to 90% of the tooth enamel, is
dimorphic and coded by the X and Y chromosomes in humans. To evaluate this approach in non-
human mammals, four mammalian species (dogs, coyotes, beavers, and deer) were tested in a
blind study from research collections in the Sam Noble Oklahoma Museum of Natural History.
Mass Spectrometry-based bottom-up proteomics was applied to identify the amelogenin proteins.
Here, we present the findings of this experiment and further characterize species specific
amelogenin proteins. We show that the identification of sex may be possible with some taxa, yet
the lack of reference peptide sequences for the AMELX and AMELY protein limits our analyses.
Our research demonstrates the possibilities and challenges with how the proteomic
characterization of the amelogenin can be broadly applied when determining sex from animal
remains.

3.1 INTRODUCTION

Over the last few decades, the field of palacoproteomics has grown exponentially. Now with
high-sensitivity mass spectrometry, researchers have been able to recover ancient proteomes —
the mixture of proteins produced by organisms (Cappellini et al., 2018; Hendy, 2021). Within
archaeology, the applications of ancient protein research can be broadly applied to organic
materials, reconstructing subsistence patterns, diet, and past human diseases (Hendy, 2021;
Warinner, Korzow Richter and Collins, 2022). Recent advances in palacoproteomic research
have documented that proteins generally preserve better than DNA and are impacted less by
diagenesis, particularly in warm wet climates which greatly affects the preservation and
degradation of DNA (Cappellini, Collins and Gilbert, 2014; Cappellini et al., 2018; Welker et
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al., 2020). As such, palaeoproteomics has been applied as a complementary and sometimes
alternative method to ancient DNA, as it is generally, more reliable, less expensive, and less
destructive (Cappellini et al., 2018; Hendy et al., 2018; Hendy, 2021). Most paleoproteomic
studies have focused on bones and teeth where the collagen type 1 (COL1) protein is most
abundant within bone and dentine proteomes and can be used for species determination and
phylogeny (Buckley et al., 2009; Cappellini et al., 2012).

Teeth preserve well in the archaeological record and their enamel mineralization is among the
hardest components in the human body, surviving well after decomposition of other tissue
(Welker et al., 2020). Unlike bone and dentine proteomes, the enamel proteome is comprised of
ten or fewer proteins (Cappellini ef al., 2018) and has shown to be stable within both
archaeological and human evolutionary time scales (Parker et al., 2019; Buonasera et al., 2020;
Welker et al., 2020). As a result, the dental enamel is exceedingly resistant to diagenetic changes
(Hillson, 1996) and provides a stable source for protein analysis. Furthermore, the recovery of
enamel proteins requires a simple acid etching with HCI and has shown to be minimally
destructive compared to other techniques. The dental enamel matrix is comprised of the
amelogenin, ameloblastin, and the enamelin proteins (Shaffer ef al., 2015) with ~ 90% of dental
enamel crystalline matrix composed of the protein amelogenin (Bansal et al., 2012; Stewart et
al., 2017). Amelogenin proteins are responsible for the enamel structure by organizing the
enamel rods during dental development. During enamel formation, these proteins are cleaved
into peptides and left in situ (Buonasera et al., 2020). Of importance, in some species, the
amelogenin protein is dimorphic and coded by the X and Y chromosomes, allowing for sex
determination applications with the presence or absence of the AMELY protein.

Taking advantage of this dimorphism, Stewart and contributors extracted the amelogenin protein
from dental enamel in archaeological human remains for sex determination (2017). Similar
proteomic approaches have been further applied to determine sex from early hominin and human
dental remains with success (Stewart ef al., 2017; Lugli et al., 2019, 2020; Parker et al., 2019;
Wasinger et al., 2019; Buonasera et al., 2020; Froment et al., 2020; Haas et al., 2020; Welker et
al., 2020). In addition, the AMELX protein has been recovered from non-human animals and
hominids (Cappellini et al., 2019; Welker et al., 2019; Nogueira et al., 2021).

Sex determination from human skeletal remains is fundamental to forensics and archaeology,
and zooarchaeology. While the robustness of this approach has been debated among human
remains (Parker et al., 2021; gtamfelj, 2021), the application of this method can easily be
extended toward zooarchaeological remains, where other mammalian taxa have differences
between the AMELX and AMELY gene sequences. We expand the applications of these
proteomic methods to zooarchaeological remains to determine if these methods can be applied to
and yield similar results from other mammalian taxa.

3.2 BACKGROUND

Sex determination among non-human animals is important for estimating the sex ratio in a wild-
living community as well as for population management. Current sex determination methods
within zooarchaeology have heavily relied on osteometrics (Davis et al., 2012; Popkin et al.,
2012; Gifford-Gonzalez, 2018; Brassard and Callou, 2020; Wolthagen, 2020), and while these
methods have proven value they can be inaccurate. Additionally, osteometric methods often rely
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on museum collections for comparative reference specimens, but there are well-documented sex
biases in these collections; more males than females (Cooper et al., 2019; Gower et al., 2019).
Where osteometric analysis is lacking, genetic sexing analysis has provided insight (Sinding et
al., 2016; Brassard and Callou, 2020; Bro-Jergensen et al., 2021). Within wild populations, the
development of sensitive techniques to determine sex from highly degraded samples such as
feces and hair is valuable when observing species populations that are difficult to capture
(Hrovatin and Kunej, 2018). Molecular sexing methods have started to replace nonmolecular
sexing methods as these techniques become faster, less expensive, and more sensitive. Previous
molecular techniques have focused on the SRY, AMEL, and Zinc Finger Protein to determine
sex among animals (Lu et al., 2007; Svensson, Gotherstrom and Vretemark, 2008; Davis et al.,
2012). In particular, the SRY gene has been used to determine sex in both wild and domesticated
animals. Of these, the AMEL and ZFX and its homologue ZFY have highly conserved regions
across mammalian species. In particular, genetic sexing with the amelogenin gene, which differs
in size and nucleotide sequence between males and females in many species, is commonly used
to sex mammals (Pfeiffer and Brenig, 2005; Slavkin, 1997; Shaffer et al., 2015). Alternative
sexing studies have used high-throughput shotgun sequencing and assigned sex by the proportion
of reads mapping to the X and Y chromosomes and autosomes (Nistelberger et al., 2019; Bro-
Jorgensen et al., 2021). Yet genetic sexing remains expensive and has its challenges where
misidentification is still possible as the absence of the Y signal could be the result of allelic
dropout, especially with degraded or low quantity DNA (Faze et al., 2014).

Within zooarchaeological contexts, the ability to determine sex among animal remains is critical
for addressing hunting strategies or animal husbandry and domestication processes, such as, how
were people influencing the reproduction of animals. The acceleration of domestication began
during the early Holocene as animals became more entangled within human constructed niches
(Larson and Fuller, 2014; Larson et al., 2014; Zeder, 2015, 2016). However, the when and why
this process occurred is continuously debated (Cucchi and Arbuckle, 2021), as humans have
selectively hunted, managed, translocated, and altered animal habitats for stable food resources
without morphological and genetic domestication traits (Willcox, 2012; Cucchi and Arbuckle,
2021). Domestication is often defined as a sustained multigenerational relationship where one
organism significantly influences the reproduction and care of another organism (Zeder 2012).
Although this relationship may not always be so heavily and intentionally influenced by humans
(Vigne, 2011; Larson and Fuller, 2014; Larson et al., 2014). Zeder offers three alternative
pathways, merging biological and social dynamics, that animals followed towards domestication
— commensal, prey and directed (2012). Exploring each pathway provides the scale of human
influence and intent in the selective process of domestication, noting that some animals may
have become domesticated through an axiomatic coevolutionary process as they were attracted to
human niches given the accessible food resources (Larson and Fuller, 2014). Other pathways
may have been for strategic hunting and increasing the supply of vanishing resources. This is
most often explored by measuring the size, sex ratios, and mortality profiles within
zooarchaeolgical assemblages. Domestication processes have often been analyzed by observing
both genetic and morphological alterations. However, these alterations cannot be easily
identified in early domestication instances. Early markers for domestication have therefore relied
upon alterations to the age and sex profiles, such as the selective harvesting of young males
(Zeder and Hesse, 2000; Larson and Fuller, 2014). Yet, many early animal domestication
processes remain archaeologically and genetically poorly documented (Larson and Fuller, 2014).
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Using alternative methods for sex identification may help untangle the early herd management,
hunting, and domestication strategies. Building on previous work with humans, I present a
targeted proteomic approach, following the Stewart et al. 2017 method, for determining sex from
tooth enamel in non-human mammals. The species chosen span over different orders of
mammals with applicability for zooarchaeological questions. Following mass spectrometry
analyses, we reveal the possibilities and challenges when applying this method to determine sex
on various animal species.

33 MATERIALS AND METHODS

The samples for this study were specimens housed at the Sam Noble Museum of Natural History
Mammals collection. A single blind study was conducted in which the museum curators knew
the sex of the animals remains, but the laboratory team of this study did not. The sex of these
specimens was known from perimortem morphology during acquisition by the Sam Noble
Museum. Four different mammalian species commonly found in North America were used for
this study — Canis lupus familiaris (dogs), Canis latrans (coyotes), Odocoileus virginianus
(white-tailed deer), and Castor canadensis (North American beavers). These species were
selected for their varying dental morphology and the presence of both sexes in the collection. Up
to five females and five males were chosen from each species. A total of 36 dental samples were
used for this study — 10 coyotes, 10 deer, 10 beaver, and 6 dogs. The mandibular teeth were
selected for sexing for each animal — the right canine for dogs and coyotes, the right medial
incisor for beavers, and the right first premolar for deer (Table 1).

Following the Stewart et al., 2018 protocol, all teeth were washed with 3% hydrogen peroxide
and rinsed with ultrapure water. The tooth sample was then lowered into a small volume of 5%
Hydrochloric acid (HCI) two times, discarding the first etch and retaining the second etch. This
acid etch is used to demineralize the enamel and extract the amelogenin peptides. Only one side
of the tooth enamel surface was used during the acid etching process. As an environmental
control, we placed 60ul of HCI in the bottom of a low bind protein tube and left the cap open
during the entire sampling process to determine if there were any free floating contaminates in
the prep laboratory. All dental washing and acid etching were performed in the mammal
preparation laboratory at the Sam Noble Museum. Protein extractions were performed in the
Laboratories of Molecular Anthropology and Microbiome Research ancient DNA laboratory.
This process required the transfer of the 2nd etched solution to a conditioned ZipTip which was
then washed six times with 0.1% (vol/vol) formic acid. The resin-bound peptides were then
eluted into an elution buffer. The same protocol steps were performed on an extraction negative
control, to which no protein was added, along with the previously obtained environmental
control, to monitor potential contamination. All samples were then lyophilized for downstream
Mass Spectrometry Analysis. The proteins were resuspended in 20 pl of buffer A (0.1% formic
acid in HPLC grade water). 8 pul of each sample was then injected onto the Accelaim PepMap
C18 column (15 cm x 75 pm) column LC-MS/MS analysis (Figure 4).
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Table 1: Summary of Specimens in this study

Species Collection Date Tooth Sampled Males/Females
Canis latrans 1980-2002 Right C; 5/5
Canis lupus familiaris 1982-1989 Right C; 4/1
Odocoileus virginianus 1982-1989 Right PM; 5/5
Castor canadensis 1987-2010 Right I; 5/5

3.3.1 Mass spectrometer parameters

All samples were analyzed using the LTQ Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific, Hanover Park, IL, USA) with the following parameters: the heated capillary
temperature was 300°C with a spray voltage of 3 kV. MS scans were obtained with a normal
scan rate and the m/z range was 350-1350. MS/MS scans were acquired with collisional induced
dissociation (CID) at a normalized collision energy setting of 35%. The ten most abundant
precursor ions were selected for MS/MS. The AGC for MS scans was 5E6 and 200 ms was the
maximum injection time with 2 microscans; while the AGC for MS/MS scans was 1E6 and the
maximum ion injection time was 50 ms with 3 microscans. Importantly, a buffer blank was
injected and run with the same LC method to wash the column between sample runs. 60 s was
used as the dynamic exclusion.

Acid etch

Yy
s Jofe "‘fﬂﬁ)" I Mass spectrometry
' ) | and MS analysis

Protein identification

and sex determination Peptide identification

Figure 4: Protein extraction workflow. Acid etching of the tooth enamel and protein extraction
are followed by bottom-up LC-MS/MS Mass spectrometry. AMELX and AMELY are
determined by the difference in mass and peptide sequence.

3.3.2 Insilico analysis
Within humans, slight variations in peptide length and dimorphic differences have been observed

with the presence of an additional methionine in the AMELY peptide sequence. To determine if
unique peptides could be identified between the AMELX and AMELY protein across different
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taxa, AMELX and AMELY protein sequences were obtained from UniProt for Canis lupus
familiaris (FOPLF2 — AMELX; AOAOF6T235 — AMELY), Odocoileus virginianus (AMELX
only — AOA6J0ZOE7), and Castor canadensis (AMELX only — AOA2Z2ECSS). Unfortunately,
there were no AMELY protein sequences for Odocoileus virginianus and Castor canadensis
available on UniProt nor NCBI GenBank at the time of this analyses. In addition, there were no
available AMELX and AMELY protein sequences nor a reference proteome for Canis latrans.
To resolve this issue, we used the Canis lupus familiaris AMELX and AMELY as well as the
Canis lupus (wolf) AMELX (Q8SPH3) as a comparative reference. For Odocoileus virginianus,
we downloaded the AMELX and AMELY protein sequences for Cervus elaphus (European red
deer) (AOA059V6J8 — AMELX; AOA059V6J9 — AMELY) as a comparative reference sequence.
We did not find an available AMELY sequence for closely related taxa to Castor canadensis.
Using the available amelogenin protein sequences, we performed a protein-to-protein BLAST
search on NCBI (September 07, 2020) using the non-redundant protein sequences database to
identify additional mammalian amelogenin protein sequences. The downloaded amelogenin
protein sequences were aligned in Geneious Prime (v. 2022.2.1) using Blossom 62 (Figure 5).

Within this BLAST search only AMELX protein sequences were recovered for rodent species.
Further investigation in the literature revealed that the amelogenin protein is only found on the X
chromosome within mice and perhaps other rodents (Lau et al., 1989). Therefore, it may not be
possible to determine sex for beavers using the amleogenin protein as the AMELY may have
been lost within rodent species (Iwase et al., 2007). Our prior BLAST search for alternative
amelogenin proteins also did not return AMELY protein sequences belonging to alternative
rodent species, therefore making our database to identify AMELY for beavers biased toward
AMELX identification. This could be a result of the lack of male rodent species within global
databases such as NCBI or UniProt, or that the amelogenin protein is only located on the X
chromosome within in rodents.

We aligned the AMELX and AMELY Cervus elaphus and Odocoileus virginianus amelogenin
protein sequences in Geneious Prime (v. 2022.2.1) using Blossom 62 and did the same for Canis
lupus familiaris AMELX and AMELY and Canis lupus (AMELX) protein sequences. We
observed several differences between the AMELX and AMELY peptide sequences for Canis
lupus familiaris with the addition of a Methionine among the AMELX peptides sequences and
several substitutions (Figure 6A). There were no differences in the peptide sequences between
the Cervus elaphus and Odocoileus virginianus AMELX protein, besides the length of the
peptide sequence and one substitution from Threonine to Proline (Figure 6B). The available
AMELX sequences for Cervus elaphus are fragmented. However, we did observe a difference
between the Cervus elaphus AMELX and AMELY and Odocoileus virginianus AMELX peptide
sequences with an indel at the 139-152 region. Since we did not observe overt differences among
the AMELX for canids and cervids across 210 amino acids, we believed that the available
protein sequences for AMELX and AMELY could be used to determine sex for Odocoileus
virginianus and Canis latrans.
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Figure 5: Mammalian AMELX and AMELY. Mammalian AMELX and AMELY sequences
from six mammalian orders (Carnivora, Artiodactyla, Perissodactyla, Prosboscidea, Primate, and
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Rodentia). Protein sequences have been trimmed and modified in Geneious to correct for
incorrect placements of amino acids or gaps. Numbers represent location in amino acid
sequence. Purple box represents peptides routinely recovered.
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Figure 6: Canis species and Cervid alignments. A) Canis lupus familiaris AMELX and AMELY
were aligned with the Canis lupus AMELX protein sequence. Differences between the two
sequences are outlined in the blue box with the AMELY amino acids highlighted in blue. B)
Odocoileus virginianus AMELX was aligned with the Cervus elaphus AMELX and AMELY
protein sequences. Differences between the two sequences are outlined in the blue box with the
AMELY amino acids highlighted in blue. Slight amino acid variation was also observed between
the Odocoileus virginianus AMELX and the Cervus elaphus AMELX sequences highlighted in
yellow.

Given the difference between AMELX and AMELY from the studied species, we wanted to
explore the phylogeny of the amelognin protein for sex determination. Using the protein
sequences downloaded from the NCBI protein to protein blast search, we performed a maximum
likelihood phylogenetic analysis using 1Q-tree (version 2.2.2.3). Protein sequences were aligned
using Blossom 62 model and curated in Geneious Prime (v. 2022.2.1). We performed
ModelFinder (-MFP) to determine the best-fit substitution model for the protein alignment
(Figure 7). The Maximum likelihood tree was determined using Q.mammal + R4 for the best-fit
model. Branch support was estimated of the best tree with 100 bootstrap replicates. There is not a
strong phylogenetic signal to suggest deep divergence between mammalian AMELX and
AMELY. Instead, AMELY and AMELX cluster within orders of mammals, with Primates in one
clade, Carnivora, Artiodactyla, Perissodactyla, Prosboscidea, and Rodentia in separate clade.
However, this is a poorly resolved tree where low bootstrap values do not support these clades
due to the highly conserved regions of the amelogenin protein shared across mammalian taxa.
Previous evolutionary studies of the amelogenin gene have revealed that the initial autosome
encoding AMEL became homologous on the short arms of the sex chromosomes 100-180 million
years ago (MYA) within eutherian mammals, before rodents diverged (Iwase ef al., 2007). Since
this translocation, recombination inhibition stabilized AMELX and AMELY and allowed for
independent differentiation potentially under different functional constraints. While the AMELX
gene is further expressed and functionally active compared to the lowered expression of the
AMELY, the continual expression of the AMELY indicates its conservation at the functional
level. These early studies using limited mammalian amelogenin sequences suggest that it is
possible that AMELX and AMELY in different mammalian lineages underwent positive
selection followed by negative selection to retain these functions, where a positive selection
established and stabilized the translocation, however subsequent negative selection prevented
significant alteration of the gene product. This has been observed among humans and non-human
primates, Ruminantia (cattle and goats) and horses (Iwase et al., 2007).
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Figure 7: Phylogenetic analysis of the amelogenin protein (AMELX and AMELY)) across
multiple mammalian taxa. AMELX and AMELY sequences were downloaded from NCBI
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following a protein-to-protein blast search. Maximum Likelihood phylogenetic analysis using
IQtree and Q.mammal + R4 for the best-fit model. Bootstrap values are shown on the branch.

3.4.1 Sex identification by mass spectrometry

Using a targeted proteomic approach, we investigated the recovery of AMELY or AMELX
peptides from known sex mammal specimens. We created five custom databases for these
analyses: 1) an expanded mammals database containing the available amelogenin protein
sequences from our target taxa and BLAST search in addition to the Human Proteome
(UP000005640); 2) a restricted mammal’s database with amelogenin protein sequences for
common domesticated species and their wild counterpart available on Genbank and Uniprot; 3)
Canis lupus familiaris Proteome (UP000002254) including Canis lupus AMELX; 4) Odocoileus
virginianus Proteome (UP000504613) including Cervus elaphus AMELX and AMELY; 5)
Castor canadensis Proteome (UP000694852). To create the expanded mammal database, we
combined our protein-to-protein BLAST search results from NCBI (September 07, 2020) with
the human proteome reference database (UP000005640). The human proteome reference
database was included to characterize any unique peptides and potential human contamination.
The restricted mammal’s database included amelogenin protein sequences for human and non-
human primates, common domesticated species, and wild canid, cervid, and bovid species
available on Genbank and Uniprot on January 05, 2023. The restricted mammal’s amelogenin
database, Canis lupus familiaris proteome, Odocoileus virginianus proteome, and Castor
canadensis proteome databases were all downloaded from UniProt on January 05, 2023.

All mass spectrometry raw files assessed using Xcalibur Quality Browser and were converted
into mzXML files using MSConvert, and analyzed against the various reference databases using
MS-GF+ (version 2018.10.15)(Kim, Gupta and Pevzner, 2008; Kim and Pevzner, 2014) (Table
2). MS-GF+ scores the MS/MS spectra against peptides within a protein database for peptide
identification. This approach has shown to be more sensitive in peptide identification and
universal in working with diverse spectra, MS configurations, and experimental protocols (Kim
and Pevzner, 2014). Peptide identification is achieved by computing the E-values of the peptide
spectrum matches (PSM), which is referred to as a Spectral E-value. A decoy database is created
to calculate the probability of matched spectra to the database by chance and provides a global
confidence assessment, also known as false discovery rates (FDR), to control the false positives
among the peptide spectrum matches. Factoring in the Spectral E-value and FDR, MS-GF+
provides an E-value for the probability of identifying the peptides by chance. In this study,
recovered peptides were filtered (E-Value < 0.01). We continued the blind study throughout the
data analysis process to compare the mass spectrometry results with the known sex identification
records. Filtered AMELX and AMELY peptides were considered for sex determination. Sex was
determined by the absence or presence of the AMELY protein.

All environmental and extraction controls were run on the mass spectrometer and analyzed with
MS-GF+. We recovered no significant peptide spectrum matches from the environmental and
extraction controls. With the addition of blanks in between samples, we can confirm there is no
carry over between samples, nor is there any evidence of cross contamination at earlier steps.

Doctoral Dissertation - 36 - K. M. Rayfield



Chapter 3: A proteomic approach to sex zooarchaeological remains

3.4.2.1 Expanded mammals amelogenin and Human Proteome database

For the first analysis, all mzXML files were analyzed against the expanded mammals
amelogenin protein sequence and Human Proteome with MS-GF+ default parameters —
Carbamidomethyl as a fixed modification, and Oxidations (M), Deamidation (NQ), Pyro-glu
from E, Pyro-glu from Q, Acetylation Protein N-term, Acetylation (K), Methylation (K), and
Phosphorylation (STY) as variable modifications. We incorporated the Human Proteome as a
quality control measure to determine if we were recovering amelogenin protein and not human
contaminants. This first analysis proved to be unsuccessful for sex identification as we routinely
recovered “INFSYEVLTPLK” peptide at the 28-40 region, with phosphorylation of the Serine.
This region of the amelogenin protein is a conserved across AMELX and AMELY and can
therefore not distinguish sex (Figure 5). While we did have unique peptides matching to
AMELX or AMELY within some of our samples, we received high e-values for the peptides
sequences and therefore could not trust these matches to be statistically significant. We believed
this could not determine sex due to the limited AMELY protein sequences within the dataset that
was representative for the taxa in this study as well as the selected MS-GF+ parameters.

3.4.2.2 Restricted mammal’s amelogenin database

To improve resolution, all mzXML files were re-analyzed against the restricted mammal’s
database which included only amelogenin protein sequences for common domesticated species
and their wild counterpart that had both AMELX and AMELY protein sequences available, in
addition to the available proteins sequences for the specimens used in this study. Since the
samples were undigested during protein extraction, we set the cleavage to unspecific and used
the same modification parameters from the first analysis. This analysis recovered longer peptides
for both AMELY and AMELX proteins, however again they were conserved peptides and not
useful for sex determination. In addition, confident peptide matches for amelogenin were not
recovered in eight samples (1 dog, 2 beavers, and 5 coyotes) due to high E-values and limited
peptide spectrum matches.

Since the specimens within this study are historic (1988-2010) and have been curated in a
museum, we redefined our parameters for ancient protein analysis. Ancient proteins are
susceptible to high deamidation rates. To factor these modifications that reflect deamidation, all
raw files were analyzed against the second database with unspecific digest and variable
modifications for Oxidations (M), Deamidation (NQ), Pyro-glu from E, Pyro-glu from Q,
Phosphorylation (S), and hydroxyproline. No fixed modifications were specified. We recovered
alternative longer peptides of the originally matched AMELX and AMELY peptides within the
canid specimens and AMELX within the deer specimens, however we could still not determine
sex for each specimen given that the peptides were conserved between the AMELX and AMELY
protein. In addition, we received limited results back for the same eight samples discussed earlier
and could therefore not determine sex.

3.4.2.3 Mammal’s proteome databases

In addition to the expanded and restricted mammal’s database, we analyzed the samples against
their species’ proteome to confirm that most of the peptide-spectrum matches (PSM) were
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unique to dental remains (enamelin, ameloblastin, and amelogenin). At the time of this analysis,
there was no available proteome for coyote (Canis latrans), therefore all coyote samples were
compared against the dog proteome. We believed that this was an appropriate database for
comparison given that dogs and coyotes are closely related taxa. All canid samples were
analyzed against the dog proteome reference database using the same ancient proteins parameters
discussed earlier. We yielded similar results from the proteome database search compared to the
restricted mammals amelogenin database for some of the deer and canid specimens and
recovered the same conserved region of AMELX and AMELY in most specimens as previously
recovered in the other database searches. However, we could not confidently recover AMELX or
AMELY peptides for Castor canadensis. In addition, we still could not provide better resolution
for sex determining peptides for the eight specimens that previously failed, along with an
additional coyote specimen (n=9 undetermined sex specimens). We did, however, recover the
enamelin protein unique to dental remains, therefore providing a secondary quality control
measure for our specimens. From these analyses we recovered with confidence AMEL proteins
in many of the specimens (coyote, dog, and deer) however the recovered peptides from each of
these analyses were not unique to the AMELX or AMELY protein for sex identification.

3.4  RESULTS/DISCUSSION

3.4.1 Challenges to determine sex in animals

We routinely recovered the “INFSYEVLTPLK” peptide with phosphorylation at the serine (S)
amino acid (Figure 5). With the restricted mammal’s database and proteome databases, we were
able to routinely recover larger peptides such as the “MPLPPHPGHPGYINFSYEVLTPLK”
peptide with oxidation at the methionine (M) and phosphorylation at serine (S) within deer,
coyote, and dog and occasionally the “LEAWPATDKTKREEVD” peptide within some dog
samples. Together these results suggest that we successfully recovered amelogenin from these
samples. However, between species and across taxa this is a conserved region of the amelogenin
protein where sex cannot be distinguished. The “INFSYEVLTPLK” and
“MPLPPHPGHPGYINFSYEVLTPLK” peptides are found within the N-terminal domain of the
amelogenin peptide, while the “LEAWPATDKTKREEVD” peptide is found on the C-terminal
domain. The amelogenin protein is made up of three domains, a hydrophilic N-terminal domain
with the only post-translational modification phosphorylated site, a middle hydrophobic region,
and a hydrophilic highly charged C-terminal domain (Norcy et al., 2011).The greatest variation
between the AMELX and AMELY across taxa is observed within the central hydrophobic
region. Unlike, the central region, the N-terminal and C-terminal domains are highly conserved
across mammalian taxa (Figure 8) and are necessary for enamel formation (Norcy et al., 2011;
Shin et al., 2020). A single substitution in the amino acid sequence of the N-terminal domain can
result in amelogenesis imperfecta (Iwase et al., 2007), thus signifying the N-terminal domain’s
importance in the stability of the enamel matrix. In particular, the phosphorylation at the serine
site in the N-terminal domain significantly influences the enamel mineralization because it
stabilizes the amorphous calcium phosphate and inhibits apatite crystal growth and therefore
controls enamel formation (Norcy et al., 2011; Green et al., 2019; Shin et al., 2020). Given the
stability of this peptide, it may preserve better than the more variable hydrophobic region.
Enamel proteome phosphorylation and proteolytic digestion have been recovered from Homo
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antecessor and Homo erectus fossils (Welker et al., 2020), further signifying the stability of this
peptide.

While we successfully recovered amelogenin peptides that contribute to the formation and
mineralization of the dental enamel, we did not recover peptides from variable regions; therefore,
we were unable to determine sex from the specimens between the five database searches (Table
4). In addition, we were unable to confidently recover amelogenin peptides for eight specimens
as the recovered peptides had high E values. Sex identification was most challenging for coyote
and beaver specimens within this study. As previously mentioned, beaver likely do not have an
AMELY protein to recover. Most of the coyote specimens returned low confidence peptide
matches, which may suggest that there may be greater protein differences between the two
species than initially assumed. To test this, we aligned the Vulpes vulpes, AMELX protein
sequence with our canid protein sequences and found no differences in the amino acid
sequencies between the canid taxa. As Vulpes amelogenin is expected to be more divergent than
from any Canis amelogenin, this does not explain the decreased recovery of amelogenin.
Therefore, the low confidence peptide matches may be due to our methodological approach in
omitting a digestion stage at outlined in the Stewart et al. (2017) protocol. Proteomic methods
often use trypsin, a serine protease that is used to breakdown proteins into peptides for mass
spectrometry, yet Stewart ef al. (2016) suggested that this step can be eliminated as it did not
improve sequence coverage in their study. The N-terminal and C-terminal domain are shorter in
length compared to the variable hydrophobic region, yet as mentioned previously the N-terminal
and C-terminal domains are preserved well and may not have fragmented for mass spectrometry
analysis. Given the lack of trypsin digestion and the young age of the samples compared to those
in Stewart ef al. (2016), we may have not recovered more informative peptides from the mass
spectrometer column given their peptide size.

Table 2: Generated Spectra across taxa samples

Species Range of the total no. of generated spectra
Canis latrans 3,993 — 18,664

Canis lupus familiaris 8,481 — 18,218

Castor canadensis 1,223 -16,615

Odocoileus virginianus 17,236 — 18,953
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Figure 8: N-terminal and C-terminal Domain within the amelogenin protein. N-terminal domain
outlined and blue and C-terminal domain outline in orange. Geneious Prime (v. 2022.2.1)
Blossom 62 protein alignment of human, cow, chimp, dog, gorilla, fox and deer amelogenin to
show the conserved N-terminal and C-terminal domain across taxa.

Additionally, we followed measures for ancient proteins, assuming that the proteins in this study
would be fragmented due to time (~40 years) and curatorial methods. We expected to see PTMs
such as deamidation (NQ) where amino acids asparagine and glutamine form glutamate and
aspartate, an authenticity measure for ancient proteins (Cappellini, Collins and Gilbert, 2014).
However, it is possible that recovered proteins did not have much deamidation, commonly found
in ancient proteins, and therefore we did not recover all the peptides given their size. Future
attempts might use C4 liquid chromatography columns instead of C18 columns to increase the

Doctoral Dissertation -40 - K. M. Rayfield



Chapter 3: A proteomic approach to sex zooarchaeological remains

length of the recovered peptides in a top-down proteomics approach. Alternatively, the use of
trypsin, could digest larger peptides for mass spectrometry analysis. Stewart et al (2017)
eliminated this step for their analysis on archaeological specimens, but it may be necessary for
historic specimens such as those in this study. Alternatively a trypsin digestion step may increase
the peptide signal to recover AMELY specific peptides given the already low signal of AMELY
compared to the AMELX (Parker ef al., 2019). This signal is further diluted when there are high
levels of post-translational modifications like methionine oxidation or deamidation (Parker ef al.,
2019). Parker et al (2019) indicate that these PTMs can further complicate the peptide matches
as the number of potential amelogenin peptide masses are increased and that a trypsin digest may
return more sexually dimorphic peptides. Within this study, many of the samples experienced
PTM methionine oxidation which could potentially have contributed to the low signal for
sexually dimorphic peptides. Further investigation in mass differences a peak calling may be
necessary to uncover sexually dimorphic peptides that we cannot uncover using MS-GF+ alone.

3.4.2 Determining sex from archaeological human dental remains as a comparison

Given the challenges in determining sex from historic non-human animal remains, we performed
the same methodological approaches outlined earlier on three archaeological dental remains (two
adults and one juvenile) dating to the Roman period (2"-6'" centuries CE), as a comparison and
positive control (Supplemental 1). This involved the amelogenin protein extraction from two
adult and one juvenile individual dental remains. The two adult individuals had been previously
sexed using osteological methodologies. Unfortunately, sex determining osteological approaches
are only suitable for adult individuals, therefore sex could not be determined for the juvenile
individual. Sex identification was also determined through genetic analyses on one of the adult
individuals (Table 3). We followed the same protein extraction steps and mass spectrometry
parameters as outlined previously for the animal samples. All mass spectrometry raw files were
converted into mzXML files using MSConvert, and analyzed against the human proteome
reference database using MS-GF+ (version 2018.10.15)(Kim, Gupta and Pevzner, 2008; Kim
and Pevzner, 2014). Sex could be determined for the two adult samples, but not for the juvenile
sample, due to the absence of the unique AMELY peptides. In addition, we recovered the
“SIRPPY” peptide at the 45-50 amino acid location in the peptide sequence. As discussed
previously the “SIRPPY” peptide has been used to determine sex as female in human remains in
previous studies due to the absence of the Methionine amino acid. We were not able to determine
sex with confidence from the PSM for the juvenile individual as we recovered limited non-
unique amelogenin peptides. However, the recovery of sex specific peptides using this method
shows that it is possible to recover sex specific peptides from tooth enamel and further supports
sample age as a contributor to the poor performance of the non-human mammals in this study.

Table 3: Sex determination overview from archaeological human dental remains

Sample ID Age Total Generated Osteolog'ical. Sex Geneti.c S§X Peptidp S;x
Spectra determination determination determination
ROM3 Adult 22,910 Female NA Female
ROMI10 Adult 24,849 Male Female Female
TT3 Juvenile 16,762 CND NA CND

*Cannot determine (CND)
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3.6 CONCLUSION AND FUTURE DIRECTIONS

We presented an approach to determine sex from zooarchaeological remains. While we did not
successfully recover sex determining peptides of the AMELX and AMELY protein for sex
determination of the specimens used in this study, we did routinely recover amelogenin peptides.
The specimens used in this study were collected over the last 40 years and given the stability of
the amelogenin protein, may have required a trypsin digest or a different liquid chromatography
column for mass spectrometry analysis. The bottom-up approach, without digestion, therefore
recovered limited unique peptides in the historic animal remains. However, it was successful for
recovering sex specific peptides in two archaeological human samples (up to ~1900 years old),
thus highlighting that the methods taken can recover sex specific peptides. This may be due to
the age of the proteins and possible fragmentation of the peptide compared to the more peptides
recovered from the animal dental remains in this study. While the described approach could not
determine sex from historic animal remains, future data analysis calling for the specific mass
peaks may provide further sex identification resolution. We anticipate that this approach may
still be viable for exploring questions about animal harvest and husbandry practices, but
additional methodological refinement is required. We suggest that researchers should consider
the preservation of the samples in selecting a protocol and mass spectrometry (top-down vs
bottom-up proteomics) approach as well as identify in silco amino acid differences to determine
sex.

Table 4: Sex Determination Results

Sample Speci Date OMNH Expanded | Restricted Species
ID pecies collected Sex Mammals Mammals | Proteome
56496 | Canis latrans ND U, Peptide CD CD
43780 | Canis latrans 1981 U, Peptide CD CD
43791 Canis latrans 1980 U, Peptide U, Peptide CD
43833 Canis latrans 1980 U, Peptide U, Peptide | U, Peptide
43820 Canis latrans 1981 U, Peptide U, Peptide | U, Peptide
43821 Canis latrans 1982 U, Peptide U, Peptide | U, Peptide
10924 | Canis latrans 1982 CD U, Peptide | U, Peptide
39190 | Canis latrans 2002 U, Peptide U, Peptide | U, Peptide
43381 Canis latrans 1981 CD CD CD
43801 Canis latrans 1980 CD CD CD

54024 | Canis lupus familiaris 1989 U, Peptide U, Peptide | U, Peptide

44081 Canis lupus familiaris 1987 U, Peptide U, Peptide | U, Peptide

43999 | Canis lupus familiaris 1982 CD CD CD

11603 Canis lupus familiaris 1984 U, Peptide U, Peptide | U, Peptide

48492 | Canis lupus familiaris 1985 U, Peptide U, Peptide | U, Peptide

44044 | Canis lupus familiaris 1985 U, Peptide U, Peptide | U, Peptide

60065 Odocoileus virginianus 1984 U, Peptide U, Peptide | U, Peptide

58600 | Odocoileus virginianus 1984 U, Peptide U, Peptide | U, Peptide

58282 | Odocoileus virginianus 1984 U, Peptide U, Peptide | U, Peptide

45653 Odocoileus virginianus 1982 U, Peptide U, Peptide | U, Peptide

60056 | Odocoileus virginianus 1984 U, Peptide U, Peptide | U, Peptide

= | || S K KRR L0 L S|

45645 | Odocoileus virginianus ND U, Peptide CD CD
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45603 Odocoileus virginianus 1980 M U, Peptide U, Peptide | U, Peptide
45602 | Odocoileus virginianus 1980 M U, Peptide U, Peptide | U, Peptide
45860 | Odocoileus virginianus 1989 M U, Peptide U, Peptide | U, Peptide
45654 | Odocoileus virginianus ND F U, Peptide U, Peptide | U, Peptide
39460 Castor canadensis 2010 M U, Peptide U, Peptide | U, Peptide
11536 | Castor canadensis ND F U, Peptide U, Peptide | U, Peptide
48596 Castor canadensis 2009 F U, Peptide U, Peptide | U, Peptide
53129 | Castor canadensis 1998 M U, Peptide CD CD

53130 | Castor canadensis 1998 F U, Peptide U, Peptide | U, Peptide
53131 Castor canadensis 1999 M U, Peptide U, Peptide | U, Peptide
53145 Castor canadensis 1988 M U, Peptide U, Peptide | U, Peptide
53147 | Castor canadensis 1988 M U, Peptide U, Peptide | U, Peptide
15702 | Castor canadensis 1987 F U, Peptide CD CD

15704 | Castor canadensis 1987 F U, Peptide U, Peptide | U, Peptide

*ND (no date); U, peptide (unknown sex estimation based on available peptides); CD (cannot
determine due to high e-values and few PSMs)
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4.1 INTRODUCTION

Marine biome modifications and ecosystem alterations due to significant human activity is not
exclusive to the Anthropocene but extends deep into antiquity. Historical exploitation of marine
mammal fur, meat and oil during the 18" and 19™ century consequently fostered a modern
population heavily shaped by millennia of anthropogenic disruptions. The extent and scale of
human impacts can be explored using a historical ecological framework that integrates
archaeology with biological datasets spanning human history. In this chapter, we explore a novel
approach to assess the scale of human impacts by examining oral microbiomes of California sea
lions (Zalophus californianus). Human microbiome studies have shown environmental and
social adaptations influence microbial diversity and abundance. However, these studies have yet
to be widely applied in studying animal oral microbiomes. This chapter aims to link microbial
diversity within the oral microbiome to anthropogenic alterations to California sea lions. We
present the first historic study of California sea lion oral microbiomes using dental calculus. We
use dental calculus as a sentinel for documenting transitioning environmental health and
microbial dynamics among humans and California sea lions within a shared microbe-scape. We
subsampled dental calculus from individuals (n=75) held at the Santa Barbara Museum of
Natural History (SBMNH), as well as two collections held at the Smithsonian National Museum
of Natural History, the National Marine Mammals Laboratory (NMML) collection and historic
Smithsonian collections (USNM). DNA from dental calculus was extracted and prepared for
metagenomic sequencing. We address how curatorial methods impact the quality of DNA
preservation and find that California sea lions have a unique microbiome compared to other
mammalian taxa along with pathogens present such as Klebsiella pneumoniae microbial. This
approach is designed to be applicable to other mammal populations around the world and will
provide valuable data about the human-made environmental changes to the marine biome where
humans have altered the demographics, distribution, microbiome and ecology of marine
mammals for millennia.
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4.2 BACKGROUND

The California Channel Islands have fostered a long, dynamic relationship between humans and
California sea lions. Located off the southern coast of California, archaeological and cultural
resources extend to more than 13,000 years of human habitation (Erlandson et al., 2011). While
anthropogenic disruptions have rapidly increased with the onset of the Anthropocene, marine
biome modifications and ecosystem alterations due to significant human activity can extend to
the Pleistocene when ancient peoples hunted marine mammals (Braje and Rick, 2011; Hofman et
al., 2018). This has been observed among the Chumash, Tongva and their Ancestors who lived
on the northern and southern Channel Islands, respectively. Both Indigenous groups had strong
maritime traditions that allowed them to harvest shellfish and hunt marine mammals while
maintaining trading networks between the Channel Islands and the mainland (Braje and
Erlandson, 2008; Braje and Rick, 2011). Within the Channel Islands, archaeologists and
historical ecologists have developed a long-term record of marine mammal hunting as evidenced
by both zooarchaeological and technological artifacts in addition to the absence or presence of
pinnipeds in their abundance, biogeography and breeding behavior (Rick and Erlandson, 2008;
Braje and Rick, 2011; Thurstan et al., 2015; Hofman et al., 2018; Radde, 2021; Scarborough et
al., 2022). Rookeries were most often exploited, with subadults being most sought after given
their size for ease of transport and age so that future generations were not dramatically impacted
(Radde, 2021). Of historical importance, during the 18th and 19th century, pinniped populations
were heavily hunted, almost to extinction, for fur, meat, and oil (Braje and Rick, 2011).
Subsequent sheep and cattle ranching stripped the vegetation on the Channel Islands, in
particular San Miguel (Roberts and Consultants, 2016). By the 20th century the Channel Islands
served as a dumping ground for DDT as well as a strategic US military site for testing long range
missiles (Levin, 1989; Roberts and Consultants, 2016; Xia, 2020). The passage of the Marine
Mammals Protection Act (MMPA) in 1972, now protects marine mammals from
overexploitation, thus allowing their population to grow. However, loss of genetic diversity
within marine mammal populations has been linked to increased disease susceptibility(Acevedo-
Whitehouse ef al., 2003). Such genetic diversity loss may have a greater impact on the
population as the introduction of toxic pollutants and waste-water runoff as well as antibiotic
resistance due to agricultural use has further increased after the passage of the MMPA (Navon-
Venezia, Kondratyeva and Carattoli, 2017).

One way we can study the scale and longevity of these anthropogenic disruptions to California
sea lions is through reconstructing their microbiome over time. The study of the human
microbiome and its relation to environmental, diet, and health factors that impact microbial
diversity is an area of active research (Dewhirst et al., 2010; Hooper, Littman and Macpherson,
2012; Warinner et al., 2014; Schnorr et al., 2016; Fellows Yates et al., 2021). Human and animal
microbiome studies have shown environmental and social adaptations that influence the
microbial diversity and abundance of phyla within their microbiomes (Trinh et al., 2018). For
example, chimpanzees have similar microbiomes to other chimpanzees within their troop as
opposed to chimpanzees within different troops (Ezenwa et al., 2012; Moeller et al., 2014),
while humans also share similar microbiomes with those living in their same household (Mosites
et al., 2017). Consequently, anthropogenic activities have shown to alter the microbial diversity
and abundance of phyla within animals and the environment (Trinh et al., 2018). In fact, loss of
microbial diversity in mammals due to anthropogenic factors have resulted in similar gut

Doctoral Dissertation -45 - K. M. Rayfield



Chapter 4: Marine mammal oral microbiomes

microbiome profiles to that of humans — increased abundance of Prevotella and Bacteroides
genera and antimicrobial resistance genes (Clayton et al., 2016; McKenzie et al., 2017; Baron,
Diene and Rolain, 2018). This loss in microbial diversity has been observed in non-human
primates within captivity when compared to wild populations (Ley et al., 2008; Clayton et al.,
2016; McKenzie et al., 2017). Microbial diversity loss within non-human primates has been
largely attributed to the use of antibiotics, loss of environmental wild microbes in their
anthropogenically controlled captive habitat, and a shift to a processed diet (Clayton et al., 2016;
Brealey et al., 2021), all of which are also commonly practiced in human agricultural and animal
husbandry practices (Rice et al., 2012). Microbiomes and microbe selection are therefore not
only environmentally selected but also culturally selected by human interference. However, less
is known about the potential transmission of human pathogens to non-human animals during this
humanization process.

The oral cavity can be viewed as an entryway for microorganism introduction, colonization, and
formation of the commensal relationship as well as an interaction zone with the innate host
defenses within the oral microbiome. As a result, it is a reservoir for both primary and
opportunistic pathogens, second compared to the gut (Warinner et al., 2014). These microbial
communities that make up the oral microbiome are comprised of bacteria, protozoa, fungi,
viruses and archaea (Benn et al., 2018). Across mammalian taxa, as well as in domestic fowl, the
oral microbiome is influential in both training the immune system and maintaining the
microbiome ecology (Allen and Stanton, 2014; Bahrndorff et al., 2016). In a symbiotic
relationship between microbes and host epithelial cells, the host will provide nutrients to the
microbes and in return the microbes will provide protection against exogenous species through
colonization resistance (Marsh, 2000). Similarly, horizontal gene transfer from exogenous
species to endogenous oral species can contribute to their adaptive potential and increased fitness
within the oral microbiome (Roberts and Kreth, 2014). As a result, the early colonizers of the
oral microbiome shape the host physiology as well as the innate host’s defenses (Marsh, 2000;
Kolenbrander et al., 2002; Fellows Yates et al., 2021). By documenting and reconstructing
mammalian oral microbiomes, we can start to look at how anthropogenic disruptions selected for
increased pathogenesis, virulence, or antibiotic resistance among microbes and the coevolution
of some diseases. Understanding colonization history due to host environmental factors plays a
large role in the evolutionary and behavioral components that selected for their abundance and
pathogenesis within the mammalian oral microbiome.

The oral microbiome can be reconstructed from both the bioarchaeological and
zooarchaeological record using dental calculus. Dental calculus is a biofilm attached to the teeth
surfaces and is a fossilized record of the microbial communities for past human and animal
populations. Within humans, the abundance of dental calculus can vary between populations due
to host genetics or dental hygiene practices (Warinner, 2016). However, the formation of dental
calculus is the same, as the calcium phosphate ions found in the host saliva and gingival
crevicular fluid (GCF) mineralizes the dental plaque (Warinner, 2016). DNA binds to calcium
phosphate minerals, thus allowing for bacterial nucleic acid to survive. This mineralization
period occurs in stages throughout an individual’s lifespan and can leave a layered record of the
preserved microbial cells or other debris calcified in situ (Warinner et al., 2015; Warinner,
2016). It has also been observed that dental calculus may contain up to 1000 times more DNA
compared to bone or dentine (Warinner, Speller and Collins, 2015; Weyrich, Dobney and
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Cooper, 2015; Warinner, 2016; Mann et al., 2018). The presence of dental calculus has been
identified in other marine mammal populations (sea otters and killer whales) but currently it is
unclear what factors contribute to dental calculus formation in marine mammals (Hofman, 2018;
Wellman et al., 2020). Host mitochondrial and nuclear DNA, antibiotic resistance genes, as well
as entire microbial communities have been recovered from dental calculus which allows for
researchers to observe host-pathogen interactions, genome rearrangement, horizontal gene
transfer, and genetic mutations (Peterson et al., 2009; Ozga et al., 2016; Warinner, 2016; Mann
et al., 2020; Brealey et al., 2021; Fellows Yates et al., 2021; Austin et al., 2022). High-
throughput sequencing has also allowed metagenomic and metaproteomics methods to be used
that incorporates the genes, genomes, and the protein functions of bacteria within the
microbiome (Peterson et al., 2009). Given the rapid advancement of high throughput sequencing
and the similar development of microbiomes across mammalian species (Brealey et al., 2021),
these methods can be easily extrapolated and applied towards studying marine mammal oral
microbiomes.

Our research uses historical collections which provides a temporal perspective to document
ecological shifts, if any, within our California sea lion population. As such, our objectives are to
document and reconstruct the oral microbiome of California sea lions over time and to explore
changes in microbial diversity within California sea lion oral microbiomes as a result of human
activities. By reconstructing the oral microbiomes of recent and past California sea lions, we can
provide a temporal assessment from which we can test if anthropogenic impacts over the last
~130 years have fostered microbial diversity loss within California sea lion oral microbiomes
and the potential transmission of human pathogens to California sea lions during this
humanization process. Given that our specimens were collected from three different collections,
we also explore and compare how different curatorial methods may impact the preservation and
quality within our specimens for future research.

This study offers a novel approach in assessing the scale of human influence on shifting
historical ecologies through the analysis of dental calculus from historic collections. By linking
microbial diversity within the oral microbiome to recognized anthropogenic alterations, we can
highlight past human and marine mammal interactions and provide meaningful snapshots in time
for assessing the scale of human impacts on the marine biomes. Incorporating such analyses can
open the door in developing datasets to reconstruct past ecologies and the scale of human
impacts in the past as well as provide an alternative towards studying human behavior without
the analysis of human remains.

4.3 MATERIALS

Our study population includes California sea lions that were collected from 1884-2014. We
collected n=30 specimens from the Santa Barbara Museum of Natural History (SBMNH), n=30
from the National Marine Mammals Laboratory (NMML) collection held at the National
Museum of Natural History (NMNH) and n=15 from the US National Museum (USNM)
collection held at NMNH (Figure 9). The specimens within these collections are historic (~130
years of age from the earliest collection date) and the majority were collected from deceased,
stranded sea lions on the coastal beaches. Sample curation methods vary between collections and
over time, but typically involve first flensing the larger tissue, removing any remaining tissue via
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boiling or beetles and then maceration in cold water, followed by a drying period. The SBMNH
California sea lion specimens were collected between 1920-2014. The NMML specimens were
collected between 1950-1990 and the USNM specimens were collected between 1884-2006. All
individuals sampled for dental calculus were limited to the primary breeding range extending
from the Channel Islands to Central Mexico, with the majority sampled from specimens
collected from the Channel Islands. Individuals were also grouped into three ecological time
bins: Colonial Development period (1880-1940), the Early Global Market period (1940-1980),
and the Late Global Market period (1980-present) reflecting the rapid anthropogenic disruptions
introduced over the last ~130 years.
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Figure 9: Individuals in this study. A) Map of individuals in this study labeled by collection. B)
Map of individuals from California labeled by collection

4.4 METHODS
4.4.1 Laboratory Methods

4.4.1.2 Subsampling

Dental calculus was subsampled with permission of the SBMNH Vertebrate Zoology and
NMNH Division of Marine Mammals. Subsampling of (n=75) specimens took place at the
SBMNH and at the Smithsonian Museum Support Center which houses collections from the
USNM and NMML (Table 5). Dental calculus was removed from either the labial surface of
incisors or labial surface of canines of California sea lions with dental scalars, making sure to
leave enough behind for future analyses. All laboratory procedures were completed in the ancient
DNA (aDNA) lab at the Laboratories of Molecular Anthropology and Microbiome Research
(LMAMR) at the University of Oklahoma.
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Table 5: Collection sampling population across three time periods

Collection Total no. of | Colonial Development | Early Global Market | Late Global Market
individuals No. of Individuals No. of Individuals No. of Individuals
NMML 30 0 26 4
SBMNH 30 2 15 13
USNM 15 4 6 5

4.4.1.3 aDNA extractions

In brief, each extraction used between 1-15mg of dental calculus. An extraction negative
control, consisting of buffer, was also included to monitor potential contamination. All dental
calculus subsamples were decontaminated using a UV Crosslinker. All dental calculus
subsamples were then predigested in 0.5 M of EDTA for 15 minutes. The samples were then
incubated for an additional 24 hours in 1ml of 0.5 M of EDTA. 100l of Qiagen Proteinase K
was added to the samples for further digestion and decalcification over ~5 days. DNA was
extracted following a modified silico-extraction protocol (Wellman et al., 2020) the samples
were purified on a Qiagen MinElute column to remove salts/impurities and to concentrate the
DNA extract. The DNA concentrations of the extracts were measured using the double stranded
DNA High Sensitivity (dsDNA HS) kit for Qubit 3 Fluorometer.

4.4.1.4 Illumina library construction

Dual-indexed Illumina double stranded metagenomic libraries were constructed on (n=75)
samples and well as extraction and library controls (n=15). The library preparation steps were
conducted using previously published protocols (Carge et al., 2018; Wellman et al., 2020). All
samples underwent partial UDG treatment to repair internal cytosine deamination while still
allowing for authentication using terminal end DNA damage (Rohland ef al., 2015). The
concentration of DNA within the libraries was then measured through quantitative polymerase
chain reaction (QPCR) and to determine the number of cycles needed for indexing. For
indexing, a unique DNA barcode was added to each sample while the samples were amplified
via PCR. Libraries were amplified in triplicate using Kapa HiFi HotStart Uracil, which tolerates
uracil residues and low concentration of AT-rich DNA. All qPCR and PCR setup were
conducted in the aDNA lab while amplification and further work was conducted in the modern
laboratory at the Stephenson Research and Technology Center.

4.4.1.5 Metagenomic sequencing

Following three indexing PCR replicates, all library replicates were then pooled and quantified
for sequencing. The concentration of each sample was again determined using the dsDNA HS
kit for Qubit 3 Fluorometer. 1ng/ul dilutions were then made to run on the Fragment Analyzer
(model 5200, FA Version #: 1.2.0.11) following the High Sensitivity protocol. This procedure
provides more accurate concentrations, average fragment sizes, and whether dimers were
present. As there were dimers in the samples, they were pooled in 20 nM dilutions and run
through a 2% Pippin Prep gel to select for fragment between 150 and 500 base pairs in size. We
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sequenced the libraries (2 x 150bp chemistry) on an Illumina NovaSeq S4 instrument at the
Oklahoma Medical Research Foundation.

4.4.2 Bioinformatic Workflow

4.4.2.1 Quality Filtering

Quality filtering was completed using a pipeline that integrates several different open source
bioinformatic tools. The pipeline begins with quality filtering the data by removing adapter
sequences, trimming low quality bases, and merging read 1 and read 2 with AdapterRemoval 2
(version 2.1.7; Schubert, Lindgreen and Orlando, 2016). Low quality reads and reads shorter
than 30 base pairs were also filtered out at this point.

4.4.2.2 Host DNA Preservation

Sequencing reads were aligned and mapped to the sea lion reference genome
(GCF_009762305.2) using Burrows Wheeler Aligner (BWA) with ancient DNA parameters
(Schubert et al., 2012). SAMtools (version 1.5), was then used to filter out unmapped or poor
quality (-q set to 37) reads and sort the alignments by coordinates. DeDup (version 0.12.7) was
used to filter out duplicate reads. DNA degradation and damage patterns were assessed using
MapDamage?2 (Jonsson et al., 2013).

4.4.2.3 Oral Microbiome Profiles

We used three approaches to reconstruct the oral microbiome profiles of the California sea lion
specimens 1) MetaPhlAN4, which profiles the abundance and compositions of the microbial
communities from microbial gene database (Blanco-Miguez et al., 2022), 2) KRAKEN2 (Wood
and Salzberg, 2014) with a custom database containing genomes for a diverse and deep breadth
of mammalian species, which will allow for the identification of dietary, microbial and host
DNA as well, and 3) QIIME (v.1.9.1) which analyzes microbial communities sampled through
16S marker genes and clusters them at a 97% phylogenetic level into OTUs (Caporaso et al.,
2010). With MetaPhlAN4, individual microbiome profile abundance tables and total reads
counts for each microbial clade tables, and unknown estimation values were created for each
sample (n=75) and negatives controls (n=15) using quality filtered, trimmed R1 and merged
reads set for ancient input (minimum read length of 30). For all Kraken analyses, we used a
minimum hit group of four to allow for overlapping kmers and a confidence threshold of 0.10.
We then mapped the sample data to microbial taxa with the largest assigned read counts across
all samples. Analysis ready reads (trimmed and merged reads) were mapped to the Greengenes
(GGY97) database using Bowtie2. Duplicates were removed using DeDup (version 0.12.7) and a
FASTA file containing the sample names and the 16S rRNA reads mapping to the Greengenes
database was created for OTU picking.

Given that the post-mortem preparation and curatorial methods of these specimens may
contribute to contamination, we also used SourceTracker (v1.0.1) (Knights et al., 2011) to
predict the source of microbial communities within the samples and to determine if the samples
are of an oral microbial community. Raw sequencing reads were downloaded from SRA for
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human skin (n=10), human supragingival plaque (n=10), human subgingival plaque (n=5), soil
(n=10), non-human mammal calculus (bear, n=10; orca, n=15; and chimp, n=10), human urban
gut (n=10), human rural gut (n=10), and marine water (Pacific Ocean, n=10) (Supplemental 2).
Raw-sequencing reads were then trimmed, merged, and remnant adapters were removed using
AdapterRemoval2 (v.2.1.7; (Schubert, Lindgreen and Orlando, 2016). Microbiome profiles were
again created with MetaPhlAN4 using the trimmed R1 and merged reads and processed with the
total number of reads from each clade for each comparative source sample. All source and
sample (sink) microbiome profile tables were merged and converted into a single genus level
OTU table with MetaPhlAN4. A genus level OTU table was rarefied to 10,000 with the phyloseq
R package (McMurdie and Holmes, 2013) and analyzed using SourceTracker.

We used MetaPhlAN4’s beta diversity unweighted unifrac distance measures to quantify the
dissimilarities between the samples. Given the expected damage and fragmentation in ancient
samples, alpha diversity is not an appropriate to measure (Ziesemer ef al., 2015; Mann et al.,
2018). We performed an unweighted unifrac diversity measure across all calculus samples used
for the SourceTracker analysis (bear, chimp, orca, human, and sea lion calculus), between
collections (NMML, SBMNH, USNM), and across other sources (soil, marine water, human
skin, bear calculus, chimp calculus, orca calculus, human plaque, and human gut). In addition,
16S rRNA reads were extracted from the shotgun sequencing data of all source calculus
samples (bear, chimp, human, and orca) for further taxonomic mapping to the GG97 database in
QIIME. A genus level OTU table was created and rarefied to 5000 in QIIME.

4.4.2.4 Microbial DNA Preservation

Following the Kraken and MetaPhlAN4 analyses, we mapped the merged sequencing reads to
oral taxa found across all samples and some unique pathogens. Using the same pipeline for
mapping to the host genome, we mapped all sample sequencing reads to Neisseria zalophi
(GCF_008807015.1), Streptococcus marimammalium (GCA_000380045.1), Desulfomicrobium
orale (GCA_001553625.1), Tannerella forsythia (GCF_000238215.1), Enterobacteriacae
species — Citrobacter werkmanii (GCF_008693645.1), Enterobacter cloacae
(NZ_JAMQCMO10000001.1), Klebsiella pneumoniae (NC_016845.1), and Franconibacter
helveticus (NZ_QISR01000001.1) — and Toxoplasma gondii strains — TGCOUG
(GCA_000338675.2), TG-CTG (GCA_016808245.1), TG-Me49 (GCA_000006565.2), and TG-
RH88 (GCA_019455545.1). Sequencing reads were aligned and mapped to each reference
genome using BWA -q20 and -n0.1 for strict mapping quality. All damage patterns were again
assessed using MapDamage?2.

4.5  RESULTS AND DISCUSSION

The aim of our study was to provide a temporal approach in documenting microbial diversity
loss due to the longevity of anthropogenic impacts on the marine ecology. In addition to
microbial diversity loss, we hoped to document any humanization of the California sea lion oral
microbiomes. The measure of anthropogenic influence on California sea lion oral microbiomes
was to be determined by assessing loss of microbial diversity, the presence of human associated
pathogen or commensals, and similarity to human oral microbiome profiles from individuals in
the US (Human Microbiome Project). We also wanted to assess how museum curation methods
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could impact the DNA preservation among our specimens and therefore complicate further
downstream analyses (Table 6).

Table 6: Summary of sequencing data

Collection Range of Total Reads Range of Proportion of reads | Range of Average Read
retained Pairs after QC

NMML 30,761,890 — 92,270,890 0.83-0.94 27,044,123 — 80,178,869

SBMNH 1,415,533 — 520,428,216 0.49 - 0.94 832,837 — 484,289,635

USNM 15,785,332 — 45,006,669 0.86-0.93 14,418,558 — 28,152,551

Negatives 1,153,001 — 10,924,554 0.0001 —0.43 434 -2,919,191

4.5.1 Preservation and Authentication

We obtained robust sequencing data across all three collections as well as the negatives. We
assessed data quality by mapping to the Zalophus californianus host genome and evaluating the
damage and fragmentation patterns of each sample (Supplemental 4). Archaeological and
museum specimens are prone to DNA damage which involves C-T transformations at the ends
of the DNA strand and fragmentation, thus resulting in shorter fragment lengths compared to
modern DNA (Ginolhac ef al., 2011). For some of the SBMNH samples, we observed low
levels of read merging during the quality filtering step, which may influence these estimates. We
then remapped to the host genome using the R1, R2 and merged reads under the assumption that
low merging (<80 of reads merging), might be an effect of longer fragment lengths. However,
the addition of R1 and R2 trimmed reads did not substantially change fragment length estimates
and further observations showed that quality filtering did not sufficiently remove adapter
sequences from the R1 and R2 reads. We, therefore, proceeded with the higher quality merged
reads for further downstream analyses.

All 75 samples showed damage patterns associated with partial UDG treatment (Figure 10)
(Rohland et al., 2015). To determine if the frequency of damage varied by collection, we
compared the first position C-T transformation for each sample according to their collection.
We observed a significant difference for damage between the three collections with a Kruskal-
Wallis test (p= 0.02061). A Pairwise comparisons using Wilcoxon rank sum was performed to
assess any statically significant difference between the collection levels. The differences in
damage patterns between NMML and SBMNH and USNM were also significant (Pairwise
Wilcox test (NMML = 30, SBMNH = 30), p = 0.042; (NMML = 30, USNM =15), p= 0.042),
thus suggesting that curatorial methods may contribute to damage patterns between the NMML
and SBMNH and USNM collections.

Doctoral Dissertation -52 - K. M. Rayfield



Chapter 4: Marine mammal oral microbiomes

0.06 0.06

Collection

E3 NwmmL
E3 SBMNH
E3 usnm

NMML

— SBMNH
0.04 0.04
— USNM

® NMML606376
© NMML606400

5CtoT

0.02 0.02

e

0.00 0.00

0 5 10 15 20 25 NMML SBMNH USNM

Figure 10: 5'C toT damage. Damage patterns for all samples with read counts >1000 reads
mapped. Box plot of the average first position damage.

We compared the average fragment length of mapped reads for each sample across the
collections (Figure 11A). A Kruskal-Wallis test was performed on the average fragment length
of the three collection. The differences between the collection average fragment length of 69.1
bp (NMML), 63.7bp (SBMNH), and 60.6bp (USNM) were significant, p = 0.0004. Post hoc
comparisons were conducted with a Pairwise comparisons using Wilcoxon rank sum exact test.
The differences between NMML and SBMNH and USNM were statistically significant
(Pairwise Wilcox test (NMML = 30, SBMNH = 30), p = 0.00649; (NMML = 30, USNM =15),
p=0.00075). We also divided the sample dataset by different time periods associated with
human disruptions to the Channel Island ecology (Figure 11A). Time does not appear to
contribute to fragment length in this study. The higher damage patterns and larger fragment size
observed among samples in NMML compared to the SBMNH and USNM is interesting, as it
may suggest that while curatorial methods could contribute to the observable damage patterns,
fragment length does not seem to be as influenced, as anticipated. This may be due to the
preservation of endogenous host DNA compared to microbial DNA between the collections
Alternatively, curatorial methods between the collections have impacted DNA preservation
within the SBMNH and USNM collections, thus contributing to shorter fragment lengths.

Dental calculus can be used as an alternative source for host endogenous DNA yet compared to
other tissue sources (bone vs tooth) contains lower host endogenous DNA (Mann ef al., 2018).
Within marine mammals, host endogenous DNA has been recovered from sea otter and orca
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dental calculus (Hofman, 2018; Wellman et al., 2020). Host endogenous is calculated from the
proportion of quality filtered unique mapped reads to the total number of analysis ready reads.
For this study we recovered typical calculus host endogenous content (<1 — 4%) except for one
outlier, SBMNH 8981, which had 27% of host endogenous content (Figure 11B). Previous
studies have highlighted that NETosis, a process associated with an immune response from
neutrophils can contribute to fragmented host DNA in calculus (Mann ef al., 2018). This is most
often attributed to signs of oral infection such as gingivitis or periodontal disease. During
sample collection, we also documented the oral pathologies among the specimens in this study.
Sample SBMNH 8981 did not exhibit oral pathologies, however the individual was a juvenile
and exhibited dental eruption of the canines, which may contribute to the high endogenous
recovery. Inflammation of the tissues near the erupting tooth could draw neutrophils to the site
inducing NETosis resulting in high endogenous DNA content. Similarly, to fragment size, we
divided the sample dataset by the three ecological time periods (Figure 11B). Time does not
appear to contribute to recovered endogenous content in this study. However, unlike the
observed statistical differences in damage patterns and fragment size between the three
collections, we did not observe any differences in endogenous content between the three
collections using a Kruskal-Wallis rank sum test (p = 0.06011).

Ecological.Group Colonial Development @  Early Global Market ®  Late Global Market Collection E NMML E SBMNH E USNM

A B

®  SBMNH10609
80 10.00

70 1.00

SaEN ph———o
Endogenous Percent (%)

Average Fragment Length (bp)

60 0.10

00—0-0—0—0| oG B eeS O
—e——9| 00 O
L] L]

50 0.01

NMML SBMNH USNM NMML SBMNH USNM
Collection Collection

Figure 11: Average fragment length and endogenous content. A) Average fragment length of
each sample across the three collections, ecological groups are shown as points and do not show
any observable difference in time contributing to average fragment length. B) Endogenous
content of all 75 samples across the three collections. Violin plots have been scaled by log 10.
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Ecological groups are again shown as points and do not show any observable difference in the
time contributing to the preservation of endogenous content.

To further explore if curatorial methods were contributing to the observable differences between
the collections, we performed the same preservation and quality measures for a subset of
specimens collected from the 1970s to 1980s from the NMML and SBMNH collections. A
Kruskal Wallis rank sum test was performed on the damage patterns, fragment size, and
endogenous content. The differences between the collection damage patterns were significant (p
= 0.0009374) (Figure 12A). This may further support that curation processes may impact the
quality and preservation of DNA from the specimens. We did not find a significant difference in
average fragment length between this subset of the two collections (p = 0.05835) (Figure 12B).
However, a significant difference in endogenous content 0.427% NMML and 0.388% SBMNH
was observed (p = 0.03692) (Figure 12C). Many of the SBMNH samples that have inconsistent
damage plots in Figure 10 also had lower a lower proportion of reads kept after trimming and
merging (post-AdapterRemoval). In addition, there are fewer reads within the SBMNH samples
mapping to the host genome compared to the NMML specimen. Given these factors, the
difference in endogenous content between the two collections may be that exogenous rather
than endogenous is DNA is more abundant in the SBMNH specimens. Further investigation of
the curatorial methods used for the SBMNH collections revealed that many of the sea lion skulls
were boiled and macerated in cold water until bacteria digested the remaining tissues, followed
by soaking in hydrogen peroxide to whiten the bone (personal communication with SBMNH
curator, Paul Collins).
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Figure 12: 1970s NMML and SBMNH damage patterns, fragment length, and endogenous
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1980s from the two collections. B) Average fragment size between the two collections. C)
Endogenous content between the two collections.

4.5.3 Microbial Preservation and Taxonomic Profiling

To investigate the microbial communities within sea lion dental calculus, we compared sea lions
to several sources including other mammal calculus, and possible environmental contaminates
using MetaPhlAN4 taxonomic classifications. The majority of samples displayed oral
microbiome signatures as estimated by the Bayesian Sourcetracker tool (Supplemental 3).
However, eight samples did not pass authentication due to the limited presence of either soil,
skin, or gut contamination. Of these samples, gut contamination was the largest contamination
source. Interestingly, SBMNH 8981 and SBMNH 3822 had unique microbial profiles worth
further investigation. For SBMNH 8981, Sourcetracker predicted high levels of human gut taxa
and according to the Kraken RefSeq analysis, of the 50% reads assigned, 95% of the reads were
assigned to the Zalophus californianus while relatively few mapped to microbial DNA. This is
unique given that the vast majority of dental calculus is comprised of microbial DNA. This
individual also had extraordinarily high endogenous content when mapping just to the Zalophus
californianus genome as well. The predominant microbes that were assigned with MetaPhlAN4
included Desulfovibrio intestinalis, a mesophilic bacterium found in the hindgut of termites
Mastotermes darwiniensis, and Clostridium algidicarnis a psychrotrophic bacterium originally
isolated from refrigerated pork. As a comparative method, the custom refseq Kraken assigned
the most reads to Desulfovibrio sp. 86 and Clostridium botulinum. Given that termites are not
used as a curation method, we believe that these reads may be mismapping to an unclassified
Desulfovibrio species. Sourcetracker predicted a large proportion of unknown sources in
addition to human gut and mammalian oral taxa. Comparing MetaPhlIAN4 and KRAKEN?2,
most of the classified mapped reads were assigned to Clostridium species - Clostridium ihumii
and Hathewaya massiliensis (MetaPhlAN4 output) and Clostridium botulinum (KRAKEN2
output). Clostridium ihumii and Hathewaya massiliensis are found in the human gut. Given the
difference in database assignments, the assigned reads may be mapping to conserved regions
shared between these Clostridium species. Unique microbial species observed in SBMNH3822
included Enterobacteriacae species that have shown to have antibiotic resistance genes —
including Leclercia pneumoniae, Citrobacter werkmanii, and Enterobacter cloacae, and
Morganella morganii.

We proceeded with further downstream analyses and microbiome profiling with the remaining
sixty-seven samples that passed authentication. A PCoA was performed with unweighted
unifrac beta diversity measures between comparative sources and the samples (Figure 13),
between comparative dental calculus samples (Figure 14), and between each collection (Figure
15). California sea lions clustered together in the comparative sources PCoA and showed
distinct differences between the environmental controls (soil and water), thus suggesting the
samples represent intact oral communities given that they were collected in many ways at
different time points.
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SourceTracker and the samples within this study. Comparative sources are differentiated by
color and a 95% confidence ellipse. Collections are differentiated by shape. California sea lion
calculus separates well from the other environmental and comparative dental calculus sources.
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and a 95% confidence ellipse. Collection is differentiated by shape. California sea lion calculus
separates well from the other mammalian dental calculus sources.

We did not identify any observable dissimilarities between collections as well. In addition, we
did not observe any beta diversity similarities between humans and non-human primates with
the California sea lion specimens. California sea lions appear to have a distinct oral microbiome
signature, except for a few individuals clustering with bear calculus and orca calculus. While we
did not observe any overt collection dissimilarities (Figure 15A), significant difference between
collection microbial communities were tested with PERMANOVA with 999 permutations
(p=0.001) using the vegan package (v.2.6-4) (Oksanen ef al. 2019) in R. A pairwise comparison
revealed significant differences in the microbial community between all three collections using
a Holm-Bonferroni corrected p-value (NMML and SBMNH p=7.9¢"%, NMML and USNM
p=0.0028, SBMNH and USNM p=0.0053) (Figure 15C). We also explored the relationships
between individuals’ sea lions by collections, time, and location. While there is some clustering
of Early Global Market individuals, this could be due the large number of individuals from that
time frame within the dataset (Figure 15B).
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Figure 15: Collection comparison. A) Unweighted unifrac beta diversity PCoA of samples from
the three collections. Collections are differentiated by color and a 95% confidence ellipse.
Ecological groups are differentiated by shape. B) Unweighted unifrac beta diversity PCoA of
every sample from the three collections. Collections are differentiated by shape and ecological
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group by color. Significant difference between collection microbial communities were tested
using PERMANOVA. C) Boxplot of PCoA variances to distinguish significant difference in
collection.

For most samples, the reads assigned to the custom Kraken RefSeq database were assigned to
Zalophus californianus and Neisseria zalophi. Neisseria zalophi is a novel species found only in
the oral microbiome of California sea lions (Volokhov et al., 2018). From the MetaPhlAN4 and
Kraken analyses, we observed high abundance of the expected oral taxa Neisseria zalophi and
Streptococcus marimmalianis and unexpected oral taxa Tannerella forsythia and
Desulfomicrobium orale, which are associated with periodontal disease in humans(Dewhirst et
al., 2010). In addition, we discovered some unexpected taxa not common to the oral microbiome
including Enterobacteriacae species and low abundance of Toxoplasma gondii.

Given that MetaPhlAN4 and Kraken are biased for human associated microbes, we had a large
proportion of the microbial data unclassified (~90%). As there are more published 16S rRNA
gene sequences from less common taxa, we also conducted 16S rRNA gene analysis. For
comparative mapping we extracted reads mapping to the 16S rRNA gene from all the samples
within this study and dental calculus sources used for the Sourcetracker analyses by mapping to
the GG97 database using QIIME. A genus level OTU table was created and rarefied to 5000, as
discussed previously. OTU read counts below 20% were filtered out from the OTU table to
retain the 148 genus taxa found in more than 20% of each sample. We created a heatmap to show
the abundance of taxa found within each species (sea lion, human, bear, chimp, and orca)
calculus sample (Figure 16). Overall, between mammalian species, sea lions have a unique oral
microbiome that clusters separately from orca, human, bear, and chimp oral microbiomes. These
include Burkholderia, Marinobacter, Lampropedia, Fusibacter, genera and unknown genera
from Cardiobacteriacea and Peptostreptococcaceae, to name a select few. Interestingly, sea
lions cluster away from the orca microbiome, which clusters with humans and chimps, thus
possibly suggesting that the environment may not be as influential on the microbial diversity in
the oral microbiome. Compared to other mammalian species, we also did not observe a high
unique abundance of a select number of genera within the sea lion oral microbiome. For
instance, orcas have a high abundance of Desulfococcus, Desulfovibrio, Methanobrevibacter,
Dethiosulfovibrio genera and unknown genera of Desulfobulbaceae. We did not observe any
unique dissimilarities between collection and ecological periods suggesting that sea lions across
time and collection curations have a similar oral microbiome signature.
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Figure 16: Heatmap of the top bacteria genera across mammalian oral microbiome samples. A)
Heatmap of mammalian mapping (top dendrogram and color bar) — Pink represents sea lions,
blue represents chimps, yellow is orca, green is human, and grey is bear. A log10 transformation
with +1 constant to deal with zeros has been incorporated. Left side dendrogram and color bar is
of the bacteria counts at the phylum level. B) Heatmap of collection mapping (top dendrogram
and color bar), NMML is blue, SBMNH is green and USNM is yellow, comparative data from
unknown collections are grey. A logl0 transformation with +1 constant to deal with zeros has
been incorporated. Left side dendrogram and color bar is of the bacteria counts at the phylum
level.

4.5.4 Ecological impacts and microbial presence

To explore how human associated pathogens might have been introduced to the sea lion
populations, we mapped to two commensals (Neisseria zalophi and Streptococcus
marimmaliani) and four pathogens (Tannerella forsythia and Desulfomicrobium orale,
Enterobacteriacae species and Toxoplasma gondii) based on identification from the
MetaPhlAN4 and KRAKEN? analyses, or the potential presence of these pathogens
documented in the literature (Figure 17; Supplementals 5-10). Neisseria zalophi and
Streptococcus marimmaliani were recovered in all samples, thus suggesting the two taxa may
be associated with California sea lion core oral microbiome. Pathogenic oral taxa, such as
Tannerella forsythia and Desulfomicrobium orale were also recovered in many of the samples,
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however in lower read counts compared to Neisseria zalophi and Streptococcus marimmaliani.
With each oral taxa, we noticed unique damage patterns not characteristic with typical ancient
DNA patterns, where the damage is highest at the first position of the fragment sequence. In this
case, damage is highest at the second and third position. This may be due to the limited number
of reads available for mapping, where more than 10,000 reads may be necessary to consistently
visualize damage patterns from microbial genomes (Mann ef al., 2020). This mismapping
pattern was particularly observable among 7. forsythia, K. pneumoniae, and T. gondii. We do
not believe that these unique damage patterns are a result of contamination given that our
negatives are clean and we have recovered the taxa across the three collections. However, it is
unclear why the damage patterns are higher on the second and third position and will require
further investigation. If it is connected to strain differences in pathogen reference genomes, de
novo assembly and remapping to the new assembly might help this problem.

Of the non-oral pathogenic taxa, we mapped to 7. gondii and Enterobacteriacae species,

C. werkmanii, E. cloacae, K. pneumoniae, and F. helveticus. These microbial taxa were selected
based on identification from the MetaPhIAN4 and KRAKEN?2 analyses, and their prevalence in
the literature. 7. gondii has been recorded among California sea lions, but it has particularly been
linked to mortality events observed in sea otters (Miller et al., 2023). While we did have some
samples containing numerous reads potentially indicative of its presence, the genome coverage
was limited, with multiple reads mapping to the same region. In addition, while read counts can
help signify the potential presence of a microbe, it is heavily biased by sequence depth and it not
an accurate measure of pathogen presence. In mapping to the Enterobacteriacae species we
found n=8 samples indicative of K.pneumoniae presence. In reviewing the unique rescaled bam
files, reads were found to map across the K. pneumoniae genome. K .pneumoniae has been
particularly observed in mortality events among California sea lions along San Miguel Island.
Further investigation, particularly capture sequencing might be useful in identifying the prevalent
strain.
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Figure 17: Competitive mapping of commensal and pathogenic microbes. Read counts were
limited to >5000 unique mapped reads for the 5’ C to T damage lines for N. zalophi, S.
marimammalim, D. orale, and T. forsythia. Read counts were limited to >1000 unique mapped
reads for the 5° C to T damage lines for K. pneumoniae and T. gondii. Scatterplots for each
microbe were plotted using the unique mapped read counts. While this is not a definitive
measure for microbial presence due to differences in sequencing depth, we chose this measure
for easier visualization of potential microbe presence over time.

4.6  CONCLUSION

We presented the first California sea lion dental calculus study. The aim of this study was to
explore the impact of anthropogenic disruptions on California sea lion populations over the last
~130 years through the analysis of dental calculus. We had anticipated that given the scale of
anthropogenic disruptions including, overhunting, wastewater runoff and sewage and
consequential introduction of antibiotics into the marine water, along with the marine pollution
would have resulted in measurable microbiome shifts among the study population. We therefore
separated the samples into ecological bins each associated with different anthropogenic impacts
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and changes to the marine ecology. In addition, we anticipated human pathogens to potentially
be present because of wastewater runoff. However, we presented some challenges and future
directions in alleviating these challenges so that these methods can be applied towards studying
other mammalian oral microbiomes.

While we did not observe overt indicators of these transitions, we believe that some of these
observations may have been limited due to collection curation methods and available reference
database bias for non-human animal studies. From the quality assessment measures we noticed
a significant difference between the average fragment length and damage patterns with NMML
specimens containing higher damage at the first position and longer average fragment lengths.
To further test that curation methods may be impacting these observations, we compared
specimens collected and curated during the same time period (1970-1980) between SBMNH
and NMML. Again, we observed a significant difference in damage and endogenous content but
not in fragment length, thus suggesting that curation methods are contributing in some way to
the quality of DNA preservation.

In addition to curation impacts, we were limited in characterizing the oral microbiome of sea
lions due to the available reference databases, which are heavily influenced by human
associated microbial reference data, and where ~90% of each sample’s reads are unclassified in
this study using MetaPhlAN4 and Kraken. Therefore, we were limited to observing microbiome
changes within <10% of the assigned reads which may be influencing mapping quality and
different taxonomic assignments. This is problematic given that MetaPhlAN4 uses a microbial
gene database and KRAKEN2 Reqseq which does not have a deep breath of microbial genomes,
as discussed previously. To provide better taxonomic resolution we extracted 16S reads and
mapped them to the Greengenes database for OTU picking.

Of the definable microbiome, we observed that California sea lions have a unique microbiome
signature that is different from other mammalian oral, in particular human and non-human
primates. This signifies that although there have been anthropogenic changes to the environment
over the last ~130 years, these changes have not been observed within the presented data
analyses. In addition, we did not see any changes over time and location of collection origin that
suggest there has been a loss in microbial diversity due anthropogenic disruptions. The current
evidence presented in this study suggest that the oral microbiome may be more stable and less
prone to microbial diversity alterations as observed with the gut microbiome due to diet and
environmental impacts. However further investigation into alternative anthropogenic impacts,
such as the introduction of antibiotic resistance genes will provide a better assessment and
insight into how, if any, anthropogenic disruptions may be impacting the oral microbial diversity
and potentially overall health of California sea lions. Future directions will require identifying
the causation for unique damage patterns among microbial DNA and how these patterns compare
to other marine mammal calculus data using de novo assembly, SNP filtering for phylogenetic
tree building, and strain evolution. In addition, we will explore the presence of K. pneumoniae
within the eight samples and look for alternative signatures of anthropogenic impacts, such as the
presence of antibiotic resistance genes in the population.
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5.1 SUMMARY OF WORK

This dissertation took a multi-omic approach to study past human-animal-environment
interactions through the lens of NCT. I provided a review of new tools that can be incorporated
in One Health and argued the relevance of incorporating archaeology into One Health
discussions. Viewing humans as niche constructors of past and future disease-scapes, I provided
a theoretical approach on how disease-scapes are spillovers of ecological inheritances. Emerging
infectious diseases we face today and, in the future, therefore have been built on successive
rounds of anthropogenic disruptions for the past millennia. These have been exemplified through
colonialism and globalization. I provide tools that can be combined to untangle the complex
layering of disease-scapes in the past and highlight how researchers from different fields can
easily work together to uncover unrecognized disease interactions. In addition, I provide a
roadmap for tools that can be implemented in this type of research and how researchers can
incorporate ethical and inclusive research with descendant communities. I address how new
approaches in the “omics” are progressing our interpretation of the past and can be combined for
a more holistic interpretation. Finally, I discuss the relevance of museum collections when
archaeological excavations may not be possible. Museum collections have been used before to
document the origin and phylogeny of past diseases. Though they remain underutilized, their
application in disease research has grown given that they offer a series of snapshots in time,
documenting past ecologies and are generally associated with metadata.

The integration of diverse datasets across different timescales can be challenging, especially
when testing for statistical significance. This can include, but is not limited to, data scale
mismatches, unbalanced data, and sampling bias (Zipkin et al., 2021). For instance large scale
datasets covering diverse spatiotemporal scales often have spatiotemporal gaps along with
unbalanced data as a result of collection bias and can therefore lead to artificial inflations of
samples sizes and biased inferences (Zipkin et al., 2021). Researchers still face this problem
today as observational datasets (photos, videos, GPS coordinates) outnumber primary data from
physical and voucher specimens (Salvador and Cunha, 2020; MacCormick, 2023). Furthermore,
data and sample collection bias has been observed in favoring regions (mainly North America
and Europe) and organisms that may be more interesting for collection (MacCormick, 2023).
Building transdisciplinary research and integrating diverse datasets from different timescales
therefore requires standardized methods (Rick and Lockwood, 2013) and a well-constructed
model to study the ecological process of interest. When working with archaeological,
paleoecological, and zooarchaeological datasets we are limited by the type of observable data
that can be analyzed due to taphonomy and preservation. Well-constructed models covering
large spaciotemporal scales must therefore be local and context specific. I use many of the
techniques framed in chapter 2 for chapters 3 and 4 — proteomic and genomic research with
museum collections.
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In chapter 3, I offered a proteomic approach that can be incorporated in sexing animals. This
technique is of relevance to zooarchaeological assemblages where animal remains are either
highly fragmented due to consumption and butchering techniques, taphonomic changes, or
mixed with other faunal assemblages where neither species nor sex can be determined. In
addition, for species that exhibit little sexual dimorphism, alternative methods are needed.
Proteins have shown to preserve better than DNA and have been used as an alternative method
for species identification using some protein methods likes ZooMS on the alpha collagen 1
protein. Therefore, proteomic methods have been used as a complementary method to aDNA
applications. The ability to determine sex from zooarchaeological assemblages can be
instrumental when analyzing early pastoralism or domestication patterns. This is normally used
focusing on osteometric bones or sex ratio profiles. Yet these methods have revealed some sex
biases in museum collections, misidentifying female specimens as males. The proteomic
approach I took is less expensive and less destructive than ancient DNA analyses and has shown
to accurately determine sex in archaeological human remains. I highlight the complications with
this technique in determining sex from museum specimens with an age range of 10-40 years.
This is most likely due to the approach taken and the preservation of the sample. While I practice
ancient standards for the process, assuming these samples would have some damage due to
curatorial methods, I suggest that the protein probably had very little damage. I routinely
recovered peptides from the N-terminal and C-terminal domains that are more stable and
compared to the variable region of the AMELX and AMELY protein. This area is generally
shorter than the variable region and given the methodological approach taken — without digestion
— may have not been fully recovered from the mass spectrometer column. However, | suggest
that a digestion stage may be necessary for this approach to recover other variable peptides that
can be used for sex determination.

Finally, I took a metagenomic approach incorporating animal remains from museum collections
to address anthropogenic disruptions to the environment and marine ecology. In this study I use
California sea lion dental calculus as a tool to uncover shifting historical baselines surrounding
the Channel Islands. Archaeologists and historical ecologists have long documented the deep
relationship and anthropogenic impacts among humans and marine mammals in this region. The
Channel Islands in particular have been inhabited for the last 13,000 years and there has been
evidence for strong maritime technologies within the region. This study in particular focuses on
the last ~130 years where massive changes from colonization to globalization events have
greatly impacted the marine and terrestrial ecology. Of importance, coastal runoff has been
shown to increase the introduction of antibiotics into the environment, leading to environmental
selection of antibiotic resistance within the marine biome (Hatosy and Martiny, 2015; Almakki et
al., 2019). Historical alterations to the marine biome linked to the conversion to upland habitat
and pollutant runoff as well as the historical exploitation of marine species, specifically
California sea lions (Zalophus californianus), has inevitably fostered modern marine mammal
populations heavily shaped by centuries of anthropogenic disruptions (Crain et al., 2009; Braje
and Rick, 2011; Hatosy and Martiny, 2015). The further introduction of antibiotic resistant
human pathogens into this environment coupled with the similarities in human and marine
mammal biology, consequently, increases the potential for associated epizootic transmission of
human diseases to marine mammals (Hatosy and Martiny, 2015).
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In this study of 75 California sea lion specimens from three different collections — the Santa
Barbara Museum of Natural History (SBMNH), the National Marine Mammals Laboratory
(NMML) collection and the historic Smithsonian collection (USNM) — I built oral microbiome
profiles from metagenomic sequencing data to address any anthropogenic alterations to the
California sea lion microbial diversity. While there were no overt signatures in humanization
events or loss of microbial diversity that could be linked to ecological changes over the last ~130
years, | attribute some of the challenges in documenting any microbiome changes to curatorial
methods and human biased reference databases. Alternatively, I highlight the unique oral
signature among California sea lions and discuss the lack of observable alterations to the oral
microbiome over the last ~130 years. I also address the recovery of both core oral microbes and
oral pathogens associated with periodontal disease, such as Tannerella forsythia. Further
investigation of the recovered microbes revealed the potential presence of Klebsiella pneumoniae
within eight samples. This will require further investigation and capture sequencing as Klebsiella
pneumoniae has been linked to mortality events among California sea lions within the Channel
Islands, particularly along San Miguel Island.

5.2 FUTURE DIRECTIONS

Throughout this dissertation, I have emphasized the importance of museum collections and
multi-omic approaches to study human-animal-environment relations. While the recovery of sex
specific peptides from the proteomic approach taken in Chapter 3 prove to be insufficient to sex
some animal species, incorporating a digestive step or a top-down proteomic approach will
alleviate this challenge and help with the recovery of the variable region for sex determination
for future research. Within this study, further investigation of the mass peaks that have been used
to identify sex among human males and females may also prove valuable. This would require the
deconvolution of the m/z spectrum. In addition, it will be useful to document any deamination
patterns to see if we do or do not see curatorial methods impacting protein preservation as
observed with DNA within Chapter 4.

Numerous avenues can be taken to proceed with observing any anthropogenic impacts on the
California sea lion oral microbiome. While the oral microbiome of California sea lions appears
to have remained intact over time, it may be beneficial to further explore any similarities
between human and marine mammal oral microbiomes as a comparative measure for studying
mammalian oral microbiomes. This would require further documenting both historic and modern
human oral microbiomes to record which shared oral taxa are commensal versus pathogenic.
This can be further explored to documenting similarities and differences among other marine
mammal oral microbiomes to determine if any ecological factors influence the colonization of
marine mammal oral microbiomes and the development of dental calculus. Given the unusual
damage patterns observed among the microbial DNA, further investigation to determine if the
same patterns can be observed among other marine mammals is of interest. In addition, it would
be interesting to see if we notice any difference in microbial DNA damage among marine
mammals compared to terrestrial mammals. For instance, does the marine environment impact
DNA preservation in any way? Finally, while loss of microbial diversity was not demonstrated
over the recent ~130 years within this study and could therefore not be linked to ecological
transitions, alternative methods looking for the presence of certain ecological impacts may shed
light on this particular question. This would include documenting the presence of antibiotic

Doctoral Dissertation - 66 - K. M. Rayfield



Chapter 5: Conclusion

resistance genes in the collection that can be associated with environmental disruptions.
Furthermore, the characterization of the Klebsiella pneumoniae strain observed in the eight
samples may shed light on the epidemiology of Klebsiella pneumoniae within the California sea
lion population. Incorporating these multi-omic approaches with animal remains, particularly
within museum collections that have associated meta data, can provide alternative pathways in
addressing dynamic human-animal-environment relations for One Health research.
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Supplemental 1

The archaeological human remains used in Chapter 3 for peptide sexing were collected under the
supervision of Dr. Adam Rabinowitz at the University of Texas at Austin and with permission of
Andrei Soficaru at the “Francisc J. Rainer” Institute of Anthropology in Romania. Mr. Sterling
Wright collected dental remains for genomic, proteomic, and microbiome analysis in 2018. All
laboratory analyses were conducted at the University of Oklahoma Laboratories of Molecular
Anthropology and Microbiome Research ancient DNA laboratory.
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Supplemental 2

microbiome

#SamplelD Study Description Notes
ERR6093813 Brealy etal 2021 Bear calculus PRJEB42014
ERR6093818 Brealy etal 2022 | Bear calculus PRJEB42014
ERR6093852 Brealy etal 2023 | Bear calculus PRJEB42014
ERR6093886 Brealy etal 2024 | Bear calculus PRJEB42014
ERR6096923 Brealy etal 2025 | Bear calculus PRJEB42014
ERR6108966 Brealy etal 2026 | Bear calculus PRJEB42014
ERR6108968 Brealy etal 2027 | Bear calculus PRJEB42014
ERR6108972 Brealy etal 2028 | Bear calculus PRJEB42014
ERR6108976 Brealy etal 2029 | Bear calculus PRJEB42014
ERR6109023 Brealy etal 2030 | Bear calculus PRJEB42014
SRR9163889 Suttner2020 California_sediment PRINAS545542
SRR9163890 Suttner2020 California_sediment PRINAS545542
SRR9163895 Suttner2020 California_sediment PRINAS545542
SRR9163898 Suttner2020 California_sediment PRINAS545542
SRR9163900 Suttner2020 California_sediment PRINAS545542
SRR9163906 Suttner2020 California_sediment PRINAS545542
SRR9163907 Suttner2020 California_sediment PRINAS545542
SRR9163908 Suttner2020 California_sediment PRINAS545542
SRR9163911 Suttner2020 California_sediment PRINAS545542
SRR9163912 Suttner2020 California_sediment PRINAS545542
SRR1631060 Ohetal., 2014 HMP PRINA4633
SRR1631061 Ohetal., 2014 HMP PRINA4634
SRR1631063 Ohetal.,, 2014 HMP PRINA4635
SRR1631064 Ohetal., 2014 HMP PRINA4636
SRR1633008 Ohetal., 2014 HMP PRINA4637
SRR3184100 Ohetal., 2014 HMP PRINA4638
SRR3184876 Ohetal., 2014 HMP PRINA4639
SRR3189411 Ohetal., 2014 HMP PRINA4640
SRR3189416 Ohetal., 2014 HMP PRINA4641
SRR3189418 Ohetal., 2014 HMP PRINA4642
SRR1779378 | Shietal, 2015 | human Subgingivalplaque | ppyya2s5500)
microbiome
SRR1779506 | Shietal, 2015 | human Subgingivalplaque | ppnya2s5500
microbiome
SRR1779502 | Shietal, 2015 | human Subgingivalplaque | ppnya2s5597
microbiome
SRR1779403 Shietal, 2015 | human Subgingival plaque 1 pp 295592
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human Subgingival plaque

SRR177949 Shi et al, 2015 . . PRINA255922
microbiome
human adolescent Dental

SRR16074162 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074167 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074175 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074179 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074185 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074187 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074189 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074192 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074195 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357
human adolescent Dental

SRR16074196 Pang et al., 2021 Plaque on Pit and Fissure Site PRINA766357

SRR5788152 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788154 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788156 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788158 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788162 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788324 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788393 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788415 Biller et al., 2018 | Pacific ocean PRINA385854

SRR5788418 Biller et al., 2018 | Pacific ocean PRINA385854

000602 Hofman Oreca calculus NA

CAS20749 Hofman Orca calculus NA

CAS29219 Hofman Orca calculus NA

CAS30729 Hofman Orca calculus NA

Eyak Hofman Oreca calculus NA

NMML78 Hofman Orca calculus NA

NMML79 Hofman Orca calculus NA

NMMLS&1 Hofman Orca calculus NA

NMMLS&2 Hofman Orca calculus NA

NMMLg4 Hofman Orca calculus NA

NMMLS5 Hofman Orca calculus NA

UWBMS82332 Hofman Orca calculus NA

UWBMS82333 Hofman Orca calculus NA

UWBMS82688 Hofman Orca calculus NA
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Yakat Hofman Oreca calculus NA
SRR8899213 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899216 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899217 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899219 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899221 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899223 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899225 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899227 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899228 Ozgaetal 2019 Chimp calculus PRINAS531027
SRR8899230 Ozgaetal 2019 Chimp calculus PRINAS531027
SMO1 ObregonTito2015 | Matses rural gut PRINA268964
SMO05 ObregonTito2015 | Matses rural gut PRINA268964
SM18 ObregonTito2015 | Matses rural gut PRINA268964
SM31 ObregonTito2015 | Matses rural gut PRINA268964
SM43 ObregonTito2015 | Matses rural gut PRINA268964
SRR5763450 Schnorr2017 Hadza rural gut PRINA392180
SRR5763460 Schnorr2017 Hadza rural gut PRINA392180
SRR5763463 Schnorr2017 Hadza rural gut PRINA392180
SRR5763476 Schnorr2017 Hadza rural gut PRINA392180
SRR5763484 Schnorr2017 Hadza rural gut PRINA392180
HMP_ 700016610 | HMP2013 HMP urban gut NA
HMP_ 700021824 | HMP2013 HMP urban gut NA
HMP_ 700023337 | HMP2013 HMP urban gut NA
HMP_ 700024318 | HMP2013 HMP urban gut NA
HMP_ 700033153 | HMP2013 HMP urban gut NA
HMP_ 700037501 | HMP2013 HMP urban gut NA
HMP 700114653 | HMP2013 HMP urban gut NA
HMP 700116201 | HMP2013 HMP urban gut NA
HMP 700161856 | HMP2013 HMP urban gut NA
HMP_ 700164870 | HMP2013 HMP urban gut NA
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Supplemental 3

® Human gut Smithsonian USNM
= Human skin
® Mammal calculus| . ... — _— —
® Marine water
Soil
® Unknown

: NMILG08383

. NMILG06335 . NMMLG06323 NMML605036 NMMLs06348 NMML605034 . NMMLG0S032  NMMLGOs353 NMML606350  NMMLG0399

 NMLG06340  NMMLGO6345 . NMML606378 NMML606379 NMML608376.

 NMILG6334 . NHIL606400

. NwLs05045

. NMML606325

. NML606387 . NMLG06380 s NMLE06408 . NMML60s385

X 1 . NMLG06312

Santa Barbara Museum of Natural History (SBMNH)

. SBNMA260

Mammal calculus_SBNM3973 Mammal calculus_ SBNMOS

Samples NMNH593476, NMNH105124, NMNH504201, SBMNH8981, SBMNH2357,
SBMNH1463, SBMNH244, SBMNH3822 had presence of skin, gut, and soil contamination.
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Supplemental 4

Zalophus californianus host genome mapping summary

Analysis- Proportion Unique Av,
4 of reads kept | Q37 Proportion of 4 & Res- Mean Std dev % ref. % ref.
ready reads Q37 length of Cluster
Sample Total Reads . (post- Mapped reads caledor | cover- of mean covered | covered
(trimmed and mapped mapped _ _ factor
Adapter reads mapped Not age coverage | >=1X >=5X
merged) reads reads
Removal)
dsENA 1,153,001 6,250 0.0054 2 0.0003 1 31 No 0X 0.0001X | 0% 0% 2
dsENB 1,982,046 12,067 0.006 34 0.0028 2 76 No 0X 0.0003X | 0% 0% 17
dsENC 10,924,554 | 60,701 0.0055 161 0.0026 1 44 No 0X 0.0001X | 0% 0% 161
Efli ue BAM
dsLNA 1,362,415 3,086 0.0022 - 0 - d file N/A N/A N/A N/A N/A
mapped empty
reads
ne. BAM
dsLNB 3,362,917 | 434 0.0001 3 0.0069 - ‘Ig;‘g;z 4 | filewas | N/A N/A N/A N/A N/A
reads empty
Efli ue BAM
dsLNC 10,043,828 7,021 0.0006 - 0 - d file was | N/A N/A N/A N/A N/A
mapped empt
reads Py
dsEND 6,808,226 2,919,191 0.4287 5,840 0.002 46 68.913 Yes 0X 0.0012X | 0% 0% 126.9565
dsExtNegE 2,068,072 194,559 0.094 350 0.0017 50 50.7 Yes 0X 0.0011X | 0% 0% 7
dsExtNegF 5,075,412 243,767 0.048 286 0.0011 18 52.7778 | No 0X 0.0007X | 0% 0% 15.8888
dsLibNegE 2,352,887 1,510 0.0006 1 0.0006 1 31 No 0X 0.0001X | 0% 0% 1
dsLibNegF 1,673,188 698 0.0004 5 0.0071 1 140 No 0X 0.0002X | 0% 0% 5
dsLND 4,612,074 17,550 0.0038 116 0.0066 3 50.6667 | No 0X 0.0003X | 0% 0% 38.6666
NMML594955 | 65,728,408 59,498,044 0.9052 2,617,816 0.0439 (1)’992’94 77.5172 | Yes 0.0639X | 0.2703X | 6.08% 0% 1.3135
NMML594958 | 35,152,363 31,734,352 0.9027 44,951 0.0014 32,599 58.5075 | Yes 0.0008X | 0.0282X | 0.08% 0% 1.3789
NMML605032 | 30,761,890 | 27,044,123 0.8791 178,216 0.0065 137,680 68.7931 | Yes 0.0039X | 0.0635X | 0.39% 0% 1.2944
NMML605034 | 37,882,083 33,440,234 0.8827 31,793 0.0009 24,516 73.5288 | Yes 0.0007X | 0.0275X | 0.07% 0% 1.2968
NMML605036 | 38,670,150 | 33,523,354 0.8669 267,667 0.0079 205,422 82.0077 | Yes 0.0069X | 0.0856X | 0.67% 0% 1.303
NMML605046 | 47,143,190 | 41,860,400 0.8879 367,138 0.0087 289,908 73.4534 | Yes 0.0088X | 0.0953X | 0.87% 0% 1.2663

Doctoral Dissertation - 98 - K. M. Rayfield



NMML606312 | 59.723,018 | 54.241,046 | 0.9082 137,531 | 0.0025 71425 | 708216 | Yes 0.0021X | 0.0469X | 020% | 0% 1.9255
NMML606316 | 57,156,414 | 52.273.909 | 0.9145 61,019 0.0011 27716 | 59.6919 | Yes 0.0007X | 0.027X | 0.07% | 0% 22015
NMML606323 | 59.527.711 | 54.867.830 | 09217 39.440 0.0007 20568 | 625291 | Yes 0.0005X | 0.0236X | 0.05% | 0% 1.9175
NMML606325 | 50.777.151 | 46,333.884 | 09124 133,025 | 0.0028 82,510 | 604387 | Yes 0.0021X | 0.0459X | 021% | 0% 1.6134
NMML606334 | 51,308,495 | 48264303 | 0.9406 147845 | 0.003 110280 | 58.0594 | Yes 0.0027X | 0.0519X | 026% | 0% 1.3406
NMML606340 | 65325647 | 59.467.102 | 0.9103 696,601 | 0.0117 328249 | 66502 | Yes 0.009X | 0.0975X | 0.89% | 0% 2.1221
NMML606345 | 45.726,026 | 43,144,840 | 0.9435 95,625 0.0022 58280 | 67.0066 | Yes 0.0016X | 0.0407X | 0.16% | 0% 1.6407
NMML606348 | 66,963,615 | 62,726,537 | 09367 552463 | 0.0088 318949 | 755405 | Yes 0.01X | 0.1049X | 097% | 0% 1.7321
NMML606350 | 77.428327 | 71.493.952 | 0.9233 562,904 | 0.0078 361,796 | 81241 | Yes 0.0121X | 0.1157X | 116% | 0% 1.5558
NMML606353 | 49,634,441 | 42,588,122 | 0.858 30,416 0.0007 22402 | 60405 | Yes 0.0006X | 0.0239X | 0.06% | 0% 1.3577
NMML606376 | 44,408,652 | 37.877.421 | 0.8529 63,323 0.0016 47774 | 575032 | Yes 0.0011X | 0.0343X | 0.11% | 0% 13254
NMML606378 | 41,644,691 | 35801392 | 0.8596 212580 | 0.0059 155915 | 67.3253 | Yes 0.0043X | 0.0671X | 0.43% | 0% 13634
NMML606379 | 53.598337 | 44,735,065 | 0.8346 25,586 0.0005 18,652 | 70263 | Yes 0.0005X | 0.0235X | 0.05% | 0% 13717
NMML606380 | 42,521,083 | 38,801,722 | 0.9125 52,440 0.0013 38466 | 689811 | Yes 0.0011X | 0.0333X | 0.11% | 0% 1.3632
NMML606387 | 84,460,612 | 72.293.991 | 0.8559 1,022,188 | 0.0141 742910 | 847773 | Yes 0.026X | 0.1735X | 251% | 0% 1.3759
NMML606388 | 88,579,894 | 78.363.858 | 0.8846 1421337 | 0.0181 VPP 696023 | Yes 0.0208X | 0.1898X | 2.88% | 0% 1.3703
NMML606393 | 92.270,890 | 80.178.869 | 0.8689 199.421 | 0.0024 141,927 | 659568 | Yes 0.0039X | 0.0628X | 038% | 0% 1.405
NMMLG606394 | 64,883,563 | 57.362.812 | 0.884 159.732 | 0.0027 119287 | 64.7707 | Yes 0.0032X | 0.057X | 032% | 0% 1.339
NMML606395 | 37.605.076 | 32.643.410 | 0.868 85.651 0.0026 64,557 | 682509 | Yes 0.0018X | 0.0432X | 0.18% | 0% 1.3267
NMML606398 | 63287248 | 55201712 | 0.8722 42343 0.0007 30497 | 741822 | Yes 0.0009X | 0.0308X | 0.09% | 0% 1.3884
NMML606399 | 57.636,607 | 52,910,925 | 0918 106775 | 0.002 71654 | 666672 | Yes 0.002X | 0.0451X | 020% | 0% 1.4901
NMMLG606400 | 44,636,965 | 39.285.679 | 0.8801 144,580 | 0.0036 98,137 | 679814 | Yes 0.0028X | 0.0534X | 027% | 0% 1.4733
NMML606407 | 51,136,679 | 45034904 | 0.8806 316955 | 0.007 244315 | 79.0087 | Yes 0.008X | 0.0907X | 0.79% | 0% 12973
NMML606408 | 45600231 | 41117218 | 0.9016 67,845 0.0016 50355 | 71657 | Yes 0.0015X | 0.0391X | 0.15% | 0% 1.3473
SBNM10609 | 19,718,130 | 17.596,084 | 0.8923 277955 | 0.0157 198,039 | 813716 | Yes 0.0067X | 0.0842X | 0.66% | 0% 1.4035
SBNMI100 | 20213041 | 14930711 | 0.7386 18,814 0.0012 14456 | 62.0917 | Yes 0.0004X | 0.0193X | 0.04% | 0% 13014
SBNM1353 17,198232 | 14,005,734 | 0.8143 9.419 0.0006 6310 | 589919 | Yes 0.0002X | 0.0125X | 0.02% | 0% 1.4927
SBNM1378 1415533 | 832.837 0.5883 189 0.0002 139 502734 | Yes 0x 0.0017X | 0% 0% 1.3597
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SBNM1463 19,950,831 | 16,649,240 | 0.8345 2,995 0.0001 1,154 68.3951 | Yes 0X 0.0058X | 0% 0% 2.5953
SBNMI551 19,767,675 | 17,740,890 | 0.8974 9,416 0.0005 6,298 56.8712 | Yes 0.0001X | 0.0123X | 0.01% | 0% 1495

SBNM2130 79,503,873 | 70,354,799 | 0.8849 16,556 0.0002 9,625 61.2825 | Yes 0.0002X | 0.0158X | 0.02% | 0% 1.7201
SBNM2142 22,021,137 | 18,950,565 | 0.8605 60,117 0.0031 39,072 | 662952 | Yes 0.0011X | 0.0331X | 0.11% | 0% 1.5386
SBNM216 11,388,418 | 9,598,568 0.8428 8,767 0.0009 6,028 555174 | Yes 0.0001X | 0.0118X | 0.01% | 0% 1.4543
SBNM2357 17,789,705 | 15,253,329 | 0.8574 988,346 0.0647 691,936 | 65.8346 | Yes 0.0189X | 0.1438X | 1.85% | 0% 1.4283
SBNM2419 13,946,668 | 12,424,680 | 0.8908 5,580 0.0004 3,886 58.9743 | Yes 0.0001X | 0.0098X | 0.01% | 0% 1.4359
SBNM243 17,968,771 | 8,779,521 0.4885 6,107 0.0006 4,640 62.244 | Yes 0.0001X | 0.011X | 0.01% | 0% 13161
SBNM244 17,623,351 | 13,964,536 | 0.7923 2,086 0.0001 1372 53.6071 | Yes 0X 0.0056X | 0% 0% 1.5204
SBNM2440 20,015,325 | 18,753,180 | 0.9369 25,300 0.0013 18366 | 65.665 | Yes 0.0005X | 0.0224X | 0.05% | 0% 13775
SBNM3283 220’428’21 484,289,635 | 0.9305 787,870 0.0016 346,602 | 70.0891 | Yes 0.01X | 0.1066X | 0.95% | 0% 22731
SBNM3450 16,275,126 | 13,993,223 | 0.8597 175,851 0.0125 120,699 | 66.9847 | Yes 0.0033X | 0.0584X | 0.33% | 0% 14569
SBNM3822 14,560,300 | 12,486,156 | 0.8575 116,849 0.0093 59,512 | 64.6737 | Yes 0.0016X | 0.0517X | 0.15% | 0% 1.9634
SBNM3973 19,792,725 | 16,953,585 | 0.8565 35,657 0.0021 26,660 | 62.1374 | Yes 0.0007X | 0.0263X | 0.07% | 0% 13374
SBNM4260 21,337,098 | 15,620,127 | 0.732 57,912 0.0037 42,673 | 648722 | Yes 0.0011X | 0.0341X | 0.11% | 0% 13571
SBNMS5178 50,811,613 | 44,020,788 | 0.8663 46,030 0.001 21,503 | 65987 | Yes 0.0006X | 0.0247X | 0.06% | 0% 2.1406
SBNM3981 17,380,777 | 14,166,983 | 0.815 8,024,991 | 0.5664 ?’895’37 733216 | Yes 0.1165X ;(9'1584 6.26% | 0.01% | 2.0601
SBNM919 16,712,549 | 14,665,995 | 0.8775 41,756 0.0028 31,305 | 622829 | Yes 0.0008X | 0.0286X | 0.08% | 0% 133

SBNM945 8,651,877 | 5,913,537 0.6834 10,971 0.0018 8,201 65.4862 | Yes 0.0002X | 0.0149X | 0.02% | 0% 13377
SBNM948 14,347,850 | 10,598,99 0.7387 17,268 0.0016 13489 | 70.5263 | Yes 0.0004X | 0.0199X | 0.04% | 0% 12801
SBNM957 13,817,668 | 7,907,440 0.5722 5,377 0.0006 4,009 60.6054 | Yes 0.0001X | 0.0101X | 0.01% | 0% 13412
SBNMY58 10,229,462 | 6,965,729 0.6809 7,135 0.001 5272 65.5971 | Yes 0.0001X | 0.012X | 0.01% | 0% 13533
SBNM959 17,134,482 | 14,498,960 | 0.8461 163,631 0.0112 115732 | 70263 | Yes 0.0034X | 0.0587X | 0.33% | 0% 1.4138
SBNM960 20,006,820 | 18,102,614 | 0.9048 9,917 0.0005 6,600 53.7961 | Yes 0.0001X | 0.0123X | 0.01% | 0% 1.5025
SBNM962 17,513,482 | 11,778,529 | 0.6725 523,190 0.0444 405,182 | 70.1045 | Yes 0.0117X | 0.1127X | 1.15% | 0% 12912
SBNM964 22,239,835 | 18,590,491 | 0.8359 13,067 0.0007 9,233 57.7596 | Yes 0.0002X | 0.015X | 0.02% | 0% 1.4152
NMNH105124 | 21,940,836 | 20,102,329 | 0.9162 121,549 0.006 72,329 | 541279 | Yes 0.0016X | 0.041X | 0.16% | 0% 1.6805
NMNH259651 | 45,006,669 | 41,985,246 | 0.9328 61,753 0.0014 42,931 | 627034 | Yes 0.0011X | 0.034X | 0.11% | 0% 1.4384
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NMNH276052 | 24,611,743 | 22,684,707 | 0.9217 29,462 0.0012 23,564 57.0496 | Yes 0.0006X | 0.0243X | 0.06% | 0% 1.2502
NMNH276054 | 19,380,958 | 16,840,063 | 0.8688 174,200 0.0103 140,296 | 56.9024 | Yes 0.0033X | 0.0579X | 0.33% | 0% 1.2416
NMNH395724 | 25,486,848 | 23,446,764 | 0.9199 2219414 | 0.0946 ;’793’83 60.9329 | Yes 0.0453X | 0.2474X | 436% | 0% 1.2372
NMNH395725 | 31,471,551 | 28,152,551 | 0.8945 58,737 0.002 47,133 593494 | Yes 0.0012X | 0.0341X | 0.12% | 0% 1.2461
NMNHS504201 | 24,699,645 | 22,784,088 | 0.9224 12,517 0.0005 7,006 60.3341 | Yes 0.0002X | 0.0143X | 0.02% | 0% 1.7866
NMNHS504203 | 22,849,165 | 19,897,919 | 0.8708 160,636 0.008 126,706 | 58.904 | Yes 0.0031X | 0.056X | 0.31% | 0% 1.2677
NMNH593460 | 21,934,115 | 19,836,468 | 0.9043 793,641 0.04 626,683 | 56.1602 | Yes 0.0146X | 0.1256X | 1.44% | 0% 1.2664
NMNH593476 | 28,148,793 | 24,717,796 | 0.8781 530,107 0.0214 436,826 | 69.2846 | Yes 0.0125X | 0.1143X | 1.24% | 0% 1.2135
NMNH593495 | 18,250,229 | 17,018,983 | 0.9325 102,807 0.006 84,862 662331 | Yes 0.0023X | 0.0484X | 0.23% | 0% 1.2114
NMNH593508 | 23,076,638 | 21,470,609 | 0.9304 104,398 0.0048 84,433 66.4636 | Yes 0.0023X | 0.0484X | 0.23% | 0% 1.2364
NMNH593517 | 23,645,460 | 21,972,414 | 0.9292 270,013 0.0122 215,605 | 72.1975 | Yes 0.0064X | 0.0813X | 0.64% | 0% 1.2523
NMNHA21735 | 15,785,332 | 14,418,558 | 0.9134 12,311 0.0008 9,914 56.0207 | Yes 0.0002X | 0.0153X | 0.02% | 0% 1.2417
NMNHA21736 | 19,291,927 | 16,569,038 | 0.8588 6,592 0.0003 5,220 52.0843 | Yes 0.0001X | 0.0107X | 0.01% | 0% 1.2628
I:MNH"XtNeg 4,113,971 580,441 0.141 61 0.0001 20 46.35 Yes 0X 0.0007X | 0% 0% 3.05
EMNHeXtNeg 3,868,171 1,273,359 0.3291 62 0 24 53.8333 | Yes 0X 0.0007X | 0% 0% 2.5833
NMNHIibNeg | 2,538,168 | 48,804 0.0192 6 0.0001 1 94 No 0X 0.0002X | 0% 0% 6
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Supplemental 5

Neisseria zalophi mapping summary

Proportion Avg.
. of reads Proportion of | Unique length Res- Std dev % ref. % ref.
Sample Total Reads Irtz?ily:sa- ds kept (post- ?::gf od reads mapped of caled z[)iirrla . of mean covered covered S;Zt:r
y Adapter- mapped reads mapped | or Not & coverage >=1X >=5X
Removal) reads
no
unique
dsENA 1,153,001 6.250 0.0054 ) 0 ) mapped Yes N/A N/A N/A N/A
reads
no
unique
dsENB 1,982,046 12,067 0.006 4 0.0003 ) mapped Yes N/A N/A N/A N/A
reads
dsENC 10924554 | 60.701 0.0055 20 0.0006 4 67.5 Yes 0.0001X 0.0106X | 0.01% 0% 10
dsEND 6.808.226 2.919.191 0.4287 545 0.0001 5 57.5 Yes 0X 0.0069X | 0% 0% 272.5
I(ilse]fg)g 2.068.072 194.559 0.094 3 0.0004 24 66.7917 | Yes 0.0007X 0.0257X | 0.07% 0% 3.4583
1(1185; 5.075.412 243.767 0.048 97 0.0003 4 71.25 Yes 0.0001X 0.0108X | 0.01% 0% 24.25
I%ISGEZgIEb 2352887 1510 0.0006 3 0.0013 1 35 Yes 0X 0.0038X | 0% 0% 2
iieLglE 1.673.188 698 0.0004 3 0.0028 1 124 Yes 0.0001X 0.0072X | 0.01% 0% 2
no
unique
dsLNA 1362.415 3.086 0.0022 ) 0 ) mapped Yes N/A N/A N/A N/A
reads
no
unique
dsLNB 3.362.917 34 0.0001 1 0.0023 ) mapped Yes N/A N/A N/A N/A
reads
no
unique
dsLNC 10,043 828 7,021 0.0006 ) 0 ) mapped Yes N/A N/A N/A N/A
reads
no
unique
dsLND 4.612,074 17.550 0.0038 ) 0 ) mapped Yes N/A N/A N/A N/A
reads
0, 0,
NMML594955 65.728,408 59,498,044 0.9052 1,440,095 0.0242 1,132,909 82.3747 | Yes 38.5051X 28.9159X 92.64% 84.33% | 1.2711
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NMMLSO4958 | 3o 1o 3en | 31734350 | 0-9027 1s0642 | 0:0047 115,824 709185 | Yes 3.3891X 3.1756X | 78.10% | 3233% | 13006
NMMLE0S032 | 3001 co0 | 27044103 | 087! 260,100 | 00099 219282 80.4582 | Yes 7.2796X 6.0086X | 85.28% | 62.16% | 1.2276
NMML60S034 | 37 c00 063 | 33440034 | O-8827 j04312 | 00091 245,648 775079 | Yes 7.856X osoax | 6274% | 34.85% | 1.2388
NMML60S036 | 0 0 1o | 33503350 | 08669 lgg043 | 00056 146,548 87.6043 | Yes 5.2972X 5.2044X | 80.45% | 47.48% | 1.2892
NMMLE0S046 | 42103 100 | 41860400 | O-5879 203625 | 00048 164,653 85.8984 | Yes 5.8357X 4.4946X | 88.04% | 58.47% | 1.2366
NMML606312 | 50 016 | sazatose | 9082 662267 | 00122 341,198 82.6952 | Yes TL419X | |0 oo | 8581% | 67.89% | 1.941

NMML606316 | < 1soais | 52073000 | 09145 13521 | 00025 53,92 70.18 | Yes 1.7062X 1.8417X | 69.66% | 6.78% | 2.2947
NMML606323 | oo 000y | sagersao | 9217 sipase | 0-0098 200,875 69.7704 | Yes 8.6327X 6.9476X | 87.42% | 69.44% | 1.8082
NMML606325 | o200 161 | go333884 | 09124 sos.128 | 0-0088 257,301 69.4669 | Yes 7.3749X 6.1537X | 87.13% | 64.96% | 1.5861
NMML606334 | <1 30105 | ag264303 | 09406 so7.112 | 00105 189,013 68.1 Yes 10.9558X | 8.8274X | 88.39% | 73.22% | 1.3005
NMML606340 | s i cir | so467.100 | 09103 1515750 | 0:0254 758815 73.6358 | Yes 23.0543X | | o500 | 86.28% | 78.20% | 19975
NMML606345 | 1coc e | asaasao | 0945 Las2o44 | 00343 861,864 775252 | Yes 275683X | o 4eox | O142% | 8653% | 1.7198
NMML606348 | ooz c1s | 226537 | 09367 os6.c34 | 00152 540,204 95.3558 | Yes 212538X | < oueax | 9093% | 77.66% | 17708
NMML606350 | 17 1oc 307 | 71403052 | 09233 2250082 | 00316 1357308 | 10168 | Yes 569452X | 41 c1arx | 90-98% | 8279% | 1.665

NMML606353 | 1o cxiuat | ansgsion | 0858 271427 | 00063 214225 733915 | Yes 6.4871X 5.1564X | 9023% | 62.07% | 1.267

NMML606376 | 0 voc o | 37877401 | 08529 2a0.60s | 00063 191357 63.1564 | Yes 4.9866X 43891X | 83.26% | 49.09% | 12573
NMMLE06378 | 41 oo cor | 35801300 | 08596 206206 | 00082 246,450 68.5964 | Yes 6.9757X 6.2544X | 81.77% | 5729% | 1.2019
NMMLE06379 | o3 so5337 | 44735065 | 05346 solsz | 00089 317207 68.686 | Yes 8.9924X 8.9269X | 86.56% | 61.03% | 1.2654
NMML606380 | 1 521 063 | 3gs01722 | 09125 sssgaa | 00151 451,099 91.2971 | Yes 16.9928X | i | 9260% | 78.06% | 13053
NMML606387 | o vco 0 | 712003001 | 08559 22anise | 0031 Lecogos | 973776 | Yes 66.7004X | 48.964X | 94.49% | 87.09% | 1.3506
NMMLE06388 | g0 <20 604 | 75363858 | 05846 1336926 | 0017 Los7830 | 763691 | Yes 33.3328X | 27.998X | 90.15% | 78.77% | 1.2638
NMML606393 | 45 220600 | 80.178.860 | *-5689 2027000 | 00252 L427310 | 834703 | Yes 503349X | 4y oeoc | OLIS% | 86.05% | 1.4201
NMML606394 | o coicen | 57360512 | 0884 |040.827 | 0:0183 840,518 83.0246 | Yes 287928X | o aaiax | 9231% | 8777% | 1249

NMML606395 | 1 cocooc | 35 6a3a10 | 0868 137440 | 00002 107267 84.5322 | Yes 3.7414X 3.5563X | 78.60% | 35.51% | 1.2813
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NMMLO06398 | (100 su | 55001712 | 08722 24201 | 0:004 179733 90.1903 | Yes | 6.6884X | 6.3879X | 89.32% | 66.75% | 1.3758
NMML606399 | 0 x| srom0905 | 0918 265707 | 0-005 202,912 88.9842 | Yes | 74499X | 5784X | 86.68% | 65.15% | 1.3094
NMMLO0G400 | 44 ¢ occ | 30055679 | 08501 o4 | 00035 103,723 766779 | Yes | 32816X | 4.0661X | 7831% | 28.65% | 13511
NMML606407 | & s oo | s onagon | 0-8506 iso1a | 00041 1465808 87.5806 | Yes | 53057X | 49762X | 76.69% | 50.19% | 12881
NMML606408 | 4o cooont | appirans | 09016 loro0s | 00046 149,347 834652 | Yes | 5.1432X | 43003X | 8030% | 52.54% | 12789
SBNMI060 | o1 i | 17506080 | 08923 oososs | 00516 sosog9 | 98837 | Yes | 243971X | 20761X | 9296% | 81.37% | 15181
SBNM1100 20213001 | 14030711 | 07386 1sa7n | 0001 11199 776061 | Yes | 03586X | 0.8587X | 2597% | 0.23% | 13819
SBNM1353 17198232 | 14005734 | 08143 sesagy | 00191 199.421 66779 | Yes | 54948X | 4.4042X | 83.83% | 5521% | 1.3463
SBNM1378 Latss3s | s3s 0.5883 o025 | 0012 §281 622653 | Yes | 02127X | 04754X | 18.65% | 0% 1.2106
SBNM1463 10050531 | 16640040 | 08345 a0y | 0:0047 53532 80.9547 | Yes | L7881X | 2.1246X | 67.09% | 8.25% | 1.4645
SBNMI551 10767675 | 17740800 | 08974 147085 | 00082 14662 737718 | Yes | 34902X | 2.8767X | 8234% | 3332% | 12827
SBNM2130 10503873 | 70354799 | 05849 az | 001 a8 818051 | Yes | 13935X | 2.5675X | 65.03% | 3.03% | 1.8995
SBNM2142 101137 | 18950565 | 08605 cosie | 00032 41409 720042 | Yes | 12302X | 1.6862X | 58.56% | 2.85% | 1.4686
SBNM216 Lssars | ososses | 08428 250 | 00026 15,082 63.6013 | Yes | 04745X | 0.9147X | 30.14% | 0.50% | 1.4251
SBNM2357 17789705 | 15253320 | 08574 ss2001 | 0:0558 651771 639026 | Yes | 179757X | oo | 9058% | 8273% | 125

SBNM2419 13046668 | 12424680 | 08908 disors | 00173 156229 79.686 | Yes | 5.1366X | 4.0492X | 85.89% | 5231% | 13824
SBNM243 17068771 | 8779501 | 04885 sl | 0002 67,061 802249 | Yes | 22198X | 32411X | 57.93% | 17.95% | 12166
SBNM244 17623351 | 1sosasss | 079 105356 | 00075 S~ 64529 | Yes | 2.0086X | 23093X | 67.61% | 13.59% | 1.3366
SBNM2440 20015325 | 1875380 | 09369 sss061 | 00189 S 85.6066 | Yes | 9.67X 6.7027X | 91.84% | 72.89% | 12972
SBNM3283 0428216 | $9428963 | 09305 A121905 | 00085 Lraass | 4031 | Yes | STSMOX | o | 95.43% | 9032% | 22004
SBNM3450 16275126 | 1399323 | 08597 s | 0007 19974 682709 | Yes | 22528X | 2.0681X | 73.78% | 14.64% | 1.3952
SBNM3822 14560300 | 12486156 | 08573 a4ty | 00208 200,108 59.663 | Yes | 4.9283X | 3.8478X | 85.63% | 5045% | 1.3008
SBNM3973 10792725 | 16953585 | 08565 200340 | 00176 241456 704373 | Yes | 7.0174X | 46150X | 94.07% | 67.98% | 12397
SBNM4260 2137008 | 15620027 | 0732 sesar0 | 00171 200,463 763589 | Yes | 6.5993X | 5.4669X | 83.69% | 59.73% | 12814
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SBNMS5178 0811613 | 44020785 | 0-8663 lo1761 | 0:0036 74726 83.6359 | Yes 2.5787X 2445X | 77.58% | 18.82% | 2.1647
SBNM3981 17330777 | 14166083 | 081 1343 0 L1 66.9078 | Yes 0.0039X 0.0684X | 0.38% | 0% 9.5248
SBNM919 16712549 | 14.665.005 | 0877 53,072 0.0039 4312 82.5462 | Yes 1.5092X 1.7999X | 65.94% | 4.67% | 13105
SBNM945 5651877 | so13s3y | 06834 28430 0.0048 22441 852752 | Yes 0.7896X 10761X | 47.46% | 0.73% | 1.2672
SBNM948 14347850 | 10,598,903 | 07387 34843 0.0032 27480 69.6589 | Yes 0.7898X 1.1064X | 46.76% | 1.03% | 1.2679
SBNM957 13817.668 | 7007440 | 0572 28,591 0.0036 22840 775275 | Yes 0.7306X 1.0037X | 45.70% | 0.52% | 1.2517
SBNMY58 10220462 | 6965720 | 06809 13.930 0.0019 10568 78.6556 | Yes 0.343X 0.7161X | 26.17% | 0.16% | 13181
SBNM959 17134452 | 14498960 | 08461 197220 | 00136 147,553 723926 | Yes 4.4164X 357X | 79.43% | 45.96% | 13339
SBNM960 20006520 | 18102614 | 0-9048 73301 0.004 49,894 68.4695 | Yes 1.4096X 21733X | 59.92% | 5.16% | 1.4709
SBNM962 17513482 | 11.778.500 | 06725 $8.561 0.0075 71950 81.0307 | Yes 2.4056X 2.6978X | 70.98% | 18.18% | 1.2308
SBNM964 22230835 | 18500401 | 08399 06,042 0.0051 74,002 724357 | Yes 22118X 22624X | 70.77% | 14.87% | 1.2978
NMNHI05124 | )y g0 c3c | 20.100300 | 09162 passgl | 00321 556,124 513063 | Yes 11.7725X | 8.5215X | 87.97% | 73.73% | 1.1608
NMNH259651 | 4o 00c cco | 41085046 | 09328 21400 | 00076 255,026 66.6688 | Yes 7.0151X 5.5564X | 83.76% | 63.17% | 1.2606
NMNH276052 | 5, 011743 | 22684707 | 9217 200118 | 00131 251844 59.6526 | Yes 6.1985X 51276X | 81.71% | 60.89% | 1.1877
NMNH276054 | 1o 300055 | 16840063 | O5688 20,393 0.0017 21240 60.7582 | Yes 0.5325X 105X | 36.19% | 039% | 1.3838
NMNH395724 | o poccre | a3aa076a | 0019 650302 | 00277 569.014 64.6354 | Yes ISA748X | | eoux | 86:62% | 76.25% | 11428
NMNH395725 | 31 101 sor | og 150551 | 0894 175088 | 0-0063 147173 67.6394 | Yes 4.1073X 34853X | 85.48% | 4127% | 121

NMNHS04201 | 5, o0 cus | 2n 784088 | 9224 167019 | 0:0073 137275 573048 | Yes 3.2457X 31621X | 77.46% | 2938% | 12232
NMNHS04203 | 5 000 165 | 10.807.010 | 08708 457004 | 0023 186,530 60.7498 | Yes 9.6886X 6.7695X | 87.60% | 73.84% | 1.1847
NMNHS93460 | 5 030115 | 0536468 | 0004 200063 | 00105 175,808 67.4629 | Yes 4.8937X 3.7839X | 86.98% | 49.94% | 1.1942
NMNHS93476 | 5o 11c 503 | 24717706 | 08781 243570 | 00098 205.286 69.9797 | Yes 5.9273X 4787X | 86.66% | 57.56% | 1.1865
NMNHS93495 | o600 | 17018083 | 09325 g3l | 00078 113877 78.6207 | Yes 3.694X 3.1846X | 82.41% | 35.57% | 1.1778
NMNHS93508 | 53 26 ae | 51470600 | 09304 190440 | 0:0092 171301 71.0018 | Yes 5.0183X 3.6703X | 88.11% | 53.13% | 1.1642
NMNHSO3517 | o3 cococo | anomata | 09292 2gs200 | 00129 230.400 81.052 | Yes 8.0061X 5.6524X | 88.15% | 70.72% | 1.1913
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0, 0,
NMNHA21735 15.785.332 14,418,558 0.9134 104,615 0.0072 84,933 59.9573 Yes 2.1011X 2.188X 72.59% 12.06% 1.2317
0, 0,
NMNHA21736 19.291.927 16.569.038 0.8588 165,490 0.0099 140,866 56.7402 | Yes 3.2978X 3.005X 77.90% 31.21% 1.1748
0, 0,
NMNHextNegA 4113971 580441 0.141 910 0.0015 24 47.6667 | Yes 0.0005X 0.0314X 0.03% 0% 37.9166
0, 0,
NMNHextNegB 3.868.171 1273359 0.3291 1.804 0.0014 36 46.7778 | Yes 0.0007X 0.0536X 0.03% 0% 52.6111
no BAM
. unique file
NMNHIibNeg 2,538,168 48.804 0.0192 ) 0 ) mapped | was N/A N/A N/A N/A N/A
reads empty
Doctoral Dissertation - 106 - K. M. Rayfield




Supplemental 6

Streptococcus marimammalium mapping summary

Proportion
1 3 0, 0,
Analysis- of reads Mapped Proportion Unique Avg. length Rescaled | Mean Std dev of | % ref. % ref. Cluster
Sample Total Reads ready reads kept post- reads of reads mapped | of mapped or Not coverage mean covered | covered factor
y Adapter- mapped reads reads & coverage >=1X >=5X
Removal
no unique BAM
dsENA 1,153,001 6.250 0.0054 ) 0 ) mapped file was N/A N/A N/A N/A N/A
reads empty
dsENB 1,982,046 12,067 0.006 3 0.0001 1 52 No N/A N/A N/A N/A N/A
dsENC 10,924,554 60.701 0.0055 5 0 1 39 No N/A N/A N/A N/A N/A
0, 0,
dsEND 6.808.226 2.919.191 0.4287 51 0 3 36 Yes 0.0001X 0.0085X 0.01% 0% 17
0, 0,
dsExtNegE 2.068.072 194,559 0.094 17 0 1 52.8182 Yes 0.0004X 0.0199X 0.04% 0% 1.5454
dsExtNegF 5.075.412 243,767 0.048 19 0 7 48.2857 No N/A N/A N/A N/A N/A
no unique BAM
dsLibNegE 2,352,887 1510 0.0006 ) 0 ) mapped file was N/A N/A N/A N/A N/A
reads empty
dsLibNegF 1.673.188 698 0.0004 1 0.0014 1 40 No N/A N/A N/A N/A N/A
no unique BAM
dsLNA 1362.415 3,086 0.0022 ) 0 ) mapped file was N/A N/A N/A N/A N/A
reads empty
no unique BAM
dsLNB 3.362.917 134 0.0001 ) 0 ) mapped file was N/A N/A N/A N/A N/A
reads empty
no unique BAM
dsLNC 10,043,828 7.021 0.0006 ) 0 ) mapped file was N/A N/A N/A N/A N/A
reads empty
no unique BAM
dsLND 4.612,074 17,550 0.0038 ) 0 ) mapped file was N/A N/A N/A N/A N/A
reads empty
0, 0,
NMML594955 65.728,408 59,498,044 0.9052 134.288 0.0022 110,518 78.7985 Yes 5.7844X 19.965X 40.49% | 23.26% | 1.215
0, 0,
NMML594958 35.152.363 31734352 0.9027 63.839 0.002 53.550 66.7255 Yes 2.3733X 11.6527X | 34.07% | 13.44% | 1.1921
0, 0,
NMML605032 30.761.890 27,044,123 0.8791 81,095 0.0029 69.663 70.4345 Yes 3.2591X 12.6147X | 38.05% | 17.26% | 1.1641
0, 0,
NMML605034 37,882,083 33.440234 0.8827 8.621 0.0002 7230 77.4357 Yes 0.3719X 4.4913X 10.12% | 1.16% 1.1923
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NMML60S036 | 30 20150 | 33503354 | 08669 6aag6 | 00019 sa034 | 818007 Yes 29359X | 13.0198X | 37.11% | 1542% | 1.1915
NMMLE0SO46 | 42143100 | 41860400 | 08870 30505 | 0-0007 selan | 742157 Yes 12887X | 8.8264X | 26.86% | 7.06% | 1.1668
NMMLE06312 | o 01s | sanarose | 09082 190651 | 0:0036 log.s03 | 781734 Yes 5.6385X | 173707X | 42.62% | 23.64% | 1.8385
NMML606316 | o coin | 5073000 | 09145 sso71 | 0001 20336 | 639582 Yes 12462X | 7.7211X | 27.98% | 7.32% | 1.9863
NMML606323 | o o001y | sagersao | 09217 ss.610 | 00016 53416 | 649581 Yes 23047X | 9.9865X | 36.46% | 14.11% | 1.6588
NMML606325 | 50000151 | 4p333884 | 00124 100557 | 00021 co.504 | 654407 Yes 3.005X | 122487X | 37% 16.60% | 1.4449
NMML606334 | 1 30105 | agoeasos | 09406 s0523 | 0001 atigl | 59365 Yes 1.6293X | 10.1729X | 32.39% | 927% | 1.2268
NMML606340 | (cuoc e | 5467100 | 09103 203,184 | 0:0049 160335 | 696147 Yes 74136X | 22.1086X | 43.51% | 26.61% | 1.8285
NMML60634S | 4o e 06 | 43140800 | 09439 los23 | 0:0027 J0.064 | 697976 Yes 3.7071X | 12.1643X | 39.19% | 19.62% | 1.4984
NMMLE06348 | (oo c1s | gaga6537 | 09367 los7 | 00017 66530 | 84741 Yes 3.7617X | 14.7506X | 36.34% | 17.26% | 1.6545
NMML606350 | 17 e 307 | 71403050 | 09233 lseas | 00016 7875 | 862757 Yes 44627X | 16.6311X | 37.57% | 18.37% | 1.4847
NMML6063S3 | 4o co0unt | ansgsion | 0898 §7535 | 0002 Jadol | 683369 Yes 33811X | 14.5069X | 38.33% | 17.80% | 1.1751
NMMLE06376 | 44 sos cor | 37877401 | 08529 119306 | 0:0031 loL676 | 642489 Yes 4339X | 16.6966X | 42.16% | 21.55% | 1.1742
NMMLE06378 | 41 crscor | 35501302 | 08996 243300 | 0-0067 206343 | 13912 Yes 10.1295X | 30.5737X | 47.49% | 30.09% | 1.1795
NMMLE06379 | o3 so5337 | 44735005 | 08346 68057 | 00015 sesun | 644468 Yes 24332X | 14.5462X | 3475% | 13.22% | 12131
NMML606380 | 1 o1 oer | 3gg01700 | 09125 Jesc2 | 00019 62716 | 820438 Yes 34178X | 13.6488X | 36.66% | 16.74% | 1.255
NMMLE06387 | g4 4o c1o | 72203001 | 08599 234077 | 0:0032 134084 | 88:365 Yes 10.8405X | 37.9408X | 46.13% | 28.75% | 1275

NMMLE06388 | g0 o2 604 | 75363858 | 08846 350266 | 00045 200,130 | 749538 Yes 14.4447X | 50.6675X | 48.43% | 32.26% | 1.2382
NMML606393 | g5 220600 | 80178860 | 0868 o606 | 00012 77276 | 139 Yes 3.7953X | 17.4751X | 39.44% | 18.85% | 1.2547
NMML606394 | o coiccn | 57360512 | 0884 6s3g3 | 00011 1513 | 715612 Yes 2.7337X | 13.3988X | 36.35% | 14.88% | 1.189

NMML606395 | o coc 06 | 35643410 | 0868 38026 | 00011 12651 | 811983 Yes 1.7609X | 89171X | 30.07% | 10.32% | 1.1921
NMML606398 | (2 ocrye | 5501712 | 08722 57207 | 0001 45047 | 810904 Yes 24748X | 153112X | 31.19% | 11.60% | 1.247

NMMLE06399 | o7 cxc cor | 52010005 | 0918 soazy | 0-0008 15,006 | 753064 Yes 1.756X | 8.6549X | 30.48% | 10.39% | 1.2099
NMML606400 | 40 cococc | 39055670 | 08801 12017 | 00032 106,003 | 71933 Yes 5.0688X | 19.0683X | 41.78% | 21.70% | 1.217
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NMML606407 | <1150 o0 | 4so3s004 | 03506 s | 0:0009 a0 | 802329 Yes 1.8455X | 11.6278X | 28.85% | 9.56% | 1.2019
NMMLE06408 | 4o ci031 | 41117018 | 09016 ses06 | 00013 s6sa0 | 772269 Yes 23873X | 10.9544X | 32.93% | 12.62% | 12205
SBNMI0609 | \g21e 130 | 17506084 | 08923 60233 | 0:0039 saosa | 779336 Yes 2.8084X | 11.5669X | 35.70% | 15.26% | 1276
SBNM1100 20213041 | 14030711 | 07386 0037 | 0:0006 Jo0g | 714943 Yes 0.3799X | 4.0934X | 11.93% | 1.13% | 1.1547
SBNMI1353 17108232 | 14005734 | 08143 o417 | 00023 25660 | 8173 Yes 0.9919X | 4.1462X | 29.39% | 5.89% | 1.2628
SBNMI378 L4553 | 832837 0.5883 a5y | 0003 so1g | 560208 Yes 0.0824X | 0.4069X | 6.44% | 0.06% | 1.1373
SBNM1463 10050831 | 16.640240 | 08345 ss.ie3 | 00034 g1 | 705743 Yes 20561X | 7.7306X | 30.65% | 11.81% | 1326
SBNMI551 10767675 | 17780800 | 08974 26171 | 00014 2igo7 | 641711 Yes 0.9333X | 5.25X 25.50% | 5.23% | 1.1951
SBNM2130 79503873 | 70354700 | 0-8849 0811 | 0001 sozs | T3RTT6 Yes 2.1608X | 14.8193X | 30.38% | 11.22% | 1.608
SBNM2142 2021137 | 18950565 | 0-8605 satgs | 00012 15400 | 609264 Yes 0.7487X | 4.4694X | 23.13% | 3.43% | 13073
SBNM216 11383418 | 0.508.568 | 08428 §.173 0.0008 oasa | 622111 Yes 0.2666X | 3.2288X | 10.78% | 0.64% | 1.2667
SBNM2357 17789705 | 15253320 | 08574 J6ns3 | 00049 63040 | 623129 Yes 26467X | 8.9922X | 38.06% | 16.34% | 1.1924
SBNM2419 13.046.668 | 12424680 | 08908 30080 | 0:0024 saagy | 737126 Yes 1.1987X | 5.6733X | 26.88% | 6.58% | 1.2371
SBNM243 17068771 | 8770521 | 04885 17550 | 0:002 1520 | 778025 Yes 0.8175X | 3.5415X | 21.19% | 5.39% | 1.1307
SBNM244 17623351 | 13064536 | 07923 25710 | 00018 slal7 | 617928 Yes 0.875X | 5.1826X | 24.14% | 4.44% | 1.2065
SBNM2440 20015325 | 18753080 | 09369 sagas | 00013 20270 | 740179 Yes 0.9966X | 5.4448X | 24.42% | 5.75% | 1.2257
SBNM3283 520428216 | 484280635 | 0-9305 058,080 | 0-0019 360,026 | 42436 Yes 18.2419X | 68.2457X | 48.75% | 31.47% | 2.5923
SBNM3450 16275.126 | 13993203 | 08597 s0720 | 00021 23503 | 659037 Yes 1.0328X | 3.9204X | 28.81% | 6.66% | 1302
SBNM3822 14560300 | 12486156 | 08575 52008 | 00041 037 | 57659 Yes 1.6445X | 8.6864X | 33.13% | 10.65% | 12163
SBNM3973 10792725 | 16953585 | 08563 13375 | 00007 Lo | 598433 Yes 0438X | 43581X | 16.74% | 1.14% | 12139
SBNM4260 21337098 | 15620027 | 0732 107320 | 0:0068 gs.877 | 690416 Yes 40757X | 12.3948X | 39.21% | 19.95% | 1.2076
SBNMS5178 0811613 | 44020788 | 0-8663 34726 | 00007 15204 | 673149 Yes 0.818X | 5.9918X | 22.75% | 4.12% | 1.8982
SBNM3981 17330777 | 14166083 | 0815 3743 0.0002 a5y | 592654 Yes 0.0989X | 4.865X | 0.16% | 0.12% | 1.4894
SBNM919 16712549 | 14665995 | 08775 j0.535 | 0002 26033 | 710743 Yes 1229X | 6.1039X | 27.25% | 7.63% | 1.1729
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SBNM945 8.65L.877 5,913,537 0.6834 8,948 0.0015 7751 72.3258 Yes 03723X | 1.8306X | 16.60% | 121% | 1.1544
SBNM948 14347.850 | 10,508,003 | 07387 logas | 0001 9271 64.9496 Yes 0.4002X | 2.93X 1639% | 1.14% | 1.1473
SBNM957 13817668 | 7.907,440 0.5722 8,629 0.001 7545 68.1406 Yes 03415X | 23335X | 14.90% | 1.01% | 1.1436
SBNM958 10220462 | 6965729 0.6809 .53 0.0012 7499 71.0724 Yes 0.354X 2.0288X | 15.02% | 121% | 1.1405
SBNM959 17.134482 | 14498060 | 0-8461 s1g7 | 00021 25405 | 670239 Yes 1.135X 48664X | 27.29% | 7.81% | 1.2503
SBNM960 20006820 | 18102614 | 09048 20199 | 0:0016 22004 | 645003 Yes 0.9813X | 5.7815X | 25.96% | 5.16% | 1.2748
SBNM962 17513482 | 11778520 | 06725 46702 | 0:0039 044 | 731017 Yes 1.9929X | 8.6593X | 33.69% | 11.62% | 1.1378
SBNM964 22230835 | 18500401 | 08359 11262 | 00006 0.153 64.6461 Yes 0.393X 4.6032X | 14.04% | 0.95% | 1.2304
NMNHI05124 | ) 00636 | 50102300 | 09162 gp4s0 | 0:0045 s1.666 | 333038 Yes 2.8914X | 10.4905X | 40.10% | 17.64% | 1.1321
NMNH259651 | 4o 006 co0 | 41085046 | 09328 132584 | 0-0031 110463 | 643034 Yes 47326X | 17.4998X | 41.62% | 22.07% | 1.2002
NMNH276052 | 5y 11743 | 2pesag07 | 09217 gs.171 | 00037 J6a17 | 387762 Yes 29833X | 11.1545X | 40.71% | 17.10% | 1.1145
NMNH276054 | 1010055 | 16840003 | 05688 26a74 | 00015 sa0sy | 604946 Yes 0.9665X | 5.4904X | 26.94% | 5.15% | 1.1173
NMNH395724 | o5 soccue | 23486764 | 09199 220,507 | 0:0097 205,667 | 64972 Yes 8.8756X | 25.7255X | 46.75% | 29.54% | 1.1163
NMNH395725 | 31 o1 oo | agysasst | 08945 136,608 | 00048 121574 | 647627 Yes 52297X | 16.6675X | 45.41% | 24.69% | 1.1244
NMNHS04201 | ) co0 chc | 5p 78088 | 09224 37700 | 00016 33717 | 607215 Yes 1.3598X | 5.8794X | 31.07% | 8.97% | 1.1181
NMNHS04203 | 5y 000 165 | 10507010 | 08708 sagso | 00027 4g.026 | 396667 Yes 1.9034X | 8.6363X | 31.18% | 11.84% | 1.142

NMNHS93460 | ) 020115 | jog3eas | ©9043 33017 | 00016 27457 | 38228 Yes 1.062X 11.081X | 23.98% | 427% | 1.2024
NMNHS93476 | 1o iagr | 24717706 | 08781 s0307 | 0-0032 g0 | 689112 Yes 33331X | 13.0109X | 38.91% | 17.89% | 1.104

NMNHS93495 | o000 | 17018083 | 09325 15.066 | 0-0008 13517 | 703251 Yes 0.6454X | 3.9607X | 21.32% | 2.91% | 1.0903
NMNHS93508 | 50 o oo | 21470600 | 09304 26365 | 00012 23066 | 067358 Yes 1.0623X | 64071X | 27.32% | 5.85% | 1.1001
NMNHSO3S17 | oy cocuco | 21oma1s | 09292 53616 | 0-0024 g7 | 722154 Yes 22648X | 9.1593X | 33.83% | 13.83% | 1.1355
NMNHA2T35 | (o oasany | u418558 | 09134 suszy | 00017 166 | 372851 Yes 0.8434X | 4.494X 2591% | 4.41% | 1.1085
NMNHA21736 | 15001977 | 16560.038 | 05588 36785 | 00022 33683 | 574259 Yes 1.2848X | 5.8885X | 29.02% | 8.38% | 1.092

I:MNH"XtNeg 4113971 580,441 0.141 9 0.0001 %6 47.0465 Yes 0.0027X | 0.176X 0.04% | 0.02% | 1.1511
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NMNHextNegB 0.3291 0.0001 48.0992 Yes 0.0039X 0.246X 0.04% 0.02% 1.4214

3,868,171 1,273,359 172 121
no unique BAM
NMNHIibNeg 2,538,168 48.804 0.0192 ) 0 ) mapped file was N/A N/A N/A N/A N/A
reads empty

Doctoral Dissertation - 111 - K. M. Rayfield



Supplemental 7

Desulfomicrobium orale mapping summary

Proportio
Sample Total Reads 2231;/2;- ds Ee(;)ft r})e(il;its- ?::gf ed Ergf fer:dos rg:};gzg oAfv rial;;eg(;h I}\{Izstcaled or ?f)iirrlage (S);dmdeea\;l c/:)\ifed c/:)\ifed S;Zt:r

Adapter- mapped reads reads coverage | >=1X >=5X

Removal
dsENA 1,153,001 6.250 0.0054 ) 0 ) nm"al‘)‘;i‘é“fea i g{:‘sl\gnfl‘;y N/A N/A N/A N/A N/A
dsENB 1,982,046 12,067 0-006 - 0 - nmoa;gi:?iu:eads \]?/{:;hgrf:]l)iy, NA NA NA NA NA
dsENC 10,924,554 | 60,701 0.0055 2 0 - nmoa;;li:?iu:eads \]?/{:;hgrf:}l)iy NA NA NA NA NA
dsEND 6,808,226 2,919,191 04287 17 0 - nmoa;;li:?iu:eads \]?/{:;hgrf:}l)iy NA NA NA NA NA
dsExtNegE 2,068,072 194,559 0.094 3 0.0001 16 57.0625 Yes 0.0003X | 0.0181X | 0.03% | 0% 2.375
dsExtNegF S 075412 243,767 0.048 19 0 3 52.3333 Yes 0.0001X | 0.0075X | 0.01% | 0% 6.3333
dsLibNegE 2352887 1510 0.0006 ) 0 ) nm"al‘)‘ggjj“fea i E{:‘Shgnfl‘;y N/A N/A N/A N/A N/A
dsLibNegF L6788 608 0.0004 ) 0 ) nm"al‘)‘g:jj“fea N gﬁ‘sl\’e[nfl‘;y N/A N/A N/A N/A N/A
dsLNA 1362415 3,086 0.0022 ) 0 ) nm"al‘)‘ggé“fea i g{:‘sl\gnfl‘;y N/A N/A N/A N/A N/A
dsLNB 3.362.917 434 0.0001 ) 0 ) nm"al‘)‘;i‘é“fea i g{:‘sl\gnfl‘;y N/A N/A N/A N/A N/A
dsLNC 10,043,828 | 7,021 0.0006 - 0 - nmoa;;li:?iu:eads \]?/{:;hgrf:}l)iy NA NA NA NA NA
dsLND 4,612,074 17550 0.0038 3 0.0022 . 39 No N/A N/A N/A N/A N/A
NMML594955 | (o oo¢ 108 | 50408048 | 09052 100,670 | 0-0016 70000 | 762997 Yes 1.9438X | 2.7194X | 58.81% | 14.08% | 1.4198
NMMLS94958 | oo oo as | 31734352 | 09027 23,823 0.0007 4531 58.3454 Yes 0.095X | 1.8894X | 3.96% | 034% | 52577
NMML605032 | 30001000 | 27044023 | 08791 4182 0.0001 28 46.8553 Yes 0.0038X | 0.1373X | 0.17% | 0.02% 18'342
NMML605034 | 2 ¢e a3 | 33440034 | 08827 13370 0.0003 3,612 723314 Yes 0.0939X | 0.5788X | 7.03% | 0.17% | 3.7015
NMML605036 | 3¢ 00150 | 33503354 | 08669 142347 | 0:0042 11570 | 813223 Yes 32602X | 4.1284X | 65.01% | 32.06% | 12757
NMML605046 | 42143100 | 41860400 | 05879 210407 | 0005 lo2.348 | 787824 Yes 45953X | 5.2331X | 67.72% | 43.30% | 1.296
NMML606312 | oo o0301s | sanar0s6 | 09082 30,719 0.0005 1140 | 750429 Yes 03276X | 0.7733X | 24.17% | 0.14% | 2.5285
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NMML606316 | o7 cc e | sa73000 | 09145 olsp7 | 00004 soss | S8I570 Yes 0.0615X | 0.884X | 3.88% | 0.14% | 7.3096
NMML606323 | 5o 52711 | sasers30 | 09217 olite | 0:0003 7530 | 641918 Yes 0.1737X | 0.5266X | 1431% | 0.08% | 2.8046
NMML606325 | g0200 st | agazzsse | 00124 13707 | 00002 1504 | 546197 Yes 0.0295X | 0.6783X | 0.71% | 0.18% | 9.1136
NMML606334 | ¢ soeioc | ugogazos | 09406 172077 | 0:0035 128105 | 570271 Yes 2.6247X | 33006X | 64.84% | 22.54% | 13448
NMML606340 | (o oo cin | soaqr100 | 09103 j0.574 | 0:0005 1070 | 399272 Yes 0.2814X | 0.6268X | 21.97% | 0.05% | 2.3392
NMMLO0634S | 4o oncone | aaiaagao | 0939 s4018 | 00008 1sg12 | 721256 Yes 0.4097X | 1.0371X | 27.67% | 0.30% | 2.2083
NMMLO06348 | ccocs s | gamesay | 09367 L6430l | 0-0026 g0770 | 763395 Yes 24896X | 3.6844X | 62.50% | 21.18% | 1.81
NMML606350 | 2 e 30 | 71403052 | 09233 6aaz0 | 00009 s6.141 | 784586 Yes 1.0188X | 1.5938X | 47.57% | 2.90% | 1.7827
NMML6063S3 | 4o 0 i | anssgiz | 0858 145411 | 0-0034 100s1s | 66:8352 Yes 24209X | 3.885X | 63.19% | 20.12% | 1.4423
NMMLO06376 | 40yoe s | 37877401 | 08529 oaor | 00017 s6680 | 527533 Yes 0.8848X | 13317X | 46.65% | 1.58% | 1.3855
NMMLE06378 | 4y oy o | 35501300 | 0859 104208 | 0-0054 156764 | 718163 Yes 4.0449X | 4.5369X | 68.05% | 39.60% | 1.2389
NMML606379 | o3 oo vsr | aurasons | 05346 N dlasy | 630785 Yes 0486X | 09811X | 3240% | 029% | 1.5655
NMML606380 | 0 &5 0es | 3gs01722 | 09125 5307 0.0001 11 54.0904 Yes 0.0065X | 0.1589X | 0.33% | 0.03% | 16.256
NMMLE06387 | ¢uyeo e | 103901 | 08559 so1s36 | 00067 366,806 | 843409 Yes ;( 11152 ;( 18527 | 72.32% | 59.25% | 134
NMMLE06388 | oo crgcon | 78363858 | 08846 ;,068,71 0.0136 S04.180 | 662959 Yes ;{9.1551 ;{9.1031 76% | 67.30% | 1.3289
NMML606393 | o500 000 | s0.178.860 | 05689 o413 | 0:0022 105450 | 80-6411 Yes 3.0554X | 6.6863X | 63.81% | 27.45% | 1.6984
NMML606394 | (4 oen s | s7a60812 | 0884 30505 | 0:0005 4as0s | 67933 Yes 0.11X | 26592X | 0.98% | 0.49% | 6.7698
NMML606395 | 50 oc o | 3pea3a10 | 0868 go327 | 00021 17g31 | 799138 Yes 0.4863X | 6.9415X | 18.51% | 0.60% | 3.888
NMMLE06398 | oxrernae | ssaor710 | 08722 lagor | 0-0002 sist | 669916 Yes 0.0518X | 1.1579X | 0.88% | 033% | 6.8298
NMML606399 | o coccon | srg10005 | 0918 31170 | 0:0005 17433 | 797627 Yes 0.4996X | 1.2405X | 31.70% | 0.47% | 1.7885
NMML606400 | 4, e occ | 39055670 | 08801 1o0g7 | 0-0005 seal | 667039 Yes 0.0633X | 1.7984X | 0.82% | 034% | 7.5679
NMMLE06407 | ¢y 3¢ o | 45034004 | 08806 12754 | 0:0002 1254 | 63067 Yes 0.0284X | 0.6752X | 0.73% | 0.14% éo.no
NMML606408 | s cooosr | apqi701s | 09016 l60so | 0:0003 2205 | 752492 Yes 0.062X | 1.5583X | 0.83% | 034% | 6.9973
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SBNMI060Y | ooiono | irsonosa | 959 | aess | 0001 | s 60.0878 Yes 0.0044X | 0.088X | 038% | 0% &0
SBNMIIO0 | 5000 | 1agsornt | 9736 [ 3009 | 00008 | hop | 730772 Yes 0.0589X | 1.5239X | 0.76% | 0.34% | 5.8024
SBNM1353 1710523 | 140057 | 0814 | 3o 00002 | o 59.5734 Yes 0.0127X | 0.1401X | 1.12% | 0% 5.4485
SBNM1378 55| s 05883 || 5y | 00013 | oo 52.9782 Yes 0.0114X | 0.1181X | 1.08% | 0% 1.9413
SBNM1463 10050531 | 16619240 | 05395 | 33050 | 00019 | 5555 | 809308 Yes 0.6494X | 12031X | 3825% | 0.73% | 1.4798
SBNMI551 vog6761s | 177408900 | 0897 | 571 00003 | o 64.7949 Yes 0.0136X | 03767X | 0.50% | 0.05% | 9.523

SBNM2130 0503873 | 70354790 | 0849 | 33005 | 00004 | 5o | 636142 Yes 0.0737X | 2.0882X | 0.89% | 037% | 9.9172
SBNM2142 st | is9s0ses | 0305 | gagr | 00002 |0 | 64767 Yes 0.0291X | 02025X | 2.64% | 0.02% | 3.5924
SBNM216 lssals | ososses | 0842 | ooy 00007 | | sos20 Yes 0.055X | 03348X | 4.71% | 0.05% | 2.8154
SBNM2357 17789705 | 15253320 | 05574 | 20 00004 |50, | 586011 Yes 0.0636X | 02703X | 5.97% | 0% 2324

SBNM2419 soaeees | 12araeso | 08908 | o) 00001 | 62.0704 Yes 0.0047X | 0.1422X | 024% | 0.02% | [0V
SBNM243 oesn | sarosa | 04885 [,y | 00005 | o 65.9606 Yes 0.0186X | 05156X | 0.56% | 0.09% | 6.645

SBNM244 a3t | sosasis | 0792 | aa | 00001 | o 49.3205 Yes 0.0028X | 0.1032X | 0.14% | 0.01% | >
SBNM2440 | 5o 0icne | isasiase | 0939 | seons | 00029 | 5gu | 783827 Yes 0.8995X | 2.5599X | 43.62% | 1.91% | 1.7539
SBNM3283 20428216 | asazso63s | 0995 | aarior | 00008 | 5o | 661598 Yes 087X | 141548 | 19.14% | 091% 7
SBNM3450 16275026 | 1399323 | 95597 | 1agsze | 00097 | ggsgo | 625842 Yes 22166X | 2.6431X | 62.77% | 17.75% | 1.385

SBNM3822 14560300 | asenss |85 | gipe | 00025 | 0 | 53892 Yes 0.4389X | 0.7979X | 31.01% | 0.14% | 1.4025
SBNM3973 1079275 | 16053585 | 08565 | opp | 00004 | o 54.3423 Yes 0.0181X | 0.4775X | 0.64% | 0.07% | 7.7255
SBNMA4260 | 5 1 00e | 1seaonar | 072 sor | 00001 | o 54.4078 Yes 0.0035X | 0.1216X | 0.19% | 0.01% | "1
SBNM5178 08163 | 4s0r07ss | 0863 | gager | 00014 | gas | 69.6042 Yes 0234X | 33737X | 11.12% | 045% | 6.6998
SBNM8981 17330777 | 1etssoss | 0815 sy |00 | 36.5766 Yes 0.0015X | 0.0668X | 0.09% | 0% 14.027
SBNM919 wori2ss | 1asesos | O5TT5 | ses | 00002 | g 63.5285 Yes 0.0228X | 0.1993X | 1.95% | 0.02% | 3.6436
SBNMO945 sosisrr | soiassr | 0634 | lgeo0 | 00031 | 0. | 752386 Yes 03255X | 0.9301X | 2334% | 020% | 1.5445
SBNMO948 14347850 | 10595993 | 0387 | 17ass | 00016 |50 | 590498 Yes 0.0639X | 15135X | 1.28% | 0.34% | 5.7325
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SBNM957 ssirees | 790440 |02 | 7906 00009 |y, | 642043 Yes 0.1184X | 0.3724X | 10.46% | 0.01% | 1.5009
SBNM958 10229462 | 6965720 | 06809 soag | 0002 5337 | 65202 Yes 0.125X | 1.0913X | 867% | 024% | 2.613
SBNM959 17a3a4s | 1ad0s960 | 08461 sioasy | 00172 186478 | 711307 Yes 47657X | 5.2705X | 68.99% | 44.69% | 13377
SBNM960 20006520 | 15000614 | 098 | 3516 0.0001 155 56.6873 Yes 0.0072X | 0.1254X | 0.57% | 0.01% | 9.9042
SBNM962 sisass | 1ia7ssee | 06725 | asees | 00021 20075 | 70:6514 Yes 0.5097X | 0.9332X | 33.50% | 028% | 1.2782
SBNM964 10835 | 18500401 | 08359 | 51a | 00011 ss30 | 669725 Yes 0.0849X | 2.1098X | 0.92% | 0.41% | 6.069
NMINHIOSI24 | 5 o0 esc | oo 10030 | 09162 05691 | 00052 | s273s | 45714 Yes 13588X | 1.7018X | 5842% | 4.87% | 1.2533
NMNH259651 | 4cooc oo | yiossons | ©B28 | 43am0 | ooot0 | ompa | 630661 Yes 02203X | 3.0771X | 10.90% | 0.45% | 4.4455
NMNH276052 | 5y o [y eeazor | 99217 | gass 0.0003 Laos | 404523 Yes 0.0248X | 02076X | 2.25% | 0.01% | 4.6508
NMINH276054 | o seooce | o saooes | 09688 104777 | 00062 | ssans | 567412 Yes 1.8026X | 2.2651X | 60.55% | 11.21% | 1.1849
NMINH3OS724 | 5o peccns | onaasrer | 0919 | 76m 00003 | asi6 | 548462 Yes 0.0555X | 02705X | 5.17% | 0.01% | 2.7247
NMNH39ST25 | 30 o [ g isasst | 08945 | 797 00003 | 35 | 53O Yes 0.0774X | 03038X | 7.13% | 0.01% | 2.1885
NMINHS04201 | 5 o0 cos | o rgaoss | 09224 176245 | 0.0077 144752 | 566456 Yes 2.9450X | 3.577X | 65.88% | 27.17% | 12175
NMINHS04203 | 5y 10165 | 1osorore | O708 | 3085 | o011 Issas | 521673 Yes 0297X | 0.6218X | 23.16% | 0.05% | 1.4045
NMINHSO3460 | 5 onniis [ rossedss | ®%% | 2033 | 00010 ea | 399956 Yes 02725X | 0.6212X | 21.48% | 0.07% | 1.6088
NMNHS93476 | 20 ueoos | hur17706 | 08781 2000 | 00008 isaq | 601601 Yes 0.3812X | 0.7309X | 27.55% | 0.09% | 1.3687
NMINHSO3495 | oocio | romsess | 0925 | 21087 | 00013 loqaq | 746014 Yes 0.4492X | 0.8149X | 30.74% | 020% | 1.2713
NMNHSO3S0S | 50 00c oo oranosor | ®%% | ;e | o00n ses1 | 665316 Yes 0.0873X | 2.0963X | 0.86% | 041% | 6.1963
NMNHSOISIT | o crcaer | oromats | 99292 | 3903 0.0002 g | 677607 Yes 0.0307X | 0.1901X | 2.92% | 0% 2.9342
NMNHA21735 | (coecon s | 0934 | 55035 | oo0se | 71320 | 68604 Yes 14572X | 1.9077X | 56.40% | 6.81% | 1.1921
NMNHA2IT36 | 0001000 | 1eseo0ss | O588 | 3450 00002 | 203 462365 Yes 0.0034X | 0.1007X | 0.23% | 0.01% | 16.995
j e 4,113,971 580,441 0.141 105 0.0002 |2 37 No NA NA NA | NA | NA
g e 3,868,171 1273350 | 031 195 00002 |5 ¥ No NA NA NA | NA | NA
NMNHIbNeg | oo 45,504 0.0192 ) ) ) nm"al‘)‘g:jj“fea N \]?/{:;h/e[rgll)iy N/A N/A N/A N/A N/A
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Supplemental 8

Tannerella forsythia mapping summary

Sample Total Reads Analysis- fg;g:lr{tég?;;t- Mapped Er(()? fer;idos r}l];)igzg Average length of Rescaled | Mean rsntga(rjlev o Z/:)\ifed Z/:)\if:fed

ready reads gg;}z)ts;-l reads mapped reads mapped reads or Not coverage coverage =X o 5%
dsENA 153,001 6.250 0.0054 ) 0 ) ;‘;’ah‘?que mapped |\, N/A N/A N/A N/A
dsENB 1,982,046 12,067 0.006 ) 0 ) ;‘;’az?que mapped |, N/A N/A N/A N/A
dsENC 10924554 | 60701 0.0055 5 0 ) ;‘;’ah‘?que mapped | g N/A N/A N/A N/A
dsEND 6,808,226 2010101 | 04287 10 0 . 49 No 0X 0.0038X | 0% 0%
dsExtNegE 2,068,072 194,559 0.094 18 0 5 82 No 0X 0.0069X | 0% 0%
dsExtNegF S 075412 243,767 0.048 ” 0 . 39 No 0X 0.0034X | 0% 0%
dsLibNegE 2,352,887 1,510 0.0006 ) 0 ) ;‘;’ah‘?que mapped |\, N/A N/A N/A N/A
dsLibNegF 1673.188 608 0.0004 . 0.0014 . 33 No 0X 0.0031X | 0% 0%
dsLNA 1362415 3,086 0.0022 ) 0 ) ;‘;’ah‘?que mapped |\, N/A N/A N/A N/A
dsLNB 3362917 44 0.0001 ) 0 ) ;‘;’az?que mapped | N/A N/A N/A N/A
dsLNC ooasgs | 7020 0.0006 ) 0 ) ;‘;’ah‘?que mapped | g N/A N/A N/A N/A
dsLND 4.612.074 17550 0.0038 ) 0 ) ;‘;’ah‘?que mapped |\, N/A N/A N/A N/A
NMMLS594955 | (crea08 | soa08.044 | 09052 a7l | 00007 21081 | 760022 Yes 0475X | 4.6238X | 3.71% | 1.89%
NMMLS594958 | 2o s3cs | 31734350 | 09027 28371 | 00008 13053 | 618774 Yes 0.2535X | 3.2436X | 2.88% | 0.99%
NMML605032 | 30261 eo0 | 7044123 | 08791 27062 | 0001 12638 | 673079 Yes 0.2498X | 2.824X | 3.10% | 1.05%
NMML605034 | 3 aer o3 | 33440034 | 08827 lo715 | 0:0004 7803 | 737305 Yes 0.1709X | 1.7368X | 327% | 1.06%
NMML605036 | 3¢ 20150 | 33503354 | 08669 13200 | 0:0003 ssa | 750017 Yes 0.1232X | 1.6722X | 2.84% | 0.72%
NMML60S046 | 401100 | 41860400 | 05579 35750 | 0-0008 18753 | 764756 Yes 0.4212X | 4.0188X |357% | 1.71%
NMML606312 | 593 010 | sana1046 | 09082 40524 | 00009 lagag | 763557 Yes 0.3293X | 3.1446X | 3.67% | 1.62%
NMML606316 | o s 0is | 52073000 | 09145 s0313 | 0-0009 15000 | 634507 Yes 0.2814X | 2.9409X | 3.75% | 134%
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NMML606323 | o001y | sagersao | 09217 s6.s28 | 0001 10766 | 631987 Yes 0.3668X | 4.6058X | 3.84% | 1.27%
NMML606325 | 5000151 | 4pa3asss | 00124 25046 | 0:0005 ogag | 629627 Yes 0.1819X | 2.1872X | 2.72% | 0.85%
NMML606334 | <\ 300105 | agoeasos | 09406 66120 | 00013 13006 | 567609 Yes 0.5658X | 5.5784X | 4.88% | 1.95%
NMML606340 | (cooc e | soagrion | 09103 13053 | 00005 o301 | 68564 Yes 0.1872X | 22092X | 2.10% | 0.87%
NMML606345 | 4co0c oc | 43 1aasa0 | 0935 43310 | 0001 los26 | 654215 Yes 0.3232X | 44117X | 2.83% | 1.03%
NMML606348 | (oo cis | gagaes37 | 09367 15615 | 00005 l1seo | 702415 Yes 0.2692X | 2.9424X | 340% | 1.31%
NMML606350 | 1 e 30y | 71403050 | 09233 45304 | 00006 15720 | 822404 Yes 0.3796X | 4.1025X | 345% | 1.45%
NMML60633 | 4o coount | ansggion | 0858 s0.503 | 00011 2sgea | 649341 Yes 04932X | 55012X | 4.05% | 1.74%
NMMLE06376 | 44 sos6sn | 37877401 | 08529 35454 | 0001 1044 | 395262 Yes 0.3393X | 3.7452X | 347% | 1.21%
NMMLE06378 | 41 cuscor | 35501302 | 0899 20302 | 00008 107 | 752403 Yes 0.2896X | 2.5579X | 3.73% | 1.56%
NMMLO06379 | 3 so5337 | 44735005 | 08346 43084 | 00009 21034 | 60091 Yes 0.3712X | 3.5696X | 4.68% | 1.60%
NMML606380 | 4 ooy oer | 35501720 | 09125 17403 | 0:0004 6065 | 727945 Yes 0.1489X | 1.859X | 231% | 0.71%
NMMLE06387 | g0 4o 610 | 72203001 | 0859 36205 | 0:0005 15402 | 70173 Yes 0.3578X | 32919X | 4.14% | 1.80%
NMML606388 | oo c20 004 | 75363858 | 05546 s0.077 | 0:0007 sedla | 626494 Yes 0.4804X | 3.9865X | 4.98% | 2.17%
NMML606393 | o) 020 ¢00 | 50178860 | 05689 44os) | 00005 17751 | 704293 Yes 0.3671X | 4.6106X | 3.01% | 1.19%
NMML606394 | (1coicor | syagngin | 0884 s7432 | 0001 27700 | 66:2908 Yes 0.541X | 63032X | 3.72% | 1.53%
NMML606395 | 4 coc0c | 3643410 | 0868 27472 | 00008 13 | 724928 Yes 0.2623X | 2.9804X | 3.28% | 1.08%
NMML606398 | (1 ocrnue | ssaorzin | 08722 30371 | 0:0005 12406 | 680465 Yes 0.2497X | 3.7267X | 2.53% | 0.87%
NMML606399 | o7 xc cor | sp010005 | 0918 Ja000 | 0:0013 sa1so | 779257 Yes 0.7814X | 103583X | 436% | 1.67%
NMML606400 | 1 o ooc | 39085670 | 08801 30005 | 0-0007 13505 | 659025 Yes 0.2671X | 3.5671X | 2.58% | 0.96%
NMMLE06407 | o1 136 o0 | 45034004 | 08806 25,505 | 00006 12140 | 705887 Yes 0.2517X | 2.5788X | 3.64% | 1.23%
NMMLO06408 | 4o cioasy | 41117018 | 9016 sLigo | 00007 14215 | 887515 Yes 0.287X | 2.8355X | 3.73% | 1.34%
SBNMI0G09 | \g210130 | 17506084 | 08923 6560 | 00003 sat7 | 702826 Yes 0.0499X | 04702X | 1.92% | 0.31%
SBNM1100 20213081 | 14030711 | 07386 ILsag | 00007 sop1 | 625768 Yes 0.1088X | 1.1209X | 2.56% | 0.66%
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SBNMI353 17108232 | 14005734 | 08143 11530 | 0-0008 s230 | 574979 Yes 0.0883X | 1.0621X | 1.90% | 0.54%
SBNMI378 1415.533 §32.837 0.5883 750 0.0009 05 52.8376 Yes 0.0066X | 0.1001X | 0.52% | 0%
SBNM1463 10050831 | 16640040 | 08345 0054 | 0:0005 a7 | 668227 Yes 0.0806X | 0.9807X | 1.81% | 0.51%
SBNMI551 10767675 | 17740800 | 08974 2a00p | 00014 a3 | 628534 Yes 0.2277X | 2.6872X | 3.11% | 1.01%
SBNM2130 19503873 | 70354700 | 0-8849 4708 | 00006 10726 | 617229 Yes 0.3575X | 4.5625X | 327% | 1.21%
SBNM2142 01137 | 18950565 | 0-8605 22204 | 00011 o34 | 631075 Yes 0.1917X | 2.1243X | 3.05% | 0.95%
SBNM216 11383418 | o.s08.56s | 08428 s334 | 0:0008 1575 | 598769 Yes 0.0629X | 0.7179X | 1.96% | 0.38%
SBNM2357 17789705 | 15253320 | 08574 14176 | 0:0009 1521 | B06362 Yes 0.1339X | 0.6521X | 7.98% | 0.41%
SBNM2419 13046.668 | 12424680 | 08908 14317 | 00011 640 | 630183 Yes 0.1267X | 1712X | 1.97% | 0.62%
SBNM243 17068771 | s770.501 | 04885 6108 | 00006 a3 | 663951 Yes 0.0607X | 0.7711X | 1.99% | 0.35%
SBNM244 17623351 | 13o6asze | 07923 17212 | 00012 Jo34 | 60.1012 Yes 0.14X 1.6885X | 2.24% | 0.74%
SBNM2440 20015325 | 18753080 | 09369 16521 | 0:0008 Jse0 | 689117 Yes 0.1532X | 1.8679X | 2.78% | 0.73%
SBNM3283 520428216 | 484280635 | 0-9305 sa0427 | 00011 140442 | 701979 Yes 2.8949X | 36.7859X | 6.03% | 2.93%
SBNM3450 16275.026 | 13093003 | 08597 1543 | 00011 6os | 62501 Yes 0.1274X | 1.103X | 324% | 0.83%
SBNM3822 14560300 | 12486156 | 08575 0555 | 00007 sso1 | 496906 Yes 0.0524X | 04923X | 221% | 0.29%
SBNM3973 19792725 | 16953585 | 08563 24056 | 00014 123 | 603987 Yes 0217X | 2.1812X | 3.53% | 1.16%
SBNM4260 21337008 | 15620027 | 0732 1o | 0:0007 ag3s | S89344 Yes 0.0837X | 1.0197X | 1.93% | 0.51%
SBNMS5178 0811613 | 44020788 | 0-8663 34008 | 00007 10609 | 663377 Yes 0.2084X | 2.0076X | 3.56% | 1.22%
SBNM3981 17330777 | 14166083 | 0815 Loze |0 ; 40.4286 No 0.0001X | 0.0102X | 0.01% | 0%
SBNM919 16712549 | 14665995 | 08775 0005 | 0-0006 420 | 647854 Yes 0.0801X | 0.8902X | 2.04% | 0.51%
SBNM945 §.651.877 sol3s3 | 06834 6000 | 0001 sosg | 72711 Yes 0.0629X | 0.8208X | 1.58% | 0.38%
SBNM948 14347850 | 10508003 | 07387 a3 | 0001 60ss | 569777 Yes 0.1014X | 1.0444X | 2.74% | 0.61%
SBNM957 13817.668 | 7007440 | 05722 Jass | 0:0009 1001 | 606209 Yes 0.0573X | 0.562X | 2.24% | 0.34%
SBNMO58 10220462 | 6965720 | 06809 4ssy | 00006 2366 | 613931 Yes 0.0427X | 0.5634X | 1.38% | 0.28%
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SBNM959 17.134.482 14498060 | 08461 14044 | 0-0009 5,997 69.4444 Yes 0.1223X | L11X 3.04% | 0.81%
SBNMO960 20,006,820 18,100,614 | 09048 2o4s | 00012 los17 | 389053 Yes 0.1819X | 2.2416X | 2.59% | 0.85%
SBNMO962 17,513,482 11778520 | 06725 5.206 0.0007 4,427 66.0865 Yes 0.0859X | 0.7685X | 2.59% | 0.61%
SBNMO964 22,239,835 18.500401 | 08399 10357 | 0001 8,954 61.8416 Yes 0.1626X | 1.6038X | 3.22% | 0.89%
NMNHIOS124 | )} g40 ¢3¢ 20102320 | 09162 156,725 | 0:0077 128,020 | 43428 Yes 1.7077X | 3.3374X | 39.33% | 13.66%
NMNH259651 | ¢ 00¢ o 41985246 | 09328 37021 | 00008 lo0g0 | 382771 Yes 0.3265X | 3.5289X | 3.25% 1.29%
NMNH276052 | ) 11 243 esazor | 09217 0,379 0.0004 3,769 51.875 Yes 0.0574X | 0.6968X | 1.81% | 0.36%
NMNH276054 | |5 00 s 16,840,063 | 0-8688 17485 | 0001 5,502 55.5823 Yes 0.1551X | 13631X | 3.23% 1%
NMNH395724 | ¢ a0 o4 23446768 | 09199 5730 0.0002 73 50.0785 Yes 0.0084X | 0.2168X | 0.53% | 0.01%
NMNH395725 | 3} 101 s 28152551 | 08945 14536 | 0-0005 6.778 58.3504 Yes 0.1161X | 14051X | 2.04% | 0.68%
NMNHS04201 | 5, <00 s 7sa0ss | 09224 33443 | 00014 21006 | 399296 Yes 0.3697X | 1.9408X | 13.93% | 1.48%
NMNHS04203 | ) g0 165 10807010 | 08708 12408 | 0:0006 5,793 52.1507 Yes 0.0887X | 0.8777X | 2.56% | 0.57%
NMNHS93460 | ) 141 10.836.468 | 09043 11050 | 0-0006 4,661 53.3358 Yes 0.073X 0.7469X | 2.34% | 0.45%
NMNHS93476 | ¢ | 4a 703 pai7706 | 08781 12334 | 0:0004 5867 61.8173 Yes 0.1065X | 1.0174X | 2.71% | 0.68%
NMNHS93495 | ¢ 200 17018083 | 09325 18,150 | 0001 10365 | 641325 Yes 0.1952X | 2277X | 2.63% | 0.91%
NMNHS93508 | 51 e oo Sla0600 | 09304 12200 | 0:0005 5,994 59.2107 Yes 0.1042X | 1.1124X | 246% | 0.66%
NMNHS93517 | 3 4s 40 o1omats | 09292 8,138 0.0003 3257 66.3417 Yes 0.0634X | 0.7726X | 1.65% | 0.41%
e laa1gsss | 09134 lo.143 | 0:0007 5,289 55.4997 Yes 0.0862X | 0.7679X | 2.76% | 0.53%
NMNHA21736 | 14591 957 l6.569.035 | 08388 15703 | 0-0009 0223 54.1751 Yes 0.1467X | 1.4209X | 2.77% | 0.92%
I:MNH"XtNeg 4113971 580,441 0.141 ol 0.0001 4 40.25 Yes 0X 0.0104X | 0% 0%
NMNHextNegB | 5 o) 1273359 0.3291 o1 0 s 39.2 No 0.0001X | 0.0135X | 0% 0%
NMNHIbNeg |, 53045 48,804 0.0192 . 0 . 144 No 0X 0.0065X | 0% 0%
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Supplemental 9

Klebsiella pneumoniae ma

ping summary

Analysis- Proportion ° f rea ds Q20 Proportion of reads .
Sample Total Reads Efﬁﬂznizgd;n d iﬁgtrralgfgiggm(jgys?-g Mapped mappeq (Mapped reads / m[ig;il(lier(e)azdos Ii:’;;zgigigfth of Rescaled or Not
merged) AdapterRemoval) reads Analysis-ready reads)

dsENA 153,001 6.250 0.0054 - lo ) E:I’;;e‘gizgs unique | AN file was empty
dsENB 1,982,046 12,067 0-006 1 0 - Eiirlfeﬁviiﬁf M BAM file was cmpty
dsENC 10924554 | 60701 0.0055 ; 0.0001 ) E:I’;;e‘gizgs unique | AN file was empty
dsEND 6,808,226 2,919,191 0.4287 168 0 3 31.6667 Yes

dsExtNegE 2,068,072 194,559 0.094 45 0.0002 s 422 Yes

dsExtNegF S 075412 243,767 0.048 0 0.0001 s 57.8 Yes

dsLibNegE 2,352,887 1,510 0.0006 - lo ) E:I’;;e‘gizgs unique | AN file was empty
dsLibNegF 1673,188 608 0.0004 - lo ) E:I’;;e‘gizgs unmique | AN file was empty
dsLNA 1362415 3,086 0.0022 - lo ) E:I’;;e‘gizgs unique | AN file was empty
dsLNB 3362917 44 0.0001 5 0.0046 ) g;‘;r;e‘gizg: unmique | g AN file was empty
dsLNC o3z | 7021 0.0006 - 1o ) E:I’;;e‘gizgs unique | AN file was empty
dsLND 4.612.074 17550 0.0038 - lo ) E:I’;;e‘gizgs unique | AN file was empty
NMML594955 65728408 | 59.498.044 0.9052 11211 0.0001 168 46.0119 Yes

NMML594958 35152363 | 31734352 0.9027 8,488 0.0002 274 38.6277 Yes

NMML605032 30761890 | 27.044.123 0.8791 6315 0.0002 151 40.3444 Yes

NMML605034 37882083 | 33.440.234 0.8827 3.923 0.0001 04 36.734 Yes

NMML605036 38670150 | 33.523.354 0.8669 5310 0.0001 137 40.9854 Yes

NMML605046 47,143,190 | 41,860,400 0.8879 5562 0.0001 1o 38.9364 Yes

NMML606312 0723018 | 54241046 0.9082 6,496 0.0001 0 42,0161 Yes

NMML606316 7156414 | 52,273,909 0.9145 7,855 0.0001 10 40.3431 Yes
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NMML606323 057711 | saserszo | 09217 isses | 00002 . 47.6129 Yes
NMML606325 sommast | acszissa | 09124 s | 00002 - 40.7906 Yes
NMML606334 S1308495 | asacaz0s | 09406 isae1 | 00003 ol 37.0442 Yes
NMML606340 65325647 | sodg7a00 | 09103 a3 | 00002 100 40.0467 Yes
NMML606345 5576006 | ariaasdo | 0943 losso | 00002 136 47.8065 Yes
NMML606348 66953615 | cara653 | 09367 §205 0.0001 ™ 37.9085 Yes
NMML606350 rassar | Tavsesy | 09233 12ags | 00001 74 38.2774 Yes
NMMLG606353 wemanr | sz | 0858 loary | 0:0002 132 37.7229 Yes
NMML606376 saa0ses2 | srsran | 08529 sz | 00002 175 353227 Yes
NMML606378 sngol | 3ssorsen | 08596 642 0.0001 13 37.6906 Yes
NMML606379 1508337 | 44735005 | 05346 lgsa | 00002 267 42.6839 Yes
NMML606380 psnoss | ssormn | 09128 6640 0.0001 14 36.9943 Yes
NMML606387 saac0612 | 12203001 | 08559 9299 0.0001 s 43.8475 Yes
NMML606388 w5790 | 7aeasss | 08846 s | 0:0002 . 36.8241 Yes
NMML606393 92270890 | so17s60 | 05659 oty | 00001 150 41.364 Yes
NMML606394 sassises | sracasi | 0884 R - 447933 Yes
NMML606395 605076 | 3reasato | 0568 sass 0.0001 - 38.5645 Yes
NMML606398 Go872as | ssaorgin | 0872 iogas | 00002 301 37.3504 Yes
NMML606399 1636607 | 2010905 | 0918 6270 0.0001 s 38.0129 Yes
NMML606400 1636965 | 30255670 | 08801 162 0.0001 s 40.5695 Yes
NMML606407 sL3667 | 4s03ac0s | 08806 §329 0.0001 210 382922 Yes
NMML606408 45600231 | atiizarg | 09016 5497 0.0001 130 36.9769 Yes
SBNM10609 loris130 | 17506084 | 08923 679 0.0003 160 41.6391 Yes
SBNM1100 soors0a | 1assosi | 07386 2577 0.0001 6 38.0299 Yes
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SBNM1353 1719523 | 1ag0sas4 | 08143 4930 0.0003 18 37.6085 Yes
SBNM1378 Latss | s3837 0.5883 ot 0.0002 0 36,1111 Yes
SBNM1463 10050831 | 16600040 | 08345 1457 0.0002 a 52.6042 Yes
SBNMI551 vog6rers | 17740800 | 08974 3930 0.0002 L6 36.503 Yes
SBNM2130 10503873 | 70354700 | 05849 losa | 00001 108 57.9196 Yes
SBNM2142 o137 | 18050565 | 08605 4359 0.0002 \a 40.1667 Yes
SBNM216 38518 | 9.598.568 0.8428 - 0.0002 o 38.0656 Yes
SBNM2357 17750705 | 15253300 | 08574 7 568 0.0004 403 37.927 Yes
SBNM2419 oaeees | 12adacso | 08908 2935 0.0002 o 36.3095 Yes
SBNM243 17068711 | 8779521 0.4885 1239 0.0001 s 382778 Yes
SBNM244 et | esasse | 07923 4631 0.0003 - 39.5672 Yes
SBNM2440 B T LX) 132 0.0001 s 36.3462 Yes
SBNM3283 520428216 | 484289635 | %9303 70,524 | 0-0001 1,469 42.501 Yes
SBNM3450 16275026 | 13993023 | 08597 2308 0.0001 40 38.6531 Yes
SBNM3822 14560300 | 12486056 | 08575 fsar | 00009 so71 62.7477 Yes
SBNM3973 197925 | 16953585 | 08565 3962 0.0002 0 37.7059 Yes
SBNM4260 300s | 1sea0r | 0732 503 0.0003 - 37.9932 Yes
SBNM5178 sosiiers | aaoo0mss | 08663 737 0.0001 ol 37.2919 Yes
SBNM8981 17380777 | 14166083 | 0815 008 0 " 49.8462 Yes
SBNM919 6712509 | 1465905 | 08775 . 0.0001 48 41,8333 Yes
SBNMO945 5651877 | so13s7 0.6834 490 0.0001 5 38.4194 Yes
SBNMO948 14347850 | 10508003 | 07387 2108 0.0001 o1 36.2637 Yes
SBNM957 13817668 | 7.907.440 0.5722 606 0.0002 o 402979 Yes
SBNMO58 102290462 | 6965729 0.6809 408 0.0002 40 37.55 Yes

Doctoral Dissertation - 122 - K. M. Rayfield




SBNM959 17134482 | 14498960 0.8461 2,810 0.0001 2 40.2838 Yes
SBNMO960 20006520 | 18.102,614 0.9048 5,441 0.0003 160 39.1625 Yes
SBNMO962 17513482 | 11778529 0.6725 2,506 0.0002 s 39.7593 Yes
SBNMO964 2239835 | 18.590.491 0.8359 3.774 0.0002 " 38.6838 Yes
NMNH105124 21940836 | 20,102,329 0.9162 10,761 0.0005 650 35.7588 Yes
NMNH259651 45006669 | 41.985.246 0.9328 8,114 0.0001 152 39.5263 Yes
NMNH276052 24611743 | 22684707 0.9217 0,741 0.0004 50 36.1141 Yes
NMNH276054 19380958 | 16,840,063 0.8688 Sl 0.0002 7 38.4247 Yes
NMNH395724 25486548 | 23.446.764 0.9199 8913 0.0003 305 37.6062 Yes
NMNH395725 31470551 | 28.152,551 0.8945 7314 0.0002 L6 42.1951 Yes
NMNH504201 24699645 | 22784088 0.9224 6.463 0.0002 46 54.7108 Yes
NMNH504203 22849165 | 19.897.19 0.8708 6,513 0.0003 - 37.2021 Yes
NMNH593460 21934115 | 19.836.468 0.9043 7,548 0.0003 605 422116 Yes
NMNH593476 28148793 | 24717796 0.8781 5,082 0.0002 %7 42.7241 Yes
NMNH593495 18250220 | 17.018.983 0.9325 3,378 0.0001 105 37.7905 Yes
NMNH593508 23.076.638 | 21.470.600 0.9304 4205 0.0001 i 39.9481 Yes
NMNH593517 23645460 | 21.972.414 0.9292 4,602 0.0002 105 43.5429 Yes
NMNHA21735 15785332 | 14418558 0.9134 4,643 0.0003 159 36.5786 Yes
NMNHA21736 19291927 | 16,569,038 0.8588 5,896 0.0003 28 38.0614 Yes
NMNHextNegA 4113971 530,441 0.141 265 0.0006 ” 39.2941 Yes
NMNHextNegB 3,868,171 1.273.359 0.3291 - 0.0005 53 42.7736 Yes
NMNHIibNeg 2,538.168 48,804 0.0192 - lo ) E:;;e‘gizgs unique | AN file was empty
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Supplemental 10

Toxoplasma gondii mapping summary

Proportio . . , % ref.
Sample Toral Reads | Amysisready | LU0 | Mappe | RN | D | Ave lenghof | Rescled | (| G| (G0 | covere | Cluster
reads Adapter- d reads mapped reads mapped reads or Not rage coverage | >=1X (51;7 factor
Removal
dsENA L1s3001 | 6250 0.0054 4 0.00064 ) nm"al‘)‘;i‘é“fea i En’?;\g,ﬁle N/A N/A N/A NA | NA
dsENB 1082046 | 12,067 0.006 . 0.00099445 | | 73 No N/A N/A N/A NA | NA
dsENC 10924554 | 60.701 0.0055 48 0.00079076 | , 46.3333 No N/A N/A N/A NA | NA
dsEND 6308226 | 2.919.191 0.4287 soag | 000179776 | 62.66 Yes 0X 0.0039X | 0% 0% 104.96
dsExtNegE 2068072 | 194559 0.094 1 000062192 | |5 51 Yes 0X 0.0016X | 0% 0% 9.3076
dsExtNegF sorsaz | 243767 0.048 28 0.00093532 | |, 67.7059 Yes 0X 0.0029X | 0% 0% 13.4117
dsLibNegE 2352887 | 1510 0.0006 ) 0 ) nm"al‘)‘ggjj“fea i En’?;\fyﬁle N/A N/A N/A NA | NA
dsLibNegF 1673188 | 608 0.0004 s 0.00716332 | | 51 No N/A N/A N/A NA | NA
dsLNA 1362415 | 3086 0.0022 ) 0 ) nm"al‘)‘;i‘é“fea i En’?;\g,ﬁle N/A N/A N/A NA | NA
dsLNB 3362017 | 434 0.0001 ) 0 ) nm"al‘)‘;i‘é“fea i En’?;\g,ﬁle N/A N/A N/A NA | NA
dsLNC 003828 | 7021 0.0006 ) 0 ) nm"a;ggjj“fea i En’?;\g,ﬁle N/A N/A N/A NA | NA
dsLND 4612074 | 17550 0.0038 18 001037037 | 84 No N/A N/A N/A NA | NA
NMMLS94955 | (<200 405 | 50.498,044 0.9052 6170 | 00001037 | (o0 | 66.0446 Yes g(.0003 0.0634X | 0% 0% 5.6141
NMMLS594958 | oo 3ox | 3173435 0.9027 a7 | BATE0S | ) 51.5645 Yes 0X 0.0064X | 0% 0% 41.5806
NMML605032 | 30 7¢1 00 | 27.044.123 0.8791 1go0 | TO219E05 | 59.776 Yes 0X 0.0086X | 0% 0% 15.192
NMML605034 | 2 ¢or e | 33440234 0.8827 004 27033E-05 | 63.12 Yes 0X 0.0027X | 0% 0% 36.16
NMML60S036 | ¢ 0150 | 33.523354 0.8669 La71 | AISSE0S | 63.2846 Yes 0X 0.009X | 0% 0% 11.9593
NMML605046 | 2143100 | 41,860,400 0.8879 Less | F9SI6E0S | o 62.5714 Yes 0X 0.0112X | 0% 0% 9.0934
NMML606312 | 5203 015 | 54241.046 0.9082 g0 | ¥ITEOS |, 53.3906 Yes 0X 0.0053X | 0% 0% 28.2812
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NMML606316 | o1 scsa | 52273000 0.9145 aaly | 4424805 | 46.9259 Yes 0X 0.0025X | 0% 0% 85.6666
NMML606323 | 59 537011 | s54.867.830 0.9217 2igs | 3982E05 | 46.6667 Yes 0X 0.0038X | 0% 0% 72.8333
NMML606325 | 50222151 | 46333.584 0.9124 2329 | S0266E05 | o 527288 Yes 0X 0.0049X | 0% 0% 39.4745
NMML606334 | o o0 1o | 45264303 0.9406 sas0 | TMBIEOS | 49.482 Yes 0X 0.0086X | 0% 0% 24.8201
NMML606340 | (o0 | 59467102 0.9103 24204 | 000040735 | 48.932 Yes ())(.0001 0.0407X | 0% 0% 36.5921
NMML606345 | 4o 1oc e | 43,144,840 0.9435 1704 | 4ISBIE0S | 0 56.925 Yes 0X 0.0036X | 0% 0% 44.85
NMML606348 | oo oes s | 62726.537 0.9367 san0 | S4S22B05 | 55.9027 Yes 0X 0.0131X | 0% 0% 15.1327
NMML606350 | o re 352 | 1 493,052 0.9233 o1 | SIMTEOS | 57.6307 Yes ())(.0001 0.0133X | 0% 0% 15.2323
NMML606353 | 4o oy it | 4ps88.122 0.858 2160 | SOTISE0S | 49.4545 Yes 0X 0.0032X | 0% 0% 98.1818
NMMLE06376 | 40 yoe o5 | 37.877.401 0.8529 sgos | TI4E0S | o) 43.451 Yes 0X 0.0041X | 0% 0% 52.8235
NMML606378 | 41 cupcor | 35801302 0.8596 g731 | 0:00024387 | L, 65.193 Yes ())(.0001 0.0365X | 0% 0% 23.4075
NMML606379 | o3 soe a0 | 44735065 0.8346 sa30 | 69967E0s | 53.6809 Yes 0X 0.0047X | 0% 0% 66.5957
NMML606380 | 4o 31 es | 35501720 0.9125 l4so | BT60IE0S |, 52.6818 Yes 0X 0.0043X | 0% 0% 33.159
NMML606387 | ¢\ coc15 | 72203001 0.8559 4031 | SSTSEOS | o 69.3116 Yes ())(.0001 0.0328X | 0% 0% 8.2097
NMML606388 | oo 20 con | 78.363.858 0.8846 lo.1g7 | 0-00020656 | o) 53.2749 Yes ())(.oooz 0.0434X | 0.01% | 0% 16.4837
NMML606393 | 4 520 400 | 50,178,569 0.8689 e8| ASHOE0S |4 55.9695 Yes 0X 0.0088X | 0% 0% 27.6946
NMML606394 | (0een s | 57360810 0.884 g0 | G6T6SE0S | 53.3401 Yes 0X 0.011X | 0% 0% 26.0544
NMML606395 | 3 coc e | 32,643,410 0.868 129 | 3T649E0s | o) 53.4035 Yes 0X 0.0045X | 0% 0% 21.5614
NMML606398 | (2 oeo e | 55201712 0.8722 asor | 4693TE0S | o 92.4769 Yes ())(.0001 0.0436X | 0% 0% 13.2871
NMML606399 | o e o0 | 55010005 0.918 siz0 | 4023TE0S |0 63.2617 Yes 0X 0.0123X | 0% 0% 19.8971
NMML606400 | 4 e s | 39985679 0.8801 sagy | 6266905 | oo 55.6778 Yes 0X 0.0064X | 0% 0% 27.3555
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= 0, 0,
NMML606407 | ¢ 3¢ o0 | 45034004 0.8806 so7s | SO494E0s | o 56.6645 Yes 0X 0.0096X | 0% 0% 14.9605
~ 0 0
NMML606408 | 4o coooat | 41117018 0.9016 2070 | SOSE3E0S |l 95.7909 Yes (})(.0001 0.0669X | 0% 0% 7.9049
- 0, 0,
SBNM10609 19718.130 | 17,596,084 0.8923 Lagy | B19SE0S | 62.5366 Yes 0X 0.01X | 0% 0% 8.7926
= 0, 0,
SBNM1100 20213041 | 14930711 0.7386 73 4.9026E-05 | | 53.8571 Yes 0X 0.0035X | 0% 0% 34.8571
~ 0 0
SBNMI1353 17198232 | 14005734 0.8143 083 63046E-05 | | 60.6667 Yes 0X 0.0032X | 0% 0% 42.0476
} no unique BAM file
SBNM1378 1415533 | 832,837 0.5883 0 7.5645E-05 | mappod reads | empty N/A N/A N/A NA | NA
= 0, 0,
SBNM1463 19950.831 | 16649240 0.8345 671 4.0302E-05 | s 66.04 Yes 0X 0.003X | 0% 0% 26.84
~ 0 0
SBNMI551 19767.675 | 17.740.890 0.8974 Le6s | 93BSIE0S | oo 67.8793 Yes 0X 0.0104X | 0% 0% 28.7068
= 0, 0,
SBNM2130 79503873 | 70.354.799 0.8849 257 | 3OO13E0S | o 73.2794 Yes 0X 0.0054X | 0% 0% 38.1911
~ 0 0
SBNM2142 2021137 | 18.950.565 0.8605 L4s7 | T68B4E0S | o 53.8696 Yes 0X 0.0055X | 0% 0% 31.6739
= 0, 0,
SBNM216 11388418 | 9.598.568 0.8428 S8 6.1259E-05 | 51.875 Yes 0X 0.0014X | 0% 0% 73.5
0, 0,
SBNM2357 17789705 | 15253320 0.8574 26,800 | 000175699 | 50 | 483812 Yes ())(.0004 0.0787X | 0.01% | 0% 12.7558
= 0, 0,
SBNM2419 13.946.668 | 12.424.680 0.8908 Loso | BASO9E0s || oo 78.9562 Yes 0X 0.0081X | 0% 0% 6.5625
= 0, 0,
SBNM243 17068771 | 8779521 0.4885 36 35993E-05 | | 80.9091 Yes 0X 0.0018X | 0% 0% 28.7272
= 0, 0,
SBNM244 17623351 | 13964536 0.7923 ¢71 62372E-05 | | 58.9 Yes 0X 0.0017X | 0% 0% 87.1
~ 0 0
SBNM2440 20015325 | 18.753.180 0.9369 960 SI191E-05 | g 73.5 Yes 0X 0.0031X | 0% 0% 34.2857
= 0, 0,
SBNM3283 520428216 | 434280.635 | 09305 20143 | A0S | Lo 55.8516 Yes (})(.0001 0.019X | 0% 0% 52.4557
0, 0,
SBNM3450 16275.126 | 13993223 0.8597 1g37 | 000013128 | 49.5662 Yes 0X 0.0083X | 0% 0% 13.5073
0, 0,
SBNM3822 14560300 | 12.486.156 0.8575 16009 | 0:00128935 | o, 61.0672 Yes ())(.oooz 0.1053X | 0% 0% 20.0236
= 0, 0,
SBNM3973 19792725 | 16.953.585 0.8565 1346 | T939BE0s | o 50.9565 Yes 0X 0.0035X | 0% 0% 29.2608
= 0, 0,
SBNM4260 21337.008 | 15.620.127 0.732 Lors | OBTSTEOS | o 48.3243 Yes 0X 0.0032X | 0% 0% 29.027
= 0, 0,
SBNMS5178 s0811.613 | 44020788 0.8663 1g20 | 41549E05 | ) 49.5952 Yes 0X 0.0043X | 0% 0% 43.5476
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SBNM3981 17380777 | 14,166,983 0.815 137700 | 000971978 | |1 oo | 544558 Yes ())(.0023 L12X | 0.01% | 0% 12.7123
SBNM919 16712549 | 14,665,995 0.8775 Lear | 00001123 | 723553 Yes ())(.0001 0.0118X | 0.01% | 0% 54177
SBNM945 8651877 | 5.913.537 0.6834 358 6.0539E-05 | 64.0667 Yes 0X 0.0025X | 0% 0% 23.8666
SBNM948 14347850 | 10.598.993 0.7387 34 S9817E-05 | |4 55.6923 Yes 0X 0.0017X | 0% 0% 48.7692
SBNM957 13817.668 | 7.907.440 0.5722 2 6.6014E-05 | 4, 57.4516 Yes 0X 0.0034X | 0% 0% 16.8387
SBNMY58 10229462 | 6.965.729 0.6809 430 6.1731E-05 | 51.45 Yes 0X 0.0029X | 0% 0% 215
SBNM959 17134482 | 14498.960 0.8461 L712 | 000011808 | o 56.7542 Yes 0X 0.0079X | 0% 0% 14.5084
SBNM960 20006520 | 18,102,614 0.9048 Loq0 | STASE0S | o 49.8125 Yes 0X 0.0031X | 0% 0% 65
SBNM962 17513482 | 11778.520 0.6725 s303 | 000045023 | 55.6995 Yes ())(.0001 0.0383X | 0% 0% 8.171
SBNM964 22230835 | 18.500401 0.8359 so13 | 0:00026965 | oo | 721263 Yes ())(.0003 0.0333X | 0.02% | 0% 3.9817
NMNHI0S124 | 5 00036 | 20102329 0.9162 1sgs | 00001 103 44.456 Yes 0X 0.0096X | 0% 0% 18.5751
NMNH259651 | 45 006660 | 41.985.246 0.9328 as |0 5 55.566 Yes 0X 0.0043X | 0% 0% 44.2264
NMNH276052 | 5, s | 55 684707 0.9217 2362 | 00001 166 58.8133 Yes 0X 0.0225X | 0% 0% 14.2289
NMNH276054 | 1y 30006 | 16,840,063 0.8688 1256 | 0 L0 50.2941 Yes 0X 0.0062X | 0% 0% 123137
NMNH395724 | s yec e | 23446764 0.9199 4| 00002 L0 | 5497 Yes ())(.oooz 0.0511X | 0% 0% 43381
NMNH395725 | 31 40 st | o5 150551 0.8945 a2 |0 s 59.72 Yes 0X 0.0039X | 0% 0% 28.64
NMNHS04201 | 0 o0 s | 20784.088 0.9224 1eos | O o1 57.8713 Yes 0X 0.0143X | 0% 0% 16.7821
NMNHS04203 | 20 40165 | 10,897,010 0.8708 1768 | O 1 507025 Yes 0X 0.0071X | 0% 0% 14.6115
NMNHS93460 | 5 oo | g 636468 0.9043 soga | 0-0002 557 49.2334 Yes ())(.0001 0.0243X | 0% 0% 7.3285
NMNHS93476 | 1o ae 203 | 24717.706 0.8781 1os6 | O 277 62.1047 Yes ())(.0001 0.0118X | 0% 0% 7.1696
NMNHS93495 | 1000000 | 17,018,983 0.9325 730 0 - 59.9726 Yes 0X 0.0056X | 0% 0% 10
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NMNHS93508 | 53 02¢ e | 51 470,609 0.9304 1o1s |0 ol 55.3827 Yes 0X 0.0063X | 0% 0% 15.037
NMNHS93517 | 03 e v | 21070414 0.9292 1244 |0 -, 57.4234 Yes 0X 0.0079X | 0% 0% 11.2072
NMNHA2I73S | (soecans | 141558 0.9134 92 0 - 57.7241 Yes 0X 0.0038X | 0% 0% 31.7931
NMNHA2I736 | 15001 057 | 16569038 0.8588 Loar |0 20 58.6667 Yes 0X 0.0036X | 0% 0% 34.7
NMNHextNegA | 4 113001 | 50441 0.141 70 0.0001 . 67.1667 Yes 0X 0.0012X | 0% 0% 11.6666
NMNHexiNegB | 3 gce 171 | 1273350 0.3291 . 0 ; 54 Yes 0X 0.0012X | 0% 0% 9.5714
NMNHIbNeg | 5530165 | 48,504 0.0192 " 0.0002 . 58 No N/A N/A N/A NA | NA
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