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Abstract

Paleoproteomics, the study of ancient proteins, uses mass spectrometry to identify and
characterize proteins by their amino acid sequences. This thesis explores the potential of
paleoproteomics to inform bioarchaeological interpretations of biological sex and health in a
small medieval population from Gurat, France. Ten milligram enamel samples from six
individuals excavated from a rock-cut cave church were analyzed using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) to identify proteins in enamel and evaluate their
interpretive potential. The primary aim of this project was to test a modified method to
investigate its ability to successfully identify amelogenin (amelogenin-X and amelogenin-Y) and
immune proteins (C-reactive protein and immunoglobulin-gamma). This method was
intentionally modified to reduce analytical costs and resource requirements, while remaining
applicable to very small quantities of dental enamel, thereby increasing its feasibility for
archaeological and ethically sensitive sampling contexts.

The enamel-specific protein amelogenin was successfully identified in all six samples,
allowing for proteomic estimations of biological sex to be made. In contrast, one non-enamel-
specific immune protein (C-reactive protein) was identified in only one sample, reflecting
uncertainty regarding the abundance and preservation of immune proteins in enamel, the immune
histories of the Gurat individuals, and the sensitivity of the modified method for immune protein
detection.

These results highlight both the strengths and limitations of paleoproteomics, offering
avenues of exploration in future directions. Above all, this thesis finds that proteomic analyses
can complement osteological analyses to offer valuable insight into archaeological populations.
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Chapter 1: Introduction

1.1 Research purpose and scope

Proteomics, the study of proteins, uses mass spectrometry to identify and characterize
proteins by their amino acid sequences (Hendy et al., 2019). Amino acids link together through
peptide bonds to form peptides, which assemble and fold into complex, three-dimensional
structures that constitute functional proteins (Hendy et al., 2018; Hendy et al., 2019; Warinner et
al., 2022). Paleoproteomics extends these methods to the study of ancient proteins, applied to
archaeological populations. While paleoproteomics is a relatively new discipline in
anthropology, the survival and preservation of ancient proteins have been studied for decades,
since the discovery of amino acids in fossils in 1954 (Abelson, 1954; Hendy et al., 2019).

The recent draw toward paleoproteomics in the anthropological discipline is attributed to
proteins maintaining an exceptionally high level of preservation. Because proteins are generally
more “robust” than DNA and RNA, owing to their greater molecular stability and frequent
incorporation into mineralized tissues such as bone and dental enamel, they can survive in
human remains long after nucleic acids have degraded, allowing for molecular analyses in
contexts where ancient DNA recovery is not possible (Hendy et al., 2018; Hendy et al., 2019;
Warinner et al., 2022). This resilience makes proteins an invaluable biomolecular resource for
reconstructing aspects of the past, thereby expanding the scope of molecular anthropology
beyond the limits of DNA-based research (Hendy et al., 2018; Hendy et al., 2019; Madupe et al.,

2025; Warinner et al., 2022).



As the possibilities of what proteomics may share about ancient and past populations
continue to be explored, it is critical that these methods are tested thoroughly. This thesis
provides a proteomic analysis of teeth from an archaeological population in the hopes of
assessing what proteomics may uncover in the case of a small group of individuals from Gurat,
France.

Like proteins themselves, teeth and their tissues, such as enamel, exhibit remarkable
preservation in archaeological contexts, providing an important means for anthropologists to
better understand ancient populations and how they may have lived (Gil-Bona & Bidlack, 2020;
Hillson, 2024). Research involving teeth has allowed us to better reconstruct aspects of past lives
such as diet, age-at-death, health, or, more recently, biological sex (Bartlett, 2013; Castiblanco et
al., 2015; Charlton et al., 2019; Gil-Bona & Bidlack, 2020; Hillson, 2024; Margolis et al., 20006).
Through the application of proteomics using dental enamel, an emergent area of study within
bioarchaeology, biological sex can be determined based on the presence of certain proteins that
make up the structural foundations of enamel in as little as fifteen minutes (Ziganshin et al.,
2020)

Buonasera et al., 2024, argue that proteomic sex estimations may represent only one
application of enamel proteomics. In their study, they examine the presence and relative
abundance of serum-derived immune proteins immunoglobulin-gamma (IgG) and C-reactive
protein (CRP) in dental enamel to explore population-level differences in health and
physiological stress. Analyzing enamel from Mission-Period ancestral Ohlone individuals and
comparing these results with historic-period European-American and contemporary samples,

they report elevated IgG levels among individuals interred at the mission site, as well as the
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presence of CRP in a subset of archaeological samples (Buonasera et al., 2024). These patterns
are cautiously interpreted as potentially reflecting higher burdens of disease and physiological
stress within the Mission population, while emphasizing that such interpretations remain
provisional (Buonasera et al., 2024). Importantly, their study demonstrates that immune-related
proteins can be detected in archaeological enamel and suggests that enamel proteomics may
provide insight into immune responses occurring during tooth formation (Buonasera et al.,
2024). While further research is required to clarify the exact mechanisms of protein
incorporation and preservation, this work establishes a foundation for investigating immune-
related markers in enamel beyond sex estimation.

In this light, this thesis research adapts and slightly modifies existing proteomic methods
previously used on bone and teeth to apply them to smaller samples of dental enamel and explore
the boundaries of proteomic analysis. These modifications were implemented to account for
differences in sample size and tissue type, while also reducing analytical costs, relying on readily
available laboratory materials, and improving practical feasibility. Using mainly permanent teeth
excavated from the early medieval church of St. Georges, Gurat, France, from individuals with
previously produced osteobiographies, this project aims to identify proteins associated with
biological sex and immune system activity during childhood. By observing specific protein
presence with osteological indicators of biological sex and health, this research tests the
interpretive opportunities of current proteomic methods. Proteins of particular interest include
amelogenin, immunoglobulin-gamma, and C-reactive protein, which may shed light on the
biological sex and childhood health of the Gurat individuals. Furthermore, this study

simultaneously evaluates the potential of proteomic approaches for sex determination in



comparison to cranial and/or pelvic sex estimation strategies, offering valuable insights for both

bioarchaeological and forensic applications.

1.2 Ethical and anthropological approaches to proteomic research

The importance of an anthropological approach to paleoproteomic research is that
research remains people-focused. When investigating quantitative data as they relate to a
population, biological anthropologists must put people at the forefront, meaning the individuals
represented in the archaeological record and relevant descendant communities. It is critical to
maintain that researchers are not simply working with data, but with the remains of real people,
and that interpretations of molecular findings may have consequences for real lives. As such,
anthropological research using molecular methods requires reflexivity, contextual awareness, and
ethical responsibility. While the purpose of this thesis is primarily method development, it also
hopes to contribute to the continued study of the ancient Gurat population in a manner consistent
with the descendant community’s expressed interest in seeing research carried out with these
remains (A. Dolphin, personal communication, 2025).

A biocultural approach is often invoked in bioarchaeological research to integrate
biological and cultural factors in the interpretation of human health and behaviour (Goodman &
Leatherman, 1998). In this thesis, however, biocultural theory is not employed as a primary
explanatory framework. Rather than using molecular data to generate broad claims about social
organization or identity, biocultural perspectives are drawn on selectively to emphasize
contextualization, interpretive restraint, and ethical limitation. This approach recognizes that

human biology is not static or isolated, but shaped by social, political, economic, and



environmental conditions (Agarwal & Glencross, 2011; Goodman & Leatherman, 1998;
Gregoricka, 2023; Schrader & Torres-Rouff, 2021; Zuckerman et al., 2023), while also
acknowledging that proteomic data alone cannot meaningfully reconstruct these conditions.

Because proteomic data provide molecular-level information, such as the presence or
absence of specific proteins, it can be tempting to link findings directly to broader cultural,
social, or environmental explanations. Such interpretations are inherently speculative and risk
exceeding what the data can support (Agarwal & Glencross, 2011; Gregoricka, 2023; Schrader &
Torres-Rouff, 2021). Commenting beyond the scope of proteomic methods can jeopardize not
only the integrity of the research, but also the populations represented and the credibility of the
method itself. Large or absolute statements about identity, behaviour, or culture risk
misrepresentation and may cause harm to descendant communities as well as to broader publics
engaging with anthropological research (Agarwal & Glencross, 2011; Gregoricka, 2023; Martin
et al., 2013; Schrader & Torres-Rouft, 2021; Zuckerman et al., 2023).

Accordingly, proteomic evidence in this thesis is treated as one line of evidence among
many, interpreted cautiously and in conversation with osteological, archaeological, and historical
data when relevant and possible. The goal is not to produce sweeping narratives from molecular
findings, but to define their limits, contextual relevance, and interpretive implications. This
chapter therefore adopts an ethical anthropological framework that prioritizes transparency,
restraint, and respect for the individuals and communities represented by the data, rather than the
production of biocultural narratives that extend beyond what proteomic methods can support. In

this thesis, these ethical and anthropological principles are operationalized through cautious



interpretation, method modification to minimize unnecessary destruction, and a deliberate

avoidance of claims that extend beyond what proteomic data can reasonably support.

1.3 Ethics and responsibility in biomolecular research

Working with human remains requires a heightened level of reflexivity and ethical
consideration (Agarwal & Glencross, 2011). In recent years, proteomic research has emerged as
a transformative method in biological anthropology, yet the pace of scientific advancement has,
at times, outstripped sustained reflection on why this work is undertaken and for whom. At
present, there are no formal ethical guidelines specific to proteomic research, nor widely
recognized standards governing sampling, analysis, or interpretation (Hendy et al., 2018; Hendy
et al., 2019). This gap should be addressed by appropriate professional associations. In the
absence of such guidance, it remains essential to remember that the human remains analyzed in
paleoproteomic research represent individuals and communities documented in the
archaeological record. As researchers, we have a responsibility to uphold respect, transparency,
and care, ensuring that ethical considerations are central to both research design and
interpretation. These ethical considerations directly informed the methodological decisions made
in this project, including sample selection, method modification, the language used to describe
destructiveness, and the interpretive boundaries applied to the results.

One of the primary ethical challenges of molecular research, including proteomics, is the
risk of reducing human beings to datasets, thereby obscuring the lived realities of the individuals
represented. This form of reductionism can emerge subtly through the framing of research
questions, the categorization of samples, or the presentation of results. Ethical responsibility in

proteomic research therefore requires careful attention to how molecular findings are
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contextualized and communicated, and to the potential consequences such interpretations may
carry for descendant communities and broader publics.

Ethical practice in anthropological research further involves the adoption of visible,
sustainable, and community-centered research habits. These include clear justification for
sampling and analysis, thorough pre-sampling documentation, evaluation and minimization of
destructive methods, and transparent reporting of results where appropriate (Gregoricka, 2023;
Martin et al., 2013). In this thesis, such considerations informed the development of both
methods and results. To preserve the integrity of the skeletal collection, measurements and
photographs of teeth were taken prior to destructive sampling and retained for future research,
and each tooth was selected based on existing osteological analyses to minimize damage to the
overall collection.

Proteomic research, while promising, continues to face significant ethical and
methodological challenges. Particular care must be taken in the language used to describe
analytical techniques. In proteomic literature, methods are frequently described as “minimally
invasive” (Briizek et al., 2024; Fabrizi et al., 2024; Fiddyment et al., 2015; Hansen et al., 2024;
Multari et al., 2022; Stewart et al., 2016). However, this terminology is not used here. All
research involving human remains is, by nature, invasive. It is therefore more accurate and
ethically transparent to describe methods in terms of their destructiveness. In this thesis,
“minimally destructive” refers to methods that preserve visible morphology, limit chemical or
physical alteration, and retain potential for future analysis, while “destructive” refers to methods

that partially or fully destroy samples and preclude their reuse. Destructive methods should



always be evaluated with caution, particularly when working with irreplaceable archaeological
materials.

In this project, minimally destructive methods were not feasible due to time and resource
constraints. As a result, destructive methods were carefully evaluated prior to use. Although the
overall morphology of the teeth was preserved, nearly all enamel was removed through drilling.
The resulting enamel powder was collected for proteomic analysis and retained for future
research, rather than discarded.

Method development was also undertaken to reduce unnecessary destruction. While
enamel samples of approximately 20mg are commonly used in proteomic studies, preliminary
experiments conducted for this thesis demonstrated that smaller samples of 15mg and 10mg
yielded comparable proteomic results. Samples weighing 6mg and 8mg were also tested but did
not produce meaningful data. These experiments are critical when working with archaeological
remains, as unnecessary destructive sampling poses a greater ethical concern than destruction
itself. Although larger samples often yield richer datasets (Hansen et al., 2024; Multari et al.,
2022), they do so at the cost of future analytical potential. Where destructive methods are
required, efforts to minimize sample size while maintaining data quality are therefore essential.
This project also maintains a clear distinction between biological sex and gender. Biological sex
refers here to chromosomal traits identified through molecular or osteological analysis, whereas
gender refers to social, cultural, and personal identities (Agarwal & Wesp, 2017; Bruckett &
Law, 2018). Determining biological sex is not equivalent to determining gender, and conflating
these terms risks reinforcing biologically deterministic interpretations of identity. Such

misrepresentations can contribute to exclusionary or harmful narratives and are ethically



inappropriate in proteomic research. Accordingly, this thesis does not compare biological sex
with gender and avoids commentary that extends beyond what molecular data can support.

This research contributes to ongoing discussions in biological anthropology by
investigating the potential of dental enamel to serve as a bioindicator of health in comparison to
existing paleopathological evidence within an early medieval population from Gurat, France.
Through the application of proteomics, this project aims to assess whether ancient enamel retains
a lasting memory of the body’s immune responses during the time of its development throughout
childhood (Buonasera et al., 2024). While only one targeted immune protein was detected in this
study using the developed method, this result holds important implications for understanding
both the preservation limits of enamel and the interpretive boundaries of paleoproteomic
methods. The absence of detectable immune proteins, especially when paleopathological
indicators are present, suggests not only that there is more to be understood when it comes to
protein integration in the enamel matrix, but also that this method requires further optimization
and has several limitations to work through. These findings also support the possibility that
antibodies may not survive the same way that structural proteins do over prolonged periods of
time (Kendall et al., 2016). In any case, interpretations of immune proteins must be made with
significant caution, and technological and scientific advances are critical to the continuation of
this field. The findings in this thesis highlight the existing limitations and boundaries in immune-
related paleoproteomics.

In addition to its focus on health-related markers, this project also assesses the utility of
enamel proteomics for sex determination in comparison to osteological methods. By

simultaneously incorporating both proteomic and traditional osteological methods, this thesis



maintains that these methods may work best when used together, rather than alone. In the case of
subadult remains where osteological methods were not applicable, this thesis could not reliably
conduct sex estimation based on the proteomic evidence alone. This also highlights the need for
research specifically with subadult remains, particularly those of known biological sex.

In summary, this thesis aims to contribute to the development of proteomic research by
testing its boundaries, refining its applications, and contributing to broader discussions about the

interpretations of molecular information in anthropological contexts.
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Chapter 2: Background

2.1 Applications of paleoproteomics

2.1.1 Applications of proteomics for biological sex

Of the limited proteomic studies published to date, most focus on the structural proteins
of parts of human remains, such as enamel-specific proteins amelogenin, ameloblastin, and
enamelin, or collagen in dentine and bone (Bartlett, 2013; Castiblanco et al., 2015; Gil-Bona &
Bidlack, 2020; Hillson, 2024; Margolis et al., 2006). In particular, amelogenin proteins
amelogenin-X and amelogenin-Y, which represent the X and Y chromosomes respectively, have
been of much focus to provide proteomic estimates of biological sex (Bartlett, 2013; Castiblanco
et al., 2015; Gil-Bona & Bidlack, 2020; Hillson, 2024; Margolis et al., 2006).

Amelogenin is an enamel-specific structural protein critical to the process of enamel
formation and mineralization as the most abundant structural protein in enamel (Bartlett, 2013;
Brookes et al., 2017; Castiblanco et al., 2015; Duverger & Lee, 2024; Gil-Bona & Bidlack, 2020;
Hillson, 2024; Margolis et al., 2006). Though amelogenin-X is present in both males and
females, amelogenin-Y is male-sex-specific, indicating that its presence in teeth is representative
of male biological sex (Castiblanco et al., 2015; Gil-Bona & Bidlack, 2020; Greco et al., 2023;
Jagr et al., 2019; Parker et al., 2019; Procopio et al., 2018; Sharma et al., 2020; Shaw et al.,
2023).

The distinction between amelogenin-X (AMELX) and amelogenin-Y (AMELY) arises
from key differences in their amino acid sequences, making them distinguishable sex-specific

peptide markers detectable by mass spectrometry (Hendy et al., 2018; Hendy et al., 2019; Hendy,
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2021). For example, short amino acid sequences such as SMIRPPY and MIRPPY have proven
diagnostic for the identification of Y-chromosome-linked amelogenin in proteomic datasets
(Parker et al., 2019). The successful identification of these proteins in ancient and contemporary
enamel allows the inferences of biological sex directly from protein evidence, independent of
morphological or genetic data (Gil-Bona & Bidlack, 2020; Parker et al., 2019). This can be very
useful in sex estimation in skeletal remains, especially where the pelvis or cranial bones are not
present, or in the case of subadults, where sex estimation is not possible (Castiblanco et al., 2015;
Gil-Bona & Bidlack, 2020; Greco et al., 2023; Jagr et al., 2019; Parker et al., 2019; Procopio et
al., 2018; Sharma et al., 2020; Shaw et al., 2023). As the field of proteomics continues to grow,
so do the opportunities for more routine use of proteomics for sex estimation in forensic cases.

Proteomic sex estimation is especially valuable in contexts where DNA preservation is
poor or contamination risk is high (Hendy et al., 2018; Hendy et al., 2019; Hendy, 2021;
Warinner et al., 2022). Amelogenin proteins are far more stable than DNA over archaeological
timescales, as they are shielded with the highly mineralized structure of enamel, which resists
both degradation and environmental alteration (Gil-Bona & Bidlack, 2020; Hendy et al., 2018;
Hendy et al., 2019; Hendy, 2021; Warinner et al., 2022). Consequently, proteomic sex estimation
provides an alternative for fragmentary skeletal remains, where traditional osteological methods
are not always feasible (Castiblanco et al., 2015; Gil-Bona & Bidlack, 2020; Greco et al., 2023;
Jagr et al., 2019; Parker et al., 2019; Procopio et al., 2018; Sharma et al., 2020; Shaw et al.,
2023).

In recent years, several methodological refinements have improved both the sensitivity

and the reproducibility of proteomics (Hendy, 2021). Advances in liquid chromatography tandem
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mass spectrometry (LC-MS/MS) and the development of targeted peptide databases have
enhanced the ability to distinguish AMELX and AMELY peptides with high confidence (Hendy,
2021; Parker et al., 2019). Additionally, there has been increased interest in minimally
destructive methods for biological sex estimation and enamel proteomics (Hansen et al., 2024;
Multari et al., 2022), expanding the applicability of proteomic methods to different
archaeological populations, including early hominins (Madupe et al., 2025).

Despite its strengths, several challenges remain in proteomic estimations of biological
sex. Female sex remains difficult to determine with any confidence, with the absence of AMELY
being its only evidence. This is unreliable due to the numerous potential reasons that AMELY
could be obscured from results, such as degradation, oxidation, or fragmentation (Hendy, 2021).
Statistical analysis has also not yet been refined to determine what kinds of quantities may be
indicative of female sex, and this is not something that will be achieved until the needed
evolution of proteomic methods—especially those that destroy less enamel. Proteomic sex
estimations for females require much further research before they can work reliably on their
own, with multiple peptide confirmations and replicated analyses to minimize the risk of false
negatives or positives. While proteomic analyses have been increasingly helpful in estimating
biological sex, particularly in the cases of males, it is important not to limit their uses to only

these questions.

2.1.2 Applications of proteomics for health

Though it is important to study what must be present, expanding into other proteins
without structural functions may tell us more about the people we study. Few other studies have

examined non-structural proteins in human remains, which is a significant gap in existing
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literature (Buonasera et al., 2024; Kendall et al., 2016; Oliveira et al., 2023). Of these studies,
discovering the presence of antibodies and immune proteins has been of increasing interest
(Buonasera et al., 2024; Kendall et al., 2016; Oliveira et al., 2023). In finding these proteins, one
may be able to comment on an individual’s health, and, down the line, possibly even the
presence of specific diseases (Ansar, 2020; Buonasera et al., 2024; Chiang et al., 2019; Cundiff
et al., 2024; Kendall et al., 2016; Oliveira et al., 2023). As it applies to tooth enamel specifically,
though this has not been thoroughly confirmed, these diseases would have most likely been
present during the process of enamel formation during early childhood.

As enamel matures, it becomes very in low protein content, making the identification of
proteins all the more difficult (Duverger & Lee, 2024; Hillson, 2024; Moradian-Oldak & George,
2021). Though it is not known exactly how serum proteins like those related to the immune
system become incorporated into human tooth enamel (Buonasera et al., 2024; Gil-Bona &
Bidlack, 2020), both C-reactive protein (CRP) and immunoglobulin-gamma (IgG) have been
identified (Ansar, 2020; Buonasera et al., 2024; Chiang et al., 2019; Cundiff et al., 2024; Kendall
et al., 2016; Oliveira et al., 2023). The presence of these proteins indicates that immune system
activity has occurred, but the question of when remains, especially due to the unknown nature of
how these proteins have become incorporated (Buonasera et al., 2024; Gil-Bona & Bidlack,
2020). For the sake of this thesis, results are discussed primarily based on the assumption that
serum immune proteins become secreted in enamel during its development in childhood through
blood, rather than through saliva during an individual’s lifetime. While the secretion of proteins
into saliva across an individual’s lifetime is possible, this process remains largely unexplored and

is unlikely to produce concentrations sufficient for consistent detection. In this study, protein
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abundance refers to the relative quantity of a given protein detected by mass spectrometry,
inferred from peptide ion intensities rather than absolute concentration. Because no universally
accepted threshold currently exists to define high- versus low-abundance proteins, abundance is
interpreted comparatively across samples within the population examined. At present, successful
proteomic detection relies heavily on sufficient protein abundance, which is more likely
associated with the persistence of structural proteins within the enamel matrix. As proteomic
methods continue to advance, it may become possible to detect less abundant immune proteins,
including those potentially introduced through salivary pathways. Further research is therefore
required to clarify both the mechanisms and timing of serum protein incorporation into dental

enamel.

While paleopathology remains an extremely important subdiscipline in
bioanthropological research involving human remains, it is also constrained by both diagnostic
and interpretive limitations (Appleby et al., 2015; Brickley & Morgan, 2023; Wei & Cooper,
2023). Morphological indicators of sickness and disease are very uniform, as skeletons can only
change in so many different ways (Wei & Cooper, 2023). Thus, finding the presence of specific
diseases is very difficult to do, as morphological indicators of one disease often overlap with
others (Appleby et al., 2015; Brickley & Morgan, 2023). Furthermore, it is known that the vast
majority of illnesses and diseases do not remodel our bones— such as the flu, or a common cold.
This limitation is central to the osteological paradox, which highlights that skeletal evidence
reflects patterns of survival rather than a direct record of disease prevalence, complicating
interpretations of health in past populations (Wood et al., 1992). In this context, immune-related

proteins have the potential to provide insight into a broader range of illness experiences that may
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not be captured osteologically, particularly if such proteins are incorporated into enamel during
childhood development (Wei & Cooper, 2023). Proteomic approaches may therefore
complement paleopathological analyses as research continues to clarify when and how immune
proteins are incorporated into dental tissues, and how low-abundance proteins can be reliably
detected. However, at present, proteomic research remains limited in scope. Current analyses
largely focus on C-reactive protein and immunoglobulin-gamma, both of which are only loosely
associated with immune response and lack specificity with respect to particular diseases or
health experiences (Ansar, 2020; Chiang et al., 2019; Cundiff et al., 2024; VanDuijn et al., 2010).
Although typically abundant, their presence provides only coarse insight into immune activity

and cannot yet be used to reconstruct detailed or temporally precise health profiles.

It is without question that current literature focused on proteomic analyses of health has
been vague as this research continues to develop (Buonasera et al., 2024; Kendall et al., 2016).
Even though presence or absence of immune proteins tell us about whether or not inflammation
was experienced, their presence or absence does not tell us how, or why, or how long the
inflammation was experienced for, nor do we have an idea of what quantities may or may not be
significant. Because of this, further studies involving specific immune proteins are needed. As
these studies currently stand, CRP and IgG have offered the following insights on people and
their health.

CRP has been found in both dentine and enamel, and may provide insight into any
number of causes (Ansar, 2020; Buckley et al., 2009; Chiang et al., 2019; Cundiff et al., 2024;
Graham-Engeland et al., 2018; Kohler-Forsberg et al., 2017; Marsland et al., 2017). CRP has

been most frequently used in living individuals as biomarkers for tissue
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injury/infection/inflammation, trauma, and even as a potential predictor for cardiovascular
disease (Ansar, 2020; Buckley et al., 2009; Graham-Engeland et al., 2018). It is known that CRP
purifies serum to promote healing, as has been associated with individuals suffering from
tuberculosis and malaria (Ansar, 2020). Though somewhat controversial, it has also been
suggested that their heightened levels can be caused by any kind of significant stress, even
outside of physical and bodily health issues (Buonasera et al., 2024; Chiang et al., 2019; Cundiff
et al., 2024; Graham-Engeland et al., 2018; Kohler-Forsberg et al., 2017; Marsland et al., 2017;
Steptoe et al., 2007; Uchino et al., 2016). Considering this, CRP is reflective of experiences of
infection, inflammation, and healing, and maybe even to psychosocial stressors (Ansar, 2020;
Cundiff et al., 2024; Graham-Engeland et al., 2018; Kohler-Forsberg et al., 2017; Marsland et al.,
2017; Steptoe et al., 2007; Uchino et al., 2016), making it extremely meaningful to
understanding health in a bioarchaeological context. However, it must be recognized that CRP is
a relatively vague biomarker overall. While its presence may indicate infection, inflammation,
healing, and/or stress, this has not been thoroughly tested (Ansar, 2020; Chiang et al., 2019;
Cundiff et al., 2024). Levels of CRP in living people are highly variable, and this may also be
true of their presence in dental tissues/enamel (Ansar, 2020). While documenting the presence of
CRP in proteomic analyses is a relevant result, there is much to be discovered in terms of what
their presence may indicate about the lives of those whose teeth have been sampled. It is also
important to note that CRP is typically found at much lower concentrations than comparative
serum proteins (Buonasera et al., 2024).

Similarly, I[gG may be considered just as intriguing. IgG is the most abundant immune

protein, and is the second most abundant serum protein after albumin (Buonasera et al., 2024;
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Kendall et al., 2016; Oliveira et al., 2023; Shaw et al., 2023). Its exact role and function are not
entirely known, but it has been linked with inflammation and immune processes (VanDuijn et al,
2010). Like CRP, IgG indicates that inflammation and healing have occurred, even though there
is no exact timeline or etiology known (Ansar, 2020; Buonasera et al., 2024; Chiang et al., 2019;
Cundiff et al., 2024; Kendall et al., 2016; Oliveira et al., 2023). IgG is currently the only
immunoglobulin emphasized in enamel proteomic literature, despite the existence of several
other immunoglobulins that are biologically plausible candidates for incorporation into dental
tissues (Buonasera et al., 2024; Kendall et al., 2016; Oliveira et al., 2023). Other
immunoglobulins, such as immunoglobulin-A (IgA) or immunoglobulin-M (IgM), play more
specific and well-characterized roles in immune system processes, including mucosal immunity
and early-stage immune response, which could, in theory, offer more temporally or functionally
specific insights into health and disease (VanDuijn et al., 2010). Their absence from current
paleoproteomic research is likely not due to biological impossibility, but rather to
methodological limitations, including their lower abundance relative to IgG. As a result, IgG
remains the primary focus of immunological inquiry in enamel proteomics, not because it is the
most informative immune marker, but because it may be the most detectable given existing
analytical constraints. As proteomic techniques continue to improve, the identification of
additional immunoglobulins may become feasible, opening new avenues for more refined
interpretations of immune activity in past populations.

While many questions remain, the investigation of CRP and IgG provides exciting new
avenues of research regarding the proteomic analyses of health. As method testing continues to

evolve, so should the targeted proteins, expanding into those with known roles and functions in
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immune processes, which may offer more specific information. As protein abundance becomes

less of a requirement in proteomic analyses, other immune proteins will be important to explore.

2.2. Human enamel development: amelogenesis

The process of amelogenesis, which refers to the formation of enamel, is critical to the
understanding of this thesis. During amelogenesis, different proteins are secreted to form the
enamel layer of each tooth (Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024; Hillson,
2024; Moradian-Oldak & George, 2021). Most of these are structural proteins, meaning proteins
that function specifically to the creation of the structure of enamel (Bartlett, 2013; Brookes et al.,
2017; Duverger & Lee, 2024; Hillson, 2024; Moradian-Oldak & George, 2021). Amelogenin is
one of these structural proteins, and is a protein of central focus in this research project. The
multi-stage process of amelogenesis is outlined in this section to demonstrate the known
incorporation of proteins into the enamel matrix, and to emphasize the timing of when these
incorporations occur.

During the presecretory stage, the first stage of amelogenesis, odontoblasts begin
releasing predentin proteins at the site of the future dentine-enamel junction (DEJ) (Bartlett,
2013; Duverger & Lee, 2024; Hillson, 2024). These proteins are composed primarily of collagen,
which later becomes the most dominant structural protein within dentine (Bartlett, 2013; Hillson,
2024). Mineralization of the predentin begins at the future DEJ, first at the cusps and progressing
to the cervical regions of the developing crown (Bartlett, 2013; Duverger & Lee, 2024). After
this initial mineralization of dentine at the DEJ, ameloblasts (part of the enamel organ) remove
and destroy the basal lamina (a basement membrane separating the enamel organ from the

odontoblast layer) and start secreting enamel matrix proteins, rapidly initiating mineralization of
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the enamel matrix (Bartlett, 2013; Hillson, 2024). This marks the earliest appearance of enamel-
specific proteins and the formation of the enamel matrix (Bartlett, 2013; Hillson, 2024).

During the secretory stage of amelogenesis, ameloblasts become fully differentiated and
begin secreting large quantities of enamel matrix proteins, or proteins specific to enamel
(Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024; Hillson, 2024; Moradian-Oldak &
George, 2021). This thickens the enamel layer, and largely involves two amelogenin proteins:
amelogenin-X and amelogenin-Y (Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024;
Hillson, 2024; Moradian-Oldak & George, 2021). Amelogenin-X exists in greater abundance
than amelogenin-Y, due to amelogenin-Y being male-sex-specific (Bartlett, 2013; Brookes et al.,
2017; Duverger & Lee, 2024; Hillson, 2024; Moradian-Oldak & George, 2021). At the onset of
the secretory stage, ameloblasts elongate and develop Tomes’ processes, which project toward
the forming of the enamel surface (Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024;
Moradian-Oldak & George, 2021). Following the development of the Tomes’ processes,
ameloblasts begin secreting larger amounts of enamel matrix proteins as they move away from
the dentine surface to thicken the enamel layer (Bartlett, 2013; Brookes et al., 2017; Duverger &
Lee, 2024; Hillson, 2024; Moradian-Oldak & George, 2021). The main protein secreted in this
process 1s amelogenin (80—90%), though small amounts of ameloblastin, enamelin are also
released (Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024; Fincham et al., 1999;
Hillson, 2024; Margolis et al., 2006; Moradian-Oldak & George, 2021). Both ameloblastin and
enamelin are essential for the formation of enamel crystals (Bartlett, 2013). Conversely, in rare
cases where amelogenin is not present, enamel crystals can still abnormally form (Bartlett,

2013). The enamel matrix produced during the secretory stage is protein rich and relatively soft,
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being only partially mineralized (Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024;
Hillson, 2024; Moradian-Oldak & George, 2021). Though hardening does not take place until the
maturation stage, the secretory stage is where the thickness and volume of enamel are established
(Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024; Moradian-Oldak & George, 2021;
Smith, 1998).

The transition stage marks the brief but critical shift between enamel matrix secretion and
full mineral maturation, where ameloblasts undergo extensive structural and functional
reorganization (Bartlett, 2013; Duverger & Lee, 2024; Smith, 1998). Secretory ameloblasts
shorten and lose their Tomes’ processes, signaling the end of the enamel matrix secretion
(Bartlett, 2013; Duverger & Lee, 2024). These cells transform into shorter, protein-reabsorbing
ameloblasts, which function less as active protein distributors, and more as barriers and
transporters that prepare the enamel for its final mineralization phase (Bartlett, 2013; Smith,
1998). Finally, roughly 25% of ameloblasts die during this stage, forcing the surviving ones to
shift their functions and express different sets of proteins (Bartlett, 2013; Brookes et al., 2017;
Smith, 1998). This allows for the maturation stage to take place.

The maturation stage is the final and longest phase of enamel development, characterized
by the removal of residual organic material (proteins), and the completion of enamel
mineralization (Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024; Fincham et al., 1999;
Hillson, 2024; Margolis et al., 2006; Moradian-Oldak & George, 2021; Smith, 1998). During this
stage, nearly all enamel matrix proteins are degraded and reabsorbed, while crystallites expand
and fuse to form the highly mineralized, hardened structure of mature enamel (Bartlett, 2013;

Brookes et al., 2017; Duverger & Lee, 2024; Fincham et al., 1999; Hillson, 2024; Margolis et al.,
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2006; Moradian-Oldak & George, 2021; Smith, 1998). As mineralization progresses,
approximately 75% of the remaining ameloblasts undergo programmed cell death, dropping the
percentage of proteins by weight significantly, by upwards of 50% (Fincham et al., 1999; Smith,
1998). By the end of this stage, only trace amounts of organic material remain, including
remnants of the three primary structural proteins: amelogenin, ameloblastin, and enamelin
(Bartlett, 2013; Brookes et al., 2017; Duverger & Lee, 2024; Fincham et al., 1999; Hillson, 2024;
Margolis et al., 2006; Smith, 1998). The maturation stage is also the most time-consuming phase
of amelogenesis, lasting approximately 960—1187 days (Smith, 1998). This duration reflects the
asynchronous nature of enamel maturation, where different teeth mature at varying rates
(Hillson, 2024).

Overall, the timing of amelogenesis or enamel formation is somewhat predictable in
nature among individuals. In general, enamel first begins to form around the 14" to 16" week of
intrauterine life, starting with deciduous incisors (Hillson, 2024; Smith, 1998). For deciduous
teeth, amelogenesis typically begins between 14—18 weeks in utero, and is completed by
approximately 11 months after birth (Hillson, 2024). For permanent teeth, enamel formation
begins around the time of birth for the first permanent molars, and continues sequentially for the
rest of dentition (Hillson, 2024). First permanent molars begin around birth, and complete
between 2.5—3 years of age; incisors and canines begin between 3—5 months and complete
between 4—7 years of age; premolars begin between 1.5—2.5 years of age and complete around
5—7 years of age; second molars begin between 2.5—3 years of age and complete around 7—38

years of age; and third molars begin around 8—10 years of age and continue up to 12—16 years
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of age or later (Hillson, 2024). This means that enamel development of all teeth spans from
roughly 14 weeks in utero to late adolescence.

For the sake of this specific project, the timing of enamel formation of the permanent and
deciduous canines are most important to take note of, as these are the types of teeth used. The
enamel of the permanent canines develops between 3—5 months and 4—7 years of age, while
the deciduous canines develop between 14—18 weeks in utero and 11 months after birth

(Hillson, 2024). These specific timings are crucial to the interpretation of this method’s results.

2.3 Diagenesis

Diagenesis, the post-mortem chemical and physical alteration of remains frequently seen
in burial conditions (Lambert et al., 1985; Kendall et al., 2018; Kohn et al., 1999; Madupe et al.,
2025), is always important to consider when analyzing human remains from an archaeological
context. Diagenesis directly affects protein degradation, oxidation, and fragmentation, and thus is
critical to results and their interpretations (Hendy, 2021; Lambert et al., 1985; Kendall et al., 2018;
Kohn et al., 1999; Madupe et al., 2025). Because it was evaluated in this study as a precautionary
measure, it is explained in detail below.

Diagenesis is caused by the interactions between porous organic components and elements
associated with deposition, as frequently seen in long-term burials (Hillson, 2024; Kendall et al.,
2018; Lambert et al., 1985). Where teeth are generally more durable than bone in archaeological
contexts, some tissues within them are more vulnerable to the process of diagenesis than others
due to their porosity and high organic contents. Dentine, for example, holds high amounts of
collagen proteins similar to bone, making their organic to inorganic ratios relatively comparable

(Hillson, 2024; Kendall et al., 2018; Lambert et al., 1985). Because of this abundance of collagen,
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dentine is very porous, making it susceptible to chemical alterations (Hillson, 2024; Kendall et al.,
2018; Kohn et al., 1998; Lambert et al., 1985). In contrast, enamel is much more resistant to
diagenesis due to its low porosity and low organic content, though not immune to diagenesis
altogether (Kendall et al., 2018; Lambert et al., 1985). Although enamel does tend to preserve
better than dentine and other dental tissues, it may still be chemically altered, especially in certain
environments for long periods of time (Kendall et al., 2018; Kohn et al., 1998; Lambert et al.,
1985). For this reason, dental tissues that have undergone diagenetic alteration are less desirable
for bioarchaeological analysis, since their physical and chemical integrity cannot be reliably
predicted (Kendall et al., 2018; Kohn et al., 1998; Lambert et al., 1985).

Environmental conditions play a decisive role in the rate and severity of diagenesis. Wet,
oxygen-rich, or acidic soils accelerate the process by facilitating the infiltration of water, ions,
sediments, and microorganisms, which in turn promote erosion, dissolution, and molecular
degradation (Kendall et al., 2018; Lambert et al., 1985). Conversely, dry and stable burial
environments generally promote better long-term preservation (Kohn et al., 1999). Structural
damage to the tooth, such as wear or cracking, can further increase permeability and accelerate
diagenetic alteration (Kendall et al., 2018; Lambert et al., 1985).

The consequences of diagenesis extend beyond the visible damage of remains, sometimes
compromising the molecular history of the remains through deterioration, contamination, and
introduction of new proteins and elements embedded in remains (Kendall et al., 2018; Kohn et
al., 1998). As a result, studies that rely on diagenetically altered human remains face significant
challenges in yielding reliable and significant data (Kohn et al., 1998). This is why careful

evaluation of diagenetic alteration is essential in bioarchaeological studies, especially those that
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rely on molecular evidence. This evaluation helps to ensure the distinction of authentic biological

data from diagenetic noise.

2.4 Social and archaeological context of Gurat, France

2.4.1 Introduction

Gurat is a small village located in the region of Nouvelle-Aquitaine, France, and is home
to a rock-cut cave church called St. Georges that was excavated during the late 1960s and early
1970s under the supervision of Dr. Michael Gervers and Veronika Gervers (Franklin & Gervers,
1978; Gervers & Gervers, 1975; Navetat, 2021). Figure 1 situates Gurat within southwestern
France, while Figure 2 shows the location of the St. Georges cave church within the village itself.
Eighteen individuals were excavated from the cave church, which is believed to have originated
as a hermitage and later evolved into a monastery (Gervers, 1967). Of the eighteen individuals
excavated, men, women, and children were identified (Clements & Gruspier, n.d.; Meijer, 2018;

Seymour, 2019).
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Figure 1. Location of Gurat in France. Image borrowed from Google Earth, 2025.
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Saint-Georges

Figure 2. Location of St. Georges within Gurat. Image borrowed from Google Earth, 2025.

The Romanesque cave church was built in the thirteenth century (approximately 1237—
1286 CE), and remained active into the seventeenth century (approximately 1655 CE) (Franklin
& Gervers, 1978; Gervers & Gervers, 1975; Navetat, 2021). This cave church is one of many
rock-cut structures in southwestern France, and one of the eleven known rock-cut churches that
exist within a one-hundred-kilometer radius of Gurat (Gervers, 1967). Two pilgrimage routes
passed near the village of Gurat and these cave churches, suggesting possible high mobility in
the area (Meijer, 2018; Meijer et al., 2019). Figures 3 and 4 illustrate the exterior setting of St.

Georges, and Figure 5 depicts the interior of the church.
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Figure 4. Exterior view of St. Georges from the South. Image borrowed from Navetat, 2019.
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Figure 5. Interior view of St. Georges. Image borrowed from Navetat, 2019.

Of the excavated eighteen individuals, thirteen were complete enough for
osteobiographies (Seymour, 2019). The individuals have been tentatively dated to approximately
1390 CE based on the recovery of a dated coin within the burials, as well as radiocarbon dating
on excavated charcoal and pottery fragments (Franklin & Gervers, 1978; Gervers, 1967). It
remains unknown if these individuals represent one population at one time, or if they were part
of different populations that occupied the site over the span of a few centuries due to the
distribution of the graves and the possibility of secondary burials (Franklin & Gervers, 1978;
Gervers, 1967). Though St. Georges has been tentatively dated to the thirteenth century, the cave
church may have originated as early as the fourth century, as only speculated in an unpublished

report (Clements & Gruspier, n.d.).
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Of the research pertaining to the Gurat individuals, much has been related to their
identification, where osteobiographies were produced and pathologies were studied (Clements &
Gruspier, n.d.; Gretenhart, n.d.; Meijer, 2018; Seymour, 2019). There are also a number of
conflicting unpublished reports, all of which begin skeletal analysis but remain uncompleted
(Clements & Gruspier, n.d.; Gretenhart, n.d.; Webber & Gretenhart, n.d.). Other studies include
chemical analysis of the bones (Hancock et al., 1987), blood typing (Lengyel, 1975), and a bone
density study (Webber & Gretenhart, n.d.), though all of these studies focus on method testing
and development rather than the contextual information of Gurat (Seymour, 2019). In terms of
results, none of these three analyses provided new information regarding the Gurat individuals
specifically, other than Lengyel’s (1975) article providing age-at-death and biological sex
estimates, most of which conflicted from morphological evidence checked by several different
authors (Clements & Gruspier, n.d.; Meijer, 2018; Seymour, 2019). In some of the most recent
research (Meijer, 2018; Meijer et al., 2019), strontium isotope analysis was conducted, and it was
determined that many of the Gurat individuals were likely migrants to the village, demonstrating
physical evidence of mobility in an area with historical evidence for that practice. It was also
found that most individuals correlated to highland or lowland France, or in the case of one
individual, outside of France entirely (Meijer, 2018; Meijer et al., 2019). Even with this research
on the Gurat individuals, there is still much to learn about the population, their practices, and

their identities.

2.4.2 The Gurat individuals

Individuals were selected for this thesis based on the visible available surface area of

their enamel. Many of the teeth within the Gurat collection show signs of extreme wear, so
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ensuring that enamel was visibly present for sample collection was imperative. On this basis, six
teeth from six different Gurat individuals were analyzed. Some of their prior established
information combined from previous studies can be seen in Table 1 below. It should be noted
that osteological sex estimates were not conducted as a part of this thesis, and that the presented
data is combined from research by Meijer, 2018, and Seymour, 2019. The use of “possible” and
“probable” designations of biological sex reflects varying levels of confidence in osteological
sex estimation, as recommended by Buikstra and Ubelaker (1994), based on trait expression,
skeletal completeness, and internal consistency of indicators. As per Buikstra and Ubelaker
(1994), individuals classified as “probable” male or female display multiple, consistent sexually
dimorphic features with moderate to strong expression, allowing for greater confidence in the
assessment despite the absence of complete or unequivocal skeletal indicators. In contrast,
biological sex estimations classified as “possible” male or female reflect more ambiguous and

indeterminate traits.

Grave Individual Tooth Type Osteological Sex | Age
Estimation
Ha Gu 1 Lower left Probable female 40—50+

permanent canine

Hb Gu?2 Lower left Probable male 35—50
permanent canine

Dc Gu7 Lower right Possible male 35—50
permanent canine

Dc Gu 8 Upper left Probable male 35—50
permanent canine

Dc Gu9 Lower left Possible male 35—350
permanent canine
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Dd Gu 10 Upper left Indeterminate 3 +/- 12 months
deciduous canine

Table 1. List of individuals studied for this thesis, combined data from Meijer, 2018, and
Seymour, 2019.

2.4.2.1 Skeletal pathology of the Gurat individuals

Because dental enamel forms primarily in utero and early childhood, skeletal pathology
observed in adulthood will not reflect physiological conditions present during enamel formation
of the canines. This thesis assumes that the organic component preserved within enamel primarily
captures developmental history, as it remains uncertain to what extent serum-derived proteins—
present in bodily fluids such as saliva or blood—may be incorporated into enamel during later life,
particularly under pathological conditions such as carious lesions or extreme dental wear. As the
samples analyzed in this thesis were collected from internal enamel surfaces of teeth without
visible caries or extensive wear, post-developmental protein infiltration is not expected.
Accordingly, interpretations of health in this study focus on physiological processes active during

amelogenesis, when enamel proteins are secreted and incorporated into the developing tissue.

It is important to note that this thesis did not conduct original paleopathological assessments.
All observations of skeletal pathology discussed here are drawn from previously completed
osteological analyses presented by Seymour, 2019. These data are used comparatively to
contextualize proteomic findings, rather than as independent lines of observation generated within
this project, consistent with the approach taken for osteological sex estimation. By relying on

established contextual and osteological data, this research prioritizes methodological development,
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reinforcing that proteomic results must be interpreted within existing biological and archaeological

frameworks rather than treated as standalone evidence.

Indicators of poor health during childhood that are temporally relevant to enamel formation
include linear enamel hypoplasia (Hillson, 2024), Harris lines indicative of growth disruption
(Harris, 1931), and skeletal lesions that form during early development, such as cribra orbitalia in
subadults (Anderson et al., 2025; Walker et al., 2009). In contrast, most skeletal pathologies
observed in adult remains cannot be confidently linked to specific periods of childhood stress due
to bone remodeling and the cumulative nature of skeletal change (Wei & Cooper, 2023). As such,
enamel provides a uniquely stable archive of early-life physiological conditions, making it
particularly well suited for investigating childhood health through proteomic analysis.

On this basis, pathology is only thoroughly and individually discussed for a single individual
(Gu 10), whose age-at-death is estimated at approximately 3 years of age. Full osteobiographies,
including lists of observed pathologies, can be found in Seymour, 2019, though they are briefly
summarized for the other individuals below. Because the observed paleopathology in Gu 10 may
have occurred during the narrow window of enamel development, it is reasonable to presume that
immune proteins may have been incorporated into their enamel matrix. While the extent to which
immune-related proteins may be incorporated into enamel under such conditions remains
unknown, the skeletal pathology observed in Gu 10 provides relevant contextual information for
interpreting proteomic signals associated with early-life health. Gu 10’s skeletal pathology is

therefore discussed below.
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2.4.2.1.1 Paleopathology and observations of Gu 10

As documented in previous research, Gu 10 exhibits severe cribra orbitalia of the orbital
roofs, visible within the eye orbits (Seymour, 2019). Cribra orbitalia is characterized by porous
lesions on the superior surfaces of the orbits, and is generally associated with physiological
stress during early childhood, most commonly linked to anemia, nutritional deficiency, infectious
disease, or chronic inflammation (Anderson et al., 2025; Walker et al., 2009). The presence of
severe cribra orbitalia is widely interpreted as evidence of a systemic stress response occurring
during periods of rapid growth and development, rather than as a condition acquired later in life

(Anderson et al., 2025; Walker et al., 2009).

Because the age-at-death of Gu 10 falls closely within the period of dental enamel formation
for the sampled dentition, the observed skeletal pathology is temporally relevant to the proteomic
data generated in this study. Any physiological stress or immune response responsible for the
development of cribra orbitalia would have occurred during or near the window of amelogenesis,
when enamel proteins are actively secreted and incorporated into the enamel matrix. While the
presence of cribra orbitalia cannot be directly linked to specific protein expression patterns within
enamel, it provides important contextual evidence suggesting that Gu 10 experienced a significant
immune or metabolic challenge during early life. This contextual information is therefore
considered alongside the proteomic results, particularly in the interpretation of immune-related

proteins detected in this individual.
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2.4.2.1.2 Paleopathology and observations of the adult Gurat individuals

The adult individuals included in this study (Gu 1, Gu 2, Gu 7, Gu 8, and Gu 9) display
extensive skeletal and dental pathology consistent with physically demanding lives, repeated
trauma, and persistent biomechanical stress (Seymour, 2019). Common features across the Gurat
individuals include severe dental wear and tooth loss, periodontal disease, degenerative joint
disease, vertebral compression, Schmorl’s nodes, and widespread enthesophyte formation
(Seymour, 2019). These patterns are most consistent with cumulative lifetime stress and habitual

activity rather than discrete episodes of acute illness (Seymour, 2019).

Among the adult individuals, Gu 2 was found to exhibit the most extensive and complex
skeletal pathology (Seymour, 2019). This individual presents with multiple healed fractures,
including severe trauma to the cervical spine involving the first three cervical vertebrae, as well as
a healed fracture of the sixth thoracic vertebra (Seymour, 2019). Additional evidence of trauma
includes a healed coronal fracture of the left talus and localized periosteal reactions on both tibiae
and fibulae, suggesting injury or infection affecting the lower limbs (Seymour, 2019). Despite the
severity of these injuries, the degree of healing indicates long-term survival following trauma
(Seymour, 2019). Gu 2 also displays substantial dental pathology, including multiple abscesses,
extensive calculus buildup, and an expanded incisive foramen consistent with systemic infection

(Seymour, 2019).

Markers suggestive of childhood physiological stress are present in several adult individuals.
Harris lines were observed in Gu 2, Gu 7, Gu 8, and Gu 9, indicating episodes of growth disruption

during childhood followed by recovery (Seymour, 2019). While Harris lines reflect nonspecific
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stress rather than discrete disease processes, they represent interruptions to growth that necessarily
occurred during skeletal development (Harris, 1931; Seymour, 2019). However, Harris lines

cannot be precisely correlated with the short timing of enamel formation in the sampled canines.

In contrast, the majority of skeletal pathologies observed in the adult individuals—such as
degenerative joint disease, vertebral compression, healed fractures, and extensive enthesophyte
formation—are cumulative in nature and most likely developed or progressed during adulthood
(Seymour, 2019). These conditions therefore fall outside the developmental window captured by
dental enamel. As a result, adult paleopathology in this study is only used to contextualize the

Gurat individuals.
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Chapter 3: Materials and Methods

3.1 Sample selection

When selecting samples for this thesis, not only was the visible surface area of enamel in
each tooth considered, but also the previous studies that had already been done with the
collection (Meijer, 2018; Seymour, 2019). To minimize excess destruction of samples, only teeth
that had been previously sliced (from cusp to dental root tip) and embedded in resin were
considered for this study (n=10) (Meijer, 2018). To ensure a broader representation of
individuals, only one tooth from each grave/individual was selected (n=7). Finally, the
dimensions of the enamel surface visible on both halves of each tooth were examined through a
microscope. One tooth was excluded from analysis due to a very small amount of visible enamel,
and for the remaining teeth, the half containing the greatest visible enamel surface was selected
for drilling during sample collection (n = 6). This left one tooth from each of the following six
individuals: Gu 1, Gu 2, Gu 7, Gu 8, Gu 9, and Gu 10. While most proteomic studies typically
use molars due to their size and availability, the teeth used in this study are predominantly
canines, as tooth type has not shown to impact results (Buonasera et al., 2024; Castiblanco et al.,
2015; Gil-Bona & Bidlack, 2020; Greco et al., 2023; Hillson, 2024; Jagr et al., 2019; Parker et
al., 2019; Procopio et al., 2018; Sharma et al., 2020; Shaw et al., 2023). All sampling and
analytical decisions in this study were guided by the principle of minimizing destruction while
maximizing interpretive value, with enamel powder quantities reduced wherever possible and
selected only from teeth already documented in previous osteological research.

3.1.1 Diagenesis

Diagenesis, the post-mortem chemical and physical alteration of remains frequently seen
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in burial conditions, was also considered during sample selection (Lambert et al., 1985; Kendall
et al., 2018; Kohn et al., 1999; Madupe et al., 2025). Because diagenesis occurs most frequently
in the reactive, porous tissues of bone (made predominantly of collagen), the Gurat teeth were
closely examined where any dentine exposure was present, given its highly collagenous
components (Hillson, 2024; Parker et al., 2019). While enamel, the tissue studied in this thesis,
has been shown to be extremely resistant to the processes of diagenesis and more chemically
stable than reactive, dentine contamination is possible in sample collection and must be
considered (Buonasera et al., 2020; Gil-Bona & Bidlack, 2020; Hendy et al., 2018; Hendy, 2021;
Hillson, 2024; Kendall et al., 2016; Kendall et al., 2018; Koenig et al., 2024; Kotli et al., 2025;
Madupe et al., 2025; Parker et al., 2019; Stewart et al., 2016). Evaluation of diagenesis is crucial
in studies with ancient populations, where remains have been in a variety of environmental
conditions over long periods of time (Lambert et al., 1985; Kohn et al., 1999).

From the entire Gurat collection, the teeth that were already embedded in resin were teeth
that showed the least amount of wear, caries, cracks, and discolouration (Meijer, 2018). Even
still, each tooth selected for this thesis was carefully examined with a microscope for any visual
indicators of diagenesis, such as discolouration, pitting, or cracks, to limit the potential of
contaminant proteins. Because these teeth had already undergone extensive diagenetic
examination in the past when they were cut (Meijer, 2018), and because the enamel samples
taken were located within the inside halves of the teeth, limiting their potential of exposure to the
elements, this was only precautionary. It is not believed that any of the six samples used in this

thesis have undergone diagenesis.
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3.2 Sample collection and preparation

Each tooth’s surface was gently wiped with acetone and air dried prior to being drilled
using a Micromill for sample collection. To limit contamination as much as possible, all surfaces
of the drill and scales were also wiped with acetone and Kimtech Kimwipes before and between
the drilling of each tooth, and gloves were worn for the duration of sample collection. Lo Bind
Eppendorf (EP) tubes were used to collect and weigh all enamel samples, with each sample
weighing approximately 10mg.

Sample preparation procedures were modified and combined from Schroeter et al., 2016
and Parker et al., 2019, and took place over the course of several days at the University of
Waterloo’s Mass Spectrometry Facility (Waterloo, Ontario, Canada). First, each sample was
soaked in 1mL of 10% formic acid, stored at room temperature for 68 hours for demineralization
(FA, TCI America, Oregon, USA). Samples were then centrifuged, and their supernatants
collected and dried. The leftover powder materials from the teeth were labelled and kept in a
freezer, where they are available for use in further proteomic analyses. Next, the pH of each
sample was neutralized using small amounts of 50mM ammonium bicarbonate (ABC) buffer
(Sigma-Aldrich, Missouri, USA), along with 27% ammonium hydroxide (Sigma-Aldrich,
Missouri, USA) whenever necessary. Once the pH of each sample reached 7, their total volumes
were recorded and used to calculate volumes of materials used for reduction and alkylation. After
this step, a blank sample of myoglobin (1ug per 1uL) underwent the sample preparation process
at the same time as the Gurat samples to be used as a reference point during mass spectrometry
analysis. For the first reduction, 10% of each sample’s volume of 50mM dithiothreitol (DTT,
Sigma-Aldrich, Missouri, USA) was mixed into each sample before they were transferred to a
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dry bath to incubate for 30 minutes at 56°C. After 30 minutes, samples were cooled to room
temperature, and the same amount of 100mM indole-3-acetic acid (IAA, Sigma-Aldrich,
Missouri, USA) was added to each sample in the dark, where they soaked for 30 minutes at room
temperature. After 30 minutes, the same volume of 50mM DTT was added again to reduce each
sample, and pH values were verified to ensure successful reduction and alkylation processes (pH
= 6). Digestion was carried out overnight at 37°C using 4puL of MS-grade trypsin (Promega,
Wisconsin, USA) per sample, and 0.01% protease enhancer (Promega, Wisconsin, USA), equal
to 1% of the samples’ total volume. After 18 hours, samples were centrifuged, their supernatants
collected and dried down, and then lyophilized and reconstituted in 0.1% FA. Finally, samples
were desalted using Pierce™ Peptide Desalting Spin Columns (Thermo Fisher Scientific,
Massachusetts, USA). Peptides were eluted with 80% acetonitrile (ACN) and 1% formic acid
(FA). Following the desalting process, samples were dried down once more before undergoing

mass spectrometry analysis.

3.3 Mass spectrometry and data-dependent acquisition (DDA)

3.3.1 Overview of liquid chromatography-mass spectrometry-based proteomics

Mass spectrometry (MS) is an analytical technique used to identify and quantify
biomolecules by measuring the mass-to-charge ratios of ionized molecules (Aebersold & Mann,
2003; Aebersold & Mann, 2016; Watson & Sparkman, 2007). In MS-based proteomics, proteins
are typically enzymatically digested into peptides, most commonly using trypsin, because intact
protein analysis is less robust in highly complex samples with a wide dynamic range of protein

abundances (Aebsersold & Mann, 2016; Cox & Mann, 2008). Peptides are more consistently
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ionized, fragmented, and detected by mass spectrometry, enabling more reliable identification and
quantification (Aebsersold & Mann, 2016; Cox & Mann, 2008). These peptides are introduced
into the mass spectrometer through a liquid chromatography-mass spectrometry (LC-MS)
workflow, in which liquid chromatography separates peptides over time based on their
physicochemical properties, reducing sample complexity and improving analytical sensitivity
(Watson & Sparkman, 2007). As peptides elute from the chromatographic column, they are
converted into charged ions via electrospray ionization, a soft ionization technique that introduces
peptides into the gas phase with minimal fragmentation, in contrast to harsher ionization methods
that can break molecules apart and reduce the information available for accurate identification
(Fenn et al., 1989; Watson & Sparkman, 2007). This LC-MS workflow enables reproducible
detection of peptides in complex biological samples, including degraded archacological materials

where protein concentrations may be low (Hendy et al., 2018; Warinner et al., 2022).

3.3.2 Peptide ionization, MS1/MS?2 acquisition, and identification

Once ionized, peptides are analyzed in the mass spectrometer using a two-stage scanning
approach. In the first stage (MS1), the instrument measures the mass-to-charge ratios and relative
intensities of intact peptide ions, generating the quantitative signal used for label-free protein
abundance estimation in this thesis (Aebersold & Mann, 2016). In the second stage (MS2), selected
peptide ions, generally prioritized based on their abundance in the MS1 scan, are isolated and
fragmented, producing tandem mass spectra that contain sequence-specific information used for
peptide identification by comparison with theoretical spectra derived from protein sequence

databases (Aebersold & Mann, 2016). Because database searching involves large numbers of
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spectral comparisons, false discovery rate (FDR) control is applied to limit incorrect peptide-
spectrum matches, with a 1% FDR threshold commonly used at both the peptide and protein levels
to ensure confidence in identifications (Benjamini & Hochberg, 1995; Nishimura & Tojo, 2014).
For this project, MS2 spectra were used exclusively for peptide and protein identification, while
MSI1 ion intensities were used for label-free quantification of enamel proteins, allowing relative
comparisons of protein abundance across samples while maintaining stringent identification

criteria.

3.3.3 Liquid chromatography-tandem mass spectrometry and acquisition parameters

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was conducted
by lab manager Dr. Yiming Xiao at the Mass Spectrometry Facility at the University of Waterloo
(Waterloo, Ontario, Canada). Desalted and dried samples were resuspended in 20uL of buffer
(0.1% FA), and 10puL of each sample was injected for LC-MS/MS analysis on a Q Exactive
Orbitrap mass spectrometer (Figure 6) (Thermo Fisher Scientific, Massachusetts, USA) coupled
to a Thermo Ultimate 3000 high-performance liquid chromatography (HPLC) system (Y. Xiao,
personal communication, 2025). Chromatographic separation was performed on an ACQUITY
UPLC CSH C18 column (2.1 mm % 150 mm, Waters, Massachusetts, USA) maintained at 40°C
and operated at a constant flow rate of 200 pL/min (Y. Xiao, personal communication, 2025).
Peptides were separated on a column maintained at 40°C using mobile phases of 0.1% FA in
water (A) and 0.1% FA in acetonitrile (B) with the following 82-minute gradient: 5% B (0—2
min), 5—35% B (2—62 min), 35—95% B (62—65 min), 95% B (65—77 min) and 5% B (77—

81 min) for re-equilibration (Y. Xiao, personal communication, 2025).
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Mass spectrometry data were acquired using a Q Exactive Orbitrap (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), operating in data-dependent acquisition (DDA) mode
using the top-ten method, selecting the ten most abundant ions within the specified range for
fragmentation and MS2 analysis (Tsou et al., 2015; Y. Xiao, personal communication, 2025). In
data-dependent acquisition (DDA), precursor ions are selected for fragmentation based on their
signal intensity in the MS1 scan, prioritizing the most abundant ions for MS2 analysis
(Aebersold & Mann, 2016). This method enables broad proteomic coverage while maintaining
accuracy (Tsou et al., 2015). A detailed summary of instrument parameters is provided in Table

2.
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Figure 6. Diagram of Q Exactive Orbitrap used. Image borrowed from Thermo Fisher Scientific.

Parameter Setting
MS1 Resolution 70,000 (at m/z 400)
MS1 Scan Range 300—1,650 m/z
MS1 AGC Target 3x 108
MS1 Maximum Injection Time 100 ms
RF Lens 50%
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MS2 Resolution 17,500
MS2 AGC Target 1x10°
MS2 Maximum Injection Time 50 ms
Isolation Window 2 m/z
Fragmentation Method Higher-energy collisional dissociation (HCD)
Normalized Collision Energy (NCE) 30%
Dynamic Exclusion 15s
Charge States Excluded 7+, 8+, and >8+
Microscans per Spectrum 1

Table 2. Instrument parameters provided by Dr. Yiming Xiao, Mass Spectrometry Facility,
University of Waterloo (Waterloo, Ontario, Canada).

3.4 Peptide identification, analysis, and label-free quantification (LFQ)

Raw MS files were processed using FragPipe (v23.1) developed by the Nesvizhskii Lab
(University of Michigan, Ann Arbor, MI, USA). Each sample was categorized into a separate
experimental group under the Basic-Search workflow (Y. Xiao, personal communication, 2025).
Database searches were conducted against a custom protein database containing Amelogenin-X
(AMELX), Amelogenin Y (AMELY), Immunoglobulin-Gamma (IgG) heavy chain, and C-
reactive protein (CRP), with contaminant and decoy sequences appended automatically by
FragPipe (Y. Xiao, personal communication, 2025). This workflow is slightly modified from
Parker et al., 2019.

Peptide-spectrum matches (PSMs) were filtered to a 1% false discovery rate (FDR) at

both the peptide and protein levels (Y. Xiao, personal communication, 2025). All FragPipe
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search parameters are summarized in Table 3. It is important to note that search parameters
included a setting to detect oxidation (+15.99 Da) on methionine, and deamidation (+0.98 Da) on
asparagine and glutamine. Including oxidation and deamidation as searchable modifications
ensures that chemically altered peptides are not overlooked during protein identification.
Because these modifications accumulate through post-mortem processes, such as diagenesis,
their detection provides important context for evaluating protein preservation and interpreting the
presence of diagenetically sensitive proteins such as albumin, a common lab contaminant. While
these modification patterns cannot independently confirm protein antiquity, they contribute to a
broader assessment of peptide authenticity when considered alongside consistency across

samples.

Parameter

Setting

Database

Custom (AMELX, AMELY, IgG heavy chain,
CRP) + contaminants + decoys

Precursor Mass Tolerance

20 ppm

Fragment Mass Tolerance

0.05 Da

Digestion Type Non-specific
Peptide Length Range 4—20 amino acids
Fixed Modifications Carbamidomethylation (+ 57.02 Da) on cysteine

Variable Modifications

Oxidation (+15.99 Da) on methionine,
deamidation (+0.98 Da) on asparagine/glutamine

Maximum Variable Modifications per Peptide

4

FDR Control

1% (peptide and protein level)
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Table 3. FragPipe search parameters, provided by Dr. Yiming Xiao, Mass Spectrometry Facility,
University of Waterloo (Waterloo, Ontario, Canada).

Finally, protein quantification was performed using the lonQuant module (Nesvizhskii
Lab, University of Michigan) implementing the MaxLFQ algorithm (Max Planck Institute of
Biochemistry, Martinsried, Germany) (Y. Xiao, personal communication, 2025). Match-between-
runs (MBR) was enabled to improve identification consistency across samples, allowing peptide
matches within a 1-minute retention time window. Peptide intensities were normalized using
total ion current (TIC) normalization to correct for technical variability in overall signal intensity
between runs, and these normalized peptide intensities were subsequently used for label-free
quantification (Y. Xiao, personal communication, 2025). This approach allows LFQ values to be
interpreted as relative measures of protein abundance while reducing the influence of technical

variation (Merrick, 2025).
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Chapter 4: Results

A total of 178 peptides were identified across the six samples. Each protein previously

identified as a protein of specific interest to this project is discussed below.
4.1 Amelogenin

Forty-nine peptides associated with amelogenin were identified across the six samples. In
order to conduct sex estimation of the Gurat individuals, ambiguous peptides (peptides that may
be associated with both AMELX and AMELY) were ruled out from analysis (n=23; 46.93%).
This left 20 peptides specific to AMELX (40.82%), and 6 peptides specific to AMELY (12.22%).
To further narrow this analysis, the remaining peptides were analyzed by the following criteria:
the number of times they occurred across the six samples (1—2+), the match type at which they
were identified (MS/MS prioritized over MBR), the spectral counts associated with their
identifications (generally 2+), the length of the peptides (between 6—25 amino acids), and their
MaxLFQ intensities (>0). The application of these conservative filtering criteria substantially
reduced the number of peptides retained for downstream interpretation. Consequently, the
relative abundance of AMELX observed in this study is lower than that reported in some
previous amelogenin-based sex estimation studies. This pattern reflects methodological
stringency rather than biological absence, as AMELX peptides are more likely to be excluded
due to sequence overlap with AMELY and lower confidence identifications. Following this
multi-criteria assessment, the most accurate, reliable peptides (n=9) were identified as ensuring
the most accurate analysis of the biological sex of each sample. Table 4 lists these peptide
sequences, the associated protein with that sequence, and which samples positively identified
these sequences. Figure 7 demonstrates an example of peptide identification in the case of Gu 2.
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Sequences highlighted in green represent peptides specific to AMELY, and peptides highlighted
in grey represent the overlap with AMELX, or ambiguous peptides. Figures 8 and 9 illustrate
examples of the annotated spectra for the peptide sequences SMIRPPY and MIRPPY,
respectively, both of which are specific to AMELY. These spectra provide visual confirmation of
the peptide identification generated through database searching, showing the fragmentation
patterns and ion matches that support confident peptide assignment. Figure 9 further highlights
the oxidation of amino acid M, or methionine residue within the MIRPPY sequence. The
identification of this modification demonstrates the sensitivity of proteomic analysis in detecting

subtle molecular changes.

splQ99218JAMELY_HUMAN

MGTWILFACLVGAAFAMPLPPHPGHPGYIN
FSYENSHSQAINVDRIALVLTPLEWNYQOSMI
RPPYSSYGYEPMGGWLHHQIIPVVSQQOHPL
THTLQSHHHIPVVPAQQPRVRQQALMPVPG
QOQSMTPTQHHQPNLPLPAQQPFQPQPVQPQ
PHQPMQPQPPVQPMQPLLPQPPLPPMPPLR
PLPPILPDLHLEAWPATDKTEKQEEVD

Figure 7. Peptides identified in Gu 2. Green peptides represent peptides specific to AMELY,
where grey peptides represent the overlap with AMELX. Image provided by Dr. Yiming Xiao,
Mass Spectrometry Facility, University of Waterloo (Waterloo, Ontario, Canada).

Peptide Sequence Protein (AMELX or AMELY) Samples Identified
GHPGYINFSYEVLTPK AMELX Gu2,Gu8, Gu9
SIRPPYSPY AMELX Gu2,Gug,Gu9,Gul0
SIRPPYPSYG AMELX Gu2,Gu7,Gus8
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SYEVLTPLK AMELX Gu2,Gu7,Gu8,Gu9
WYQSIRPPYPSYGYEPMGGW AMELX Gul,Gu2,Gu7,Gu9
YEVLTPLK AMELX Gu2,Gu7,Gu8, Gu9
IALVLTPK AMELY Gu2,Gu7,Gu8
MIRPPY AMELY Gu2,Gu7,Gu8 Gu9
SMIRPPY AMELY Gu2,Gu8

Table 4. Selected amelogenin peptide identification in Gurat individuals.
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Figure 8. Peptide annotation for SMIRPPY (AMELY), provided by Dr. Yiming Xiao, Mass
Spectrometry Facility, University of Waterloo (Waterloo, Ontario, Canada). Taller peaks
represent higher intensities detected in fragmented ions.
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Figure 9. Peptide annotation for MIRPPY (AMELY), demonstrating the oxidation of amino acid
M, reflecting chemical alteration. Image provided by Dr. Yiming Xiao, Mass Spectrometry
Facility, University of Waterloo (Waterloo, Ontario, Canada). Taller peaks represent higher
intensities detected in fragmented ions.

Some samples (ex: Gu 2) identified several more amelogenin peptides than other samples
(ex: Gu 1, Gu 10), and were generally more protein abundant. Following Parker et al. (2019),
TIC (total ion current)-normalized peptide intensities were log10-transformed prior to analysis
of biological sex in order to facilitate comparison of peptide signal distributions and sample
performance under the tested method. AMELX HUMAN and AMELY HUMAN were
subsequently quantified using combined MaxLFQ ion intensity measurements for each sample
(Parker et al., 2019). Results were not adjusted based on the total powder each sample originated

with, due to their very close similarity in weight. A value of 1 was added to each combined value
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before the data were log-transformed (Parker et al., 2019). Based on these final values, male or
female sex of each Gurat individual was predicted, assuming that the presence of any AMELY
(>0) indicated male biological sex. With such a small sample size, and under the assumption that
any presence of AMELY peptides would be indicative of male biological sex, statistical analysis
and logistical regression were not performed. Table 5 represents the log-transformed values,
along with osteological and proteomic sex estimations for the Gurat individuals, and Figure 10

shows these log-transformed values across each sample.

Sample ID Log AMELX Log AMELY Osteological Sex Proteomic Sex
Estimation Estimation

Gul 6.118530282 0 Probable female Possible female
Gu?2 8.61680402 7.57440834 Probable male Male
Gu7 7.449649252 6.755856436 Possible male Male
Gu 8 9.002567981 7.27243044 Probable male Male
Gu9 7.706878431 6.717287997 Possible male Male
Gu 10 5.87335592 0 Indeterminate Possible female

Table 5. Comparison of osteological and proteomic sex estimations for the Gurat individuals
analyzed in this study. Log-transformed peptide intensities for amelogenin-X (AMELX) and
amelogenin-Y (AMELY) are shown for each individual, alongside previously published
osteological sex estimates (Meijer, 2018; Seymour, 2019) and proteomic sex estimations derived
from the presence or absence of sex-specific amelogenin peptides. A value of 0 indicates that no
peptides for that amelogenin group were detected. Proteomic sex estimation demonstrates clearer
differentiation for males through the detection of AMELY peptides, while female estimations rely
on the absence of AMELY and remain comparable in confidence to osteological assessments.
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Identified AMELX and AMELY Peptides Per Sample
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Figure 10. LoglO0-transformed peptide intensities of identified AMELX and AMELY in each
sample.

It was not possible to definitively assign female sex to Gu 1 and Gu 10 due to a general
lack of evidence. Not only were these samples comparatively not protein abundant overall but
their AMELX signals were relatively low in comparison to those of the other individuals
included in this analysis. Furthermore, it is important to note that an absence of evidence does
not equal an evidence of absence, and that it may be possible AMELY peptides were present, but
not identified. On proteomic evidence alone, the biological sexes of Gu 1 and Gu 10 can only be

estimated as possible females.
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4.2 C-reactive protein

Only one peptide specific to CRP was identified amongst the six samples (KAFVFPK for
Gu 2). Based on the criteria applied to the amelogenin peptides (i.e. the number of times a
peptide occurred across the six samples, the match type at which they were identified, the
spectral counts associated with their identifications, the length of the peptides, and their
MaxLFQ intensities), this peptide does fit most of these criteria, with its isolated detection
making it only somewhat preferable for selection. As with the amelogenin peptides, the data for
CRP in Gu 2 were log-transformed in order to compare them to the other proteins identified in

this thesis. These data are reflected in Table 6.

Sample ID Log CRP
Gu 1 0
Gu?2 6.757034472
Gu7 0
Gu 8 0
Gu9 0
Gu 10 0

Table 6. Log-transformed data of CRP protein present in the Gurat individuals.

4.3 Immunoglobulin-gamma

IgG peptides were not reliably identified in any of the six Gurat individuals. Any peptides

that were identified did not fit the above-utilized criteria for identifying significant results.
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4.4 Albumin

Though it was not first determined as a protein of interest in this study, the most abundant
protein found in serum, albumin, was also identified. Albumin has been used in other proteomic
studies of immune proteins to measure degradation, as it is soluble and globular like IgG and
CRP (Buonasera et al., 2024). Because of this, albumin peptides were also assessed in hopes of
comparing them to the CRP and IgG peptides found in the Gurat individuals. Selected peptides
are detailed in Table 7. While the Gurat individuals did not have any IgG and very little CRP
proteins identified in their teeth, serum albumin levels were comparatively high. Because
albumin is a known and common laboratory contaminant, its identification was evaluated
carefully, using mass spectrometer parameters and cross-sample patterns to assess whether
detected albumin peptides were more consistent with ancient preservation or modern
contamination. Table 8 demonstrates these values taken from seven selected peptides, and Figure
11 reflects the normalized values of all discussed peptides found in this study across each
sample. The comparatively high quantities of albumin indicate that the low levels of CRP and
IgG that were found may not be due to protein degradation over time, and that CRP and 1gG may
not have been abundantly present to begin with (Buonasera et al., 2024). Conversely, it can be
argued that this abundance of albumin and lack of IgG and CRP suggests that antibodies degrade
differently than other structural proteins in biological materials of human remains, and that
immune proteins lose their immunoreactivity, as has been suggested in other work attempting to

extract IgG peptides (Kendall et al., 2016).
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Peptide Sequence Samples Identified
SLHTLFGDKLCTVATLR Gul,Gu2,Gu9

RHPDYSVVLLLR Gul,Gu2,Gu7,Gu8, Gul0

QTALVELVK Gu2,Gu7,Gu8, Gu9

PDYSVVLLLR Gul,Gu2,Gu7,Gu9

LVAASQAALGR Gul,Gu7,GuS8,Gul0

KVPQVSTPTLVEVSR Gul,Gu2,Gu7,Gu8, Gu9,Gul0

KLVAASQAALGL Gul,Gu2,Gu7,Gu9,Gul0

Table 7. Selected serum albumin peptide sequences identified in Gurat individuals.

Sample ID Log ALBUMIN
Gul 7.891094349
Gu?2 7.75363686
Gu7 7.506398531
Gu 8 7.479440567
Gu9 8.052562199

Gu 10 7.656522577

Table 8. Log-transformed data for selected serum albumin peptide presence in Gurat individuals.
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Figure 11. Log10-transformed peptide intensities of identified AMELX, AMELY, Albumin, CRP,

and IgG in each sample
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Chapter S: Discussion

5.1 Biological sex of the Gurat individuals

This study demonstrates that amelogenin peptides (AMELX and AMELY) can be successfully
identified using the modified analytical methods employed here, and highlights the potential
contributions of paleoproteomics to biological sex estimation in archaeological contexts. Where
the biological sex of Gu 2, Gu 7, Gu 8, and Gu 9 had previously been estimated as possible or
probable males based on osteological analyses (Meijer, 2018; Seymour, 2019), the proteomic
results presented here confirm these individuals as male with greater confidence through the
identification of AMELY peptides. In contrast, the proteomic sex estimation for Gu 1 and Gu 10
remains uncertain. Both individuals yielded comparatively low overall protein abundance, and no
non-ambiguous AMELY peptides were identified. Each sample produced only a single reliable
AMELX-specific peptide, limiting interpretive confidence. Osteological analyses have previously
identified Gu 1 as a probable female based on pelvic morphology (Meijer, 2018; Seymour, 2019),
while Gu 10’s biological sex was indeterminate due to their age. In both cases, proteomic evidence
can only suggest a possible female classification. Importantly, this uncertainty reflects an
intentional ethical position adopted throughout this thesis: where evidence is limited or ambiguous,
interpretations are constrained rather than overstated. This approach is particularly critical for
juvenile individuals such as Gu 10, where developmental biology, preservation variability, and
methodological limitations intersect most strongly.

Comparative studies have demonstrated that proteomic sex estimation can be as accurate
as, or more accurate than, osteological and genomic approaches (Adair et al., 2025; Buonasera et

al., 2020; Buonasera et al., 2024; Koenig et al., 2024; Parker et al., 2019). However, this study
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deliberately avoids equating the absence of AMELY peptides with definitive female biological sex.
While some proteomic frameworks would classify Gu 1 and Gu 10 as female based solely on the
absence of AMELY, this thesis maintains that absence of evidence does not constitute evidence of
absence, particularly in samples characterized by low overall protein yield.

These results contribute to ongoing discussions surrounding confidence thresholds in
proteomic sex estimation. Statistical classification was not applied in this study due to both the
small sample size (n = 6) and the absence of consensus regarding quantitative thresholds for female
sex estimation. Parker et al. (2019), for example, propose that the absence of AMELY combined
with AMELX intensities exceeding 5.31 x 10® Cl/mg corresponds to a greater than 90%
probability of female biological sex. Neither Gu 1 nor Gu 10 meets this threshold. Moreover,
Parker’s criteria cannot be directly applied here due to differences in sample mass (10mg vs.
20mg), extraction protocols, and analytical workflows. Applying externally derived thresholds
under these conditions would risk overstating interpretive certainty.

Though the presence of AMELY alone should be considered sufficient evidence of male
sex, determining female sex is not yet something that can be confidently done with proteomic
evidence alone. The approach of absence of AMELY equating to the estimation of female
biological sex does not account for the potential of environmental or diagenetic factors that cannot
be seen with the naked eye (Hendy, 2021). Additionally, differences in organic composition
between permanent and deciduous teeth—and how these tissues preserve over time—remain
insufficiently understood. As such, it is not possible to determine whether the limited AMELX
representation observed in Gu 1 and Gu 10 reflects biological variation, developmental timing, or

taphonomic processes. In this context, restrained interpretation in cases of ambiguity should be

59



viewed not as a limitation of proteomic analysis, but as an ethical safeguard in bioarchaeological

research.

5.2 Immune proteins and health of the Gurat individuals

The lack of immune proteins identified in this study could be for any number of reasons,
which are explored throughout this chapter. In terms of interpreting health among the Gurat
individuals, this study does not seek to replace or replicate osteological assessments, but rather to
evaluate whether enamel proteomics can provide complementary insight into physiological
processes active during tooth formation (Meijer, 2018; Seymour, 2019). While Harris lines can be
observed on Gu 2, Gu 7, Gu 8, and Gu 9 (Seymour, 2019), it cannot be confirmed that these Harris
lines coincided with the narrow window of enamel development for all four individuals. This
temporal uncertainty may help explain why immune proteins were not identified for Gu 7, Gu 8§,
and Gu 9. It is also possible that immune proteins were not secreted in high abundance, leaving
them undetected by the instrumentation used.

Further, though CRP was identified in Gu 2, it can only be speculated that this individual
experienced a period of immune response during the development of their enamel—from
approximately 3—5 months until approximately 4—7 years of age (Hillson, 2024). Due to the
unknown exact functions of CRP and lack of meaningful paleopathological evidence, the cause of
this immune response cannot be determined. However, Gu 2’s evidence of Harris lines (Seymour,
2019) provides limited but temporally relevant context for interpreting the presence of CRP, even
though a direct causal link cannot be established.

In the case of Gu 10, where there is morphological evidence of immune activity potentially

during their years of enamel development (Seymour, 2019), no targeted immune proteins were
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detected. This absence may reflect limitations of the modified method and instrumentation,
reduced preservation of immune-related proteins, or a biological scenario in which Gu 10’s
immune response did not result in the incorporation of immune proteins into the enamel matrix at
detectable levels. It is also possible that Gu 10’s cribra orbitalia did not develop until after enamel
formation.

The findings of this research support the hypothesis of Kendall et al., 2016, who argue that
IgG may be an unsuitable target for detecting disease-associated antigens. The inconsistency
across samples in this study and in others does not suggest that immune proteins may reliably
inform interpretations of health in ancient populations using the methods that have been employed
thus far (Buonasera et al., 2024; Kendall et al., 2016). As suggested by Kendall et al., antibodies
(a term also used for IgG) may preserve poorly, and differently than other organic components of
teeth and bone (Kendall et al., 2016). The same authors also found IgG difficult to extract after
testing three different methods, which all differ from the one employed in this thesis (Kendall et
al., 2016). In considering these results, along with the ones provided by Buonasera et al. (2024),
immune proteins and their quantification have a long way to go before any specific interpretations
can be made, due to the vague nature of immune proteins and their functions. Their identification
requires more sensitive methods than the identification of other proteins, such as amelogenin.
Though the instrument used in this study is not optimized for these kinds of identifications, the
discovery of even one immune protein demonstrates the potential immune proteomics holds as
these methods continue to advance. Though these results support the hypothesis of Kendall et al.,
(2016), the last decade of proteomic research demonstrates further avenues of research worth
exploring.
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Buonasera et al., 2024, anticipate that serum albumin should react similarly to IgG and
CRP, due to their forms being similar in nature. They argue that the level of protein degradation
should apply with similar kinetics amongst those three proteins, and that their relative intensities
could provide a record of stress/disease during tooth formation (Buonasera et al., 2024). This
pattern is not supported by the results of the present study. While it is entirely possible that ancient
IgG cannot be identified with the method used here, very consistent quantities of albumin were
found in all six samples. It could be possible that albumin preserves better than immune proteins,
though much further research in this avenue is required. Even still, the vast difference in protein
abundance between IgG and CRP and albumin and amelogenin calls for further exploration,
especially in consideration of Gu 10.

Further, the differences in timing between immune activity responses and enamel
formation may also explain the absence of immune proteins in most of the individuals included in
this study. Though they are not completely understood, antibodies like IgG are believed to circulate
in response to short-term infections, whereas enamel formation is generally a more gradual process
(Ansar, 2020; Buonasera et al., 2024; Chiang et al., 2019; Cundiff et al., 2024; Hillson, 2024;
Kendall et al., 2016; Oliveira et al., 2023). Under this assumption, immune activity must coincide
precisely with the enamel formation process for immune proteins to successfully be detected in
enamel (Buonasera et al., 2024). With an organic component so low, capturing immune proteins
could be difficult unless they existed in abundance. In this light, the absence of immune proteins
found in the enamel of the Gurat individuals would not necessarily be interpreted as an absence of
inflammation or healing, but as a reflection of the timing of the incorporation of proteins/organic

content in dentition.
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In keeping with the ethical framework outlined at the beginning of this thesis, these results
are interpreted with particular caution and restraint. The Gurat individuals are not simply datasets,
but people whose biological remains reflect complex life histories that cannot be reduced to
isolated molecular signals. As such, the absence or presence of immune-related proteins is not
treated as definitive evidence of health or illness, but rather as one line of contextual information
considered alongside osteological data, archaeological context, and known methodological
limitations. By avoiding overinterpretation and explicitly acknowledging uncertainty, this study
aims to balance scientific inquiry with respect for the individuals and communities represented,

emphasizing transparency, proportionality, and care in the interpretation of paleoproteomic data.

5.3 Limitations and future directions

The largest obstacle in this thesis research was the time constraint. With more time and
further resources, current workflow and instrumentation set up could have been modified further
to improve results. As it currently stands, this method can successfully detect amelogenin, but
cannot reliably detect immune proteins. Modifications made to employ the method used in this
project were made in the interest of cost, resources, and time, and these slight modifications could
be the reason for these results. Outside of the sample preparation process, the use of newer, more
sensitive mass spectrometry equipment could have potentially provided different results. Further,
the use of data processing methods outside of what was achieved here may also have yielded better
results.

Beyond time and resource limitations, several methodological constraints deserve
discussion, such as sample size and representativeness. Only six individuals could be included for

this study, which clearly limits the ability to provide any population-level interpretations.
63



Additionally, multiple teeth from the same individuals were not run as replicates, which could have
better spoken to the success and reliability of this method. Exploring these avenues could have
allowed for better assessment of individual variability in protein preservation.

Another limitation involves the possibility of contamination. Though this study did not
identify collagenous proteins associated with dentine, there is, of course, the possibility that
dentine was included in small amounts throughout the samples. There is also the possibility that
modern contaminants could have been included in the samples, despite the database of
contaminants that was run during mass spectrometry analysis. Though many precautionary
measures were taken to limit contamination, such as the cleaning of teeth surfaces, tool surfaces,
and all instrumentation used, the heavy-handling of these samples over time may have introduced
modern contaminants. In this event, it could be possible that low-abundance ancient proteins were
overshadowed by the contaminants.

As this field continues to grow, there is very much left to explore. Though this study used
the smallest enamel powder sample that has been published to date, less destructive enamel
sampling techniques applicable to paleoproteomics should continue to be developed. In the case
of the smaller enamel sample size used here, preliminary research found that equivalent results
were yielded in comparison to samples double the size. The preservation of human remains is
paramount, and this should be kept in mind during any proteomic study that is destructive in nature,
particularly when methodological gains are incremental rather than transformative. Also left to be
explored is the specific preservation of ancient antibodies. Though various studies have confirmed
that enamel and its structural proteins preserve remarkably well, the preservation of proteins such

as serum proteins should continue to be investigated (Bartlett, 2013; Buonasera et al., 2024;
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Castiblanco et al., 2015; Gil-Bona & Bidlack, 2020; Hillson, 2024; Kendall et al., 2016).
Experiments with this focus may shed light on whether the inconsistent amounts of immune
proteins present in archaeological samples reflects individual biology or taphonomic conditions
(Buonasera et al., 2024; Kendall et al., 2016). And finally, and perhaps most importantly, future
research should emphasize comparisons between contemporary populations and ancient ones
when it comes to proteomic method development. Having definitive and known information would
greatly assist in testing accuracy and applicability of proteomic methods to bioarchaeological
populations where little is known. This is critical to the foundation of this research. Taken together,
these findings emphasize the importance of ethical proportionality in paleoproteomic research,
where the pursuit of new molecular insights must be balanced against the limits of current methods

and the responsibility to represent past individuals with accuracy, care, and restraint.

65



Chapter 6: Conclusion

This thesis investigated the potential of enamel proteins using a modified method to
contribute to bioarchaeological interpretations of biological sex and health in six individuals from
a monastery in Gurat, France. The results confirmed that amelogenin peptides could be
successfully identified from archaeological enamel samples and could serve as reliable markers
for biological sex in most individuals. These findings reinforce the reliability of amelogenin-based
sex determinations, while emphasizing the need for caution in interpreting the results from samples
with low protein abundance. In contrast, the results suggest that immune proteins may not serve
as reliable bioindicators of ancient health using the modified method employed here. Though
another serum protein, albumin, was consistently present across all samples, immune proteins
could generally not be identified with confidence. For this sample then, enamel proteomics does
not yet offer a dependable means of reconstructing health or immune activity in archaeological
contexts through the use of this method.

While this study’s results were modest in scope, they hope to provide meaningful
contributions to the growing field of paleoproteomics. The methods used here are sufficient for
amelogenin protein identification and biological sex estimation. While the limited success in
detecting immune proteins was initially disappointing, this highlights the current methodological
needs for future research. This study also demonstrated that even with limitations in resources, a
modified extraction protocol with smaller samples can yield meaningful proteomic data. With
continual technological refinement and interdisciplinary collaboration, paleoproteomic studies
using tooth enamel hold immense potential for reconstructing the unknown histories of
archaeological populations. Taken together, this research emphasizes the importance of
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methodological transparency, interpretive restraint, and proportionality in paleoproteomic
analyses, ensuring that molecular insights are balanced with respect for the individuals and

communities represented in the archaeological record.
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