
1 

Investigation of ancient proteins in archaeological material 

Dissertation 

in Partial Fulfilment of the Requirements for the Degree of 

“Doctor of Philosophy” (PhD) 

Submitted to the Council of the Faculty of Biological Sciences 

of the Friedrich Schiller University Jena 

by Ashley Scott, M.Sc. Biochemistry and Molecular Biology 
born on 04 February 1985 in Gainesville, USA



2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gutachter:  

1. Prof. Dr. Christina Warinner, Friedrich Schiller University, Max Planck Institute for    
     Evolutionary Anthropology 
2. Prof. Dr. Johannes Krause, Friedrich Schiller University, Max Planck Institute for  
     Evolutionary Anthropology 
3.  Prof. Dr. Matthew Collins, Cambridge University 
  

Beginn der Promotion: July 14, 2017 

Dissertation eingereicht am: October 28, 2021 

Tag der öffentlichen Verteidigung: May 11, 2022 

  



 3 

Abbreviations ........................................................................................................................... 4 

1. Introduction: ........................................................................................................................ 5 
1.1 Background: Dietary reconstruction .............................................................................. 7 

1.2 Dental calculus ............................................................................................................. 18 

1.3 Methods used in this thesis .......................................................................................... 20 

2. Aims of the Thesis .............................................................................................................. 28 
3. Overview of manuscripts and author contributions ....................................................... 30 

3.1. Manuscript A .............................................................................................................. 30 

3.2 Manuscript B ................................................................................................................ 32 

3.3. Manuscript C ............................................................................................................... 34 

3.4. Manuscript D .............................................................................................................. 36 

4. Manuscript A ...................................................................................................................... 38 
5. Manuscript B ...................................................................................................................... 45 
6. Manuscript C ...................................................................................................................... 62 

7. Manuscript D ...................................................................................................................... 71 
8. Discussion............................................................................................................................ 83 

8.1 Dietary protein recovery and identification ................................................................. 83 

8.2 Patterns in protein preservation ................................................................................... 87 

9. Conclusion ........................................................................................................................ 101 
10. References ....................................................................................................................... 103 

11. Summary ......................................................................................................................... 117 
12. Zusammenfassung.......................................................................................................... 119 
13. Declaration of Honour (Eigenständigkeitserklaerung) .............................................. 121 

14. Curriculum Vitae ........................................................................................................... 122 
15. Acknowledgements ........................................................................................................ 122 

16. Appendix ......................................................................................................................... 123 
 
 
 
 
 
 
 
 
 
  



4 
 

Abbreviations 
BLG β-lactoglobulin  
AS1-CN alpha-S1- casein 
A-LAC α-lactalbumin 
OVAL Ovalbumin  
BGLU β-1,3- glucanase/glucosidase  
TURM Turmerin 
BCG β- conglycinin  
SBP Sucrose binding protein  
LMW-GS Low molecular weight glutenin subunit  
AAI α- amylase/trypsin inhibitor  
CNs caseins 
BLG II β-lactoglobulin II 
AS2-CN alpha-S2- casein 
B-CN beta-casein 
K-CN kappa-casein 
SA serum albumin 
LTF lactoferrin/ lactotransferrin 
LYZC lysozyme C 
δ13C values 13C to 12C ratio 
δ15N values 15N to 14N ratio 
Δ13C the difference in δ13C values of C16 and C18  
LP lactase persistence 
LNP lactase non-persistence 
GC-MS gas chromatography-mass spectrometry 
GC-C-IRMS gas chromatography-combustion-isotope ratio mass spectrometry 
MALDI-TOF MS matrix-assisted laser desorption ionization time-of-flight mass spectrometry 
LC-MS liquid chromatography-mass spectrometry 
PTMs post-translational modifications 
PSMs peptide spectral matches 
m/z mass/charge 
FASP filter-aided sample preparation 
EDTA ethylenediaminetetraacetic acid  
UA urea 
SDS sodium dodecyl sulfate 
DTT dithiothreitol 
IAA iodoacetamide 
NaCl sodium chloride 
TFA trifluoroacetic acid 
TEAB triethylammonium bicarbonate 
SPE solid-phase extraction 
ACN acetonitrile 
FA formic acid 
FDR false discovery rate 
AFs amyloid fibrils  
IgE immunoglobulin E 
CTL c-type lectin 
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1. Introduction:  
The past decades have witnessed the rapid expansion of studies into ancient human diet using 
a range of diverse methods. Technical advances in the fields of ancient DNA, microscopy, 
isotopic chemistry, organic residue, and protein chemistry have allowed researchers to gain 
new insight into the economy and subsistence of ancient humans (Roffet-Salque et al. 2017; 
Hendy 2021; Katzenberg and Grauer 2018; Henry 2020; Mann et al. 2020). Integrating these 
methodologies with more traditional archaeological research and historical texts and 
iconography can provide insights into the human behavior and cultural choices that have 
allowed humans to adapt and modify their subsistence strategies in the past. Food 
consumption and nutrition patterns can help track the use, spread, and evolution of 
domesticated plant and animal species and food processing technology through time.  
 
Conventionally, past human diets have been primarily studied through comparative 
morphological analysis of botanical and faunal assemblages. However, the recent application 
of molecular methods to the recovery and identification of ancient organic molecules has led 
to many discovery-based findings that have demonstrated the potential and limitations of 
these new methods when applied to the archaeological record (Zischler et al. 1995; Collins et 
al. 1995; Downs and Lowenstein 1995; McGovern et al. 1995; Fiedel 1996; Austin et al. 
1997; Dongoske et al. 2000). Researchers have applied molecular methods to many artifact 
types and remains in an attempt to glean dietary information from the past. Bone, paleofeces, 
pottery, stone tools, and dental calculus are among the substrates studied to date (Katzenberg 
and Grauer 2018; Warinner et al. 2014; Maixner et al. 2018; Dunne et al. 2012; Hendy et al. 
2018; Martisius et al. 2020; Korzow Richter et al. 2020).   
 
The research presented in this thesis was produced by proteomic analysis of ancient dental 
calculus in conjunction with data from other archaeological methods, including genomic and 
microremain analyses. Dental calculus is mineralized plaque that adheres and accumulates on 
the surfaces of teeth, trapping biomolecules and food remains, which provides researchers 
with a direct line of evidence for the consumption of dietary items. This thesis will focus on 
ancient dietary proteins and the strengths and limitations inherent in paleoproteomic 
approaches to dietary studies. When considering the reconstruction of paleodiet, all methods 
employed, both new and traditional, have limitations. None of the methods discussed in this 
thesis can provide a complete picture of ancient diet, and it would be inappropriate to attempt 
a full dietary reconstruction using any or even all methods at our disposal. However, 
proteomics methodologies can offer several important advantages over other methods. 
Researchers have demonstrated the exceptional preservation potential of ancient proteins, 
particularly when compared to other biomolecules, and proteins have been identified from 
material from millions of years in the past (Rybczynski et al. 2013; Demarchi et al. 2016; 
Cappellini et al. 2019). Proteins are often able to offer a level of taxonomic and tissue 
specificity unavailable to other methods. Tandem mass spectrometry technology, in 
particular, is highly sensitive and can offer exceptionally accurate measurements even in 
complex mixtures of unknown proteins. Notably, the method also provides probabilistic 
matches for peptide matches, which allows for more statistical precision for protein and 
taxonomic identifications, an advantage not available for many archaeological methods.  
 
A considerable hurdle to the paleoproteomic study of diet is that many mechanisms of protein 
preservation are still poorly understood. Some protein characteristics have been hypothesized 
to play a role in long-term preservation in the archaeological record, including protein 
structure or function, calcium-binding ability (Collins et al. 2002; Warinner et al. 2014a; 
Demarchi et al. 2016; Hendy et al. 2018b), and the presence of specific post-translational 

https://paperpile.com/c/HZp5gj/0Pbc+R1Yd2+o4MM+yRLh+Cnn5+Vu57+OXIC
https://paperpile.com/c/HZp5gj/0Pbc+R1Yd2+o4MM+yRLh+Cnn5+Vu57+OXIC
https://paperpile.com/c/HZp5gj/0Pbc+R1Yd2+o4MM+yRLh+Cnn5+Vu57+OXIC
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modifications such as glycosylation (Ozcan et al. 2014). The most frequently recovered 
proteins are fibrous, insoluble proteins such as keratin, collagen, and elastins. In particular, 
mineralized fibrous proteins are often exceptionally well-preserved (Demarchi 2020). 
Collagen, the most abundant protein in animals, possesses a particularly stabilizing triple 
helical structure, and many collagen types form fibrillar macromolecular structures 
(Shoulders and Raines 2009). As expected, collagen proteins are the most recovered protein 
in paleoproteomic studies. In contrast, diet-specific protein recovery from archaeological 
material has been rare, and some early identifications do not hold up to more recent 
bioinformatic standards, and many reported proteins cannot be verified through independent 
data analysis.  
 
Prior to the onset of this thesis research, unequivocal dietary remains from dental calculus 
primarily consisted of dairy proteins, namely β-lactoglobulin (BLG) (Warinner et al. 2014b, 
a). BLG continues to dominate dietary proteomic identifications (Yang et al. 2014; Jeong et 
al. 2018; Charlton et al. 2019; Wilkin et al. 2020; Bleasdale et al. 2021). However, the small 
number of unequivocal dietary proteins that have been identified compared to the large 
number of unidentified MS/MS scans that dominate paleoproteomic datasets had offered 
limited insight into the factors contributing to dietary preservation. Compared to commonly 
recovered proteins in archaeological bone and shell, BLG shares few similarities beyond its 
calcium-binding capacity.  
 
Although the recovery of non-dairy dietary proteins has been rare thus far, this thesis aims to 
provide a better understanding of the factors that may influence the preservation and recovery 
of proteins and to identify potential biases introduced through the differential preservation of 
proteins. Through Manuscripts A, B, C, and D, this thesis expands the number of robustly 
identified ancient dietary proteins in dental calculus, ultimately resulting in the recovery of 20 
different dietary proteins that could be taxonomically identified to the genus or species level 
from 10 different plant and animal sources (see Table 1), including milk, egg, wheat, sesame, 
soybean, turmeric, and banana. Many of these proteins had not been previously identified 
using paleoproteomics techniques. 
 
In order to achieve greater protein recovery from dental calculus, this thesis included the 
development of a series of methodological improvements and optimizations to the protein 
extraction protocol. These efforts focused on reducing loss, preventing off-target chemical 
modifications, and improving protein purity. The resulting protocol has been made publicly 
available on the public repository Protocols.io: dx.doi.org/10.17504/protocols.io.7vwhn7e. 
Additional efforts were also made to improve the database completeness of milk proteins for 
common dairy livestock. These activities, aimed at improving the recovery and identifiability 
of ancient dietary proteins, are described in section 1.3. 
 
Finally, this thesis examines patterns of dietary protein recovery and identification in ancient 
samples to date. The Discussion section of this thesis (section 8) presents a series of 
observations and hypotheses regarding the potential mechanisms of protein preservation in 
archaeological contexts. Having a deeper understanding of the types of dietary proteins that 
can be expected to preserve over time is a necessary next step for the field of 
paleoproteomics, particularly in the context of dietary identification from dental calculus. 
Until we understand the potential biases in our method, any attempt at dietary reconstruction 
through proteomic studies will be limited. While not all potential biases are relevant or 
important in every paleodietary study, those introduced through our analytical methods will 
affect the types of research questions we can ask or expect to answer. As a result, a deeper 

https://dx.doi.org/10.17504/protocols.io.7vwhn7e
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understanding of the factors that influence protein survival and recovery will enable more 
robust studies focusing on relevant research questions, the appropriate use of scarce 
archaeological material, and new means of authentication.  
 
1.1 Background: Dietary reconstruction  
In the following sections, the main conventional archaeological methods that have been used 
to reconstruct aspects of ancient diets will be discussed, including archaeobotany, 
zooarchaeology, stable isotope analysis, and organic residue analysis. The emerging field of 
paleoproteomics is then presented, and the strengths and weaknesses of this new molecular 
technique are described. 
 
Although multiple methods exist to reconstruct aspects of ancient diets, each of the methods 
available can only provide specific, often limited, information about the overall diet, yielding 
a snapshot into the diet of individuals, or a set of individuals, in a fixed time and place. Each 
method employed can suffer from the limitations inherent in any archaeological research; 
namely, assemblages are non-renewable and often involve low sample sizes and small 
starting amounts that can restrict any attempt at statistical analysis and lead to biases. It is 
also important to consider that all archaeological assemblages are biased from the start 
(Vanderwarker and Peres 2010). Biases are introduced from the initial formation of an  
 
Table 1. Dietary protein recovery from four manuscripts discussed in this thesis. A total of 2,052 
dietary-specific peptide spectral matches (PSMs) were identified from archaeological dental calculus. 
Milk proteins were the most frequently recovered proteins, and the majority ( 1756/1898) of these 
were recovered from individuals that participated in a pastoralist subsistence economy 
 

 

Food 
category                          Proteins Taxonomic ID  PSMs 

Milk 

Caseins αS1-casein (AS1-CN) Caprinae  9 αS1-casein (AS1-CN) Bovinae 

β-lactoglobulins 

β-lactoglobulin (BLG) Capra 
1879 β-lactoglobulin (BLG) Ovis 

β-lactoglobulin (BLG) Bovinae 
β-lactoglobulin I (BLGII) Equus 9 

 α-Lactalbumin (A-LAC) Caprinae  10 
Egg  Ovalbumin (OVAL) Gallus 17 

Fruit  β-1,3- glucanase/glucosidase 
(BGLU) 

Musa 2 

Tubers  Turmerin Curcuma 4 

Seeds 

11S globulin 
seed storage 

proteins 
 

11S globulin isoform 2 Sesamum 29 
11S globulin isoform 3 Sesamum 23 
11S globulin isoform 4 Sesamum 16 
11S globulin: Glycinin G1/G2 Glycine 12 
11S globulin: Glycinin G4  Glycine 6 

 7S globulin: β- conglycinin (BCG) Glycine 10 
Sucrose binding protein (SBP) Glycine 2 
2S albumin  Sesamum 8 

Grains  Low molecular weight glutenin 
subunit (LMW-GS) 

Triticum 13 

 α- amylase/trypsin inhibitor (AAI) Triticum 3 
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archaeological site as behavior, and cultural practices dictate which dietary taxa will and will 
not be left behind. Decisions about butchering location, cooking, discarding, or storing 
dietary items will affect which items remain. Differential preservation and taphonomy will 
introduce further biases as weathering, soil pH, moisture, scavenging, plant intrusion, 
redeposition, trampling, and human activity can prevent recovery of archaeological items 
(Lee Lyman and Lyman 1994). Archaeological excavations and field recovery procedures 
will bias dietary studies further, as excavators must often decide what can be reasonably 
recovered. Researchers can quickly introduce considerable biases by choosing which samples 
to study, which analytical methods to employ, and how they interpret the resulting data. 
 
1.1.1 Archaeobotanical studies of past diet  
Researchers studying ancient diets have often utilized recovered plant remains to investigate 
subsistence strategies, plant use and domestication, and the development of agriculture. 
Generally, researchers classify plant remains as either macroremains or microremains. 
Macroremains are visible with the human eye or with low-powered microscopy, while 
microremains require a high-powered microscope for identification (Wright 2010). 
 
1.1.1.a. Macroremains  
Macrobotanical remains have conventionally been one of the primary sources of data for the 
study of past diets. In general, there is a strong bias against the recovery of macrobotanicals, 
and many regularly consumed vegetables and fruits are highly perishable. Of the 
macroremains that preserve, there is a strong bias towards the recovery of wood, grains, and 
seeds, especially those that have carbonized. Archaeologists have also recovered more 
delicate macroremains such as tubers, stems, leaves, and fruits from archaeological sites with 
optimal environmental conditions for preservation. These conditions are rare and consist of 
environments with little to no oxygen or moisture, preventing bacterial decomposition of 
organic material, such as permanently anoxic waterlogged conditions such as bogs (Hillman 
1986) and shipwrecks (Haldane 1993). There is also an increased chance of preservation of 
plant remains in very arid environments such as deserts. While exceedingly rare, these 
conditions have produced a wide variety of plant remains, including more delicate and highly 
perishable types of remains, such as desiccated flowers, fruits, and leaves. Likewise, the 
process of carbonization occurs through a low-oxygen environment. Charred plant remains 
are converted into charcoal (carbon), which prevents the natural decay process. 
 
Archaeologists typically recover macroremains from archaeological contexts through hand 
collection, screening soil with fine mesh, or flotation. Flotation is the most common recovery 
method used for macrobotanical remains. This process uses either water or chemicals to free 
plant remains from their geological substrate. While sediments sink, less dense organic and 
charred materials float to the top, allowing separate recovery. Some more dense plant remains 
will sometimes sink into the sediment fraction, so both fractions are often dried and sorted for 
remains (Wright 2010).    
 
1.1.1.b. Microremains  
Microbotanical remains are plant remains that require high-power microscopy for 
identification and include pollen, starch granules, and phytoliths. Pollen is produced in the 
male reproductive organs of spermatophytes. Plants produce pollen with a wide diversity of 
morphologies, and these differences assist in taxonomic classification. In addition to pollen, 
most plants also form starch granules, which store chemical energy produced through 
photosynthesis within chloroplasts in leaves and stems and within amyloplasts in roots, 
tubers, rhizomes, and seeds. The morphology of starch granules can allow for identification, 
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although the starch granules found within chloroplasts are often non-diagnostic and therefore 
of limited use (Henry 2020a). The starch granules produced within amyloplasts are often 
larger and store carbohydrates as an energy source for the plant. In some cases, these granules 
have a sufficiently distinctive morphology to allow identification, but these species-level 
taxonomic identifications are generally rare (Mercader et al. 2018). Phytoliths are produced 
by some higher plants by absorbing silica from groundwater, which precipitates within the 
plant and solidifies into recognizable shapes and sizes that help identify plants taxonomically. 
These phytolith fossils survive long after the plant has decayed, which can be particularly 
advantageous. Fossilized silica can survive in environments that are not conducive to 
preserving macrobotanical structures, and phytoliths can give us a glimpse of dietary 
specimens that might otherwise remain invisible.  
 
Flotation is the primary recovery technique for microremains. Due to the microscopic size of 
the remains, archaeologists typically take samples from specific locations within an 
archaeological site rather than process large amounts of soil. In addition to dry sediments and 
lake cores, microremains are recoverable from other contexts, including structural surfaces, 
ceramic vessels, dental calculus, paleofeces, and other archaeological artifacts (Hunt et al. 
2001; Wilkinson et al. 2003; Piperno 2006; Tromp and Dudgeon 2015; Henry 2020b). 
 
1.1.1.c. Limitations of archaeobotanical studies  
While some plants produce characteristic microremains, most have a lower taxonomic value 
due to the significant overlap in morphology between and within plant species. Pollen is often 
only identifiable to the genus level (Day 2013). Starch and phytoliths can also be limited in 
their taxonomic specificity. Phytoliths have the lowest taxonomic value, but they can be used 
for broader classifications such as grasses or cereals, providing insight into dietary habits.  
 
Macrobotanical remains are strongly biased towards the recovery of carbonized grains and 
seeds. In general, macrobotanical remains rarely preserve, and many regularly consumed 
structures are highly perishable. While carbonization can protect structures from natural 
decay, mechanical damage from food processing or environmental conditions can also 
complicate the identification of taxa (Vanderwarker and Peres 2010). The carbonized remains 
that do preserve are often found near hearths. The types of foods that are likely to be charred 
require processing before consumption, such as cereals. Since this preserve more readily, 
they are more likely to be overrepresented. Plants with fragile structures or plants eaten raw 
or away from archaeological features such as hearths are unlikely to be recovered or sampled, 
and they will be under-represented or invisible in the plant assemblages. 
 
Differential preservation of microremains can also introduce bias. Heat can cause damage or 
loss of features used to identify plant species. Pollen only survives in an uncharred form. 
Processes such as heat, water absorption, and desiccation can change the morphological 
characteristics of starch granules, complicating identification. Starch granules themselves 
preserve differentially by both size (Haslam et al. 2009) and species through the preferential 
breakdown of some plants by bacteria (Hutschenreuther et al. 2017). Silica does not 
accumulate the same in all plants. Some plants, like grasses, produce an abundance of 
phytoliths, while others produce few, if any, and can remain invisible. Some plants produce 
more phytoliths with high taxonomic value, such as Poaceae. Additionally, phytolith 
morphotypes also preserve differentially. Phytoliths start to dissolve soil pH above 8. 
Morphotypes dissolve at different rates, influenced by their shape, with more compact forms 
dissolving less than those with a higher surface/volume ratio (Cabanes and Shahack-Gross 
2015). These factors can introduce biases that can complicate any interpretation of the plant 
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assemblages and their relation to ancient diets.  
 
Even if conditions are ideal for preservation, sampling methods can introduce a bias in the 
recovery of botanical remains. Recovery will vary with technique, mesh size, and the type, 
size, and fragility of remains (Wright 2010). Flotation techniques are too labor-intensive to be 
practical for large-scale soil sampling. Instead, smaller subsamples are often selected, and 
consequently, the recovered plant assemblages will not fully represent everything deposited. 
While phytoliths and starch granules are more likely to remain in their deposited location, 
wind, water, or soil erosion can easily carry pollen from its original location (Evans et al. 
1999), limiting interpretation of human involvement. Piperno demonstrated the differential 
recovery of microremain types from various substrates such as soil, paleofeces, dental 
remains, and artifacts (Piperno 2006). 
 
The identification of botanical remains is an inherently comparative method. Analysts 
visually compare archaeological remains to known, often modern, specimens. Extensive and 
reliable comparative reference collections are indispensable for accurate identification. Due 
to the comparative nature of most botanical identifications, there is always some inherent 
subjectivity involved in taxonomic designations. 
 
1.1.2 Zooarchaeological studies of past diet  
Zooarchaeological studies of animal remains have conventionally played an essential role in 
the investigation of ancient human diets. Data from these studies can provide insight into 
ancient subsistence strategies, what role specific animal species had in these economies, and 
the technological adaptations involved in exploiting animal resources.  
 
Numerous taphonomic processes can hinder or aid the preservation of skeletal remains. These 
processes include cultural transformations caused by human processing such as butchery and 
cooking and abiotic factors including soil pH or exposure to sunlight and moisture.  Post 
deposition disturbances such as scavenging, erosion, intrusive burials, and plant intrusion can 
also lead to the destruction of archaeological remains. Even in ideal conditions, some skeletal 
elements tend to survive better taphonomically, such as those that are more calcified (e.g., 
teeth, antlers, bones, or shells) (Lee Lyman and Lyman 1994; Peres 2010). Larger, more 
dense bones are also more likely to survive well, although they are more prone to 
fragmentation. These factors can bias faunal assemblages towards preserving and recovering 
larger animal bones and inflate count values, thereby inflating their relative representation 
(Lee Lyman and Lyman 1994). 
 
Archaeologists typically recover faunal remains through dry screening of excavated soils, and 
mesh size will determine the size of recovered specimens. Mesh size can easily bias the 
recovery of smaller elements or fragments (Peres 2010). Like archaeobotanical studies, the 
traditional and most common method of faunal species identification is through visual 
inspection and designation based on taxonomically diagnostic morphological features. These 
identifications are made through comparison with a reference collection of faunal remains. 
 
1.1.2.a. Zooarchaeological studies of secondary products  
Zooarchaeological studies of subsistence typically focus on the relative abundance of specific 
animal species within an assemblage. If present, researchers can use sex-specific and age-
specific features to infer herding strategies or the use of secondary products such as milk 
(Vigne and Helmer 2007). For example, optimal herd managing strategies include the culling 
of animals at specific life stages. Animal herds used primarily for meat consumption often 
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show culling patterns with an increased frequency of culled young and sub-adult males, 
typically between one and two and a half years (Marciniak 2011). Typically for goats and 
sheep used primarily for milk, there will be a high kill-off of the very young (often under two 
months of age), and herds will be composed of mostly older females (Vigne and Helmer 
2007). However, accurately assessing these kill-off patterns requires a well-preserved faunal 
assemblage of an appropriate statistical size (Albarella et al. 2017). Both sample size and 
preservation quality can influence the validity of inferences made about animal exploitation 
strategies concerning ancient human diet. 

1.1.2.b Limitations of zooarchaeological studies   
As with any set of archaeological remains, zooarchaeological assemblages are inherently 
biased and unlikely ever entirely to reflect the past use of animals for human subsistence. Soft 
tissue rarely survives, and faunal assemblages typically consist of the most durable skeletal 
features. Remains recovered from settlements are often food-processing by-products, and 
butchering, transport, and discard patterns will affect the availability of some skeletal 
elements.  
 
In ancient populations that are wholly or even seasonally mobile, zooarchaeological data can 
be challenging to interpret. These mobility patterns can obscure culling patterns, and 
statistically robust conclusions about herd management strategies or composition are 
impossible without a larger sample size than is often available with fully mobile populations 
that lacked permanent settlements (Gamble 1978). In these cases, assumptions about herd 
culling patterns or composition would be based on faunal remains found only within human 
burials. These grave burials reflect what the society chose to be buried with, not necessarily 
the full spectrum of exploited animals or how ancient societies utilized them (Russell 2011).  
Zooarchaeologists face many challenges when quantifying a faunal assemblage. Differential 
preservation, fragmentation, and identifiability of skeletal elements and species can easily 
affect an assemblage’s quantification (and subsequent statistical analysis), and researchers 
often use different methods to calculate these values (Peres 2010; Lambacher et al. 2016). 
The appropriateness of each measure is relative to the research question, and debate about the 
strengths and limitations of each measure is still ongoing (Peres 2010; Domínguez-Rodrigo 
2012). There is also the concern about the validity of faunal identification and the 
reproducibility of zooarchaeological studies due to a lack of broadly accepted identification 
standards (Wolverton 2013). Like archaeobotanical studies, zooarchaeological studies are 
comparative, and therefore, to some degree, always subjective. Issues of intra- and inter-
species variation in morphology can complicate or reduce identifications. Accurate 
identifications often depend on the skill and experience of the researcher as well as the size 
and quality of the faunal reference collection.  
 
1.1.3 Stable isotopic studies of past diet   
Stable isotope studies have been a standard tool for archaeologists studying ancient diets 
since the first studies in the 1970s (Vogel and van der Merwe 1977; van der Merwe and 
Vogel 1978). The ratio. of stable isotopes for nitrogen and carbon in a food source undergo 
predictable patterns of fractionation as it incorporates into the consumer's skeleton, which can 
help differentiate the types of, and relative importance of the isotopically distinct foods 
consumed by an individual. Mass spectrometers are used to separate a sample by its 
elemental isotopes through their mass-to-charge ratio, providing researchers with the ratio of 
these isotopes relative to each other. Archaeological researchers have applied bulk and 
compound-specific stable isotope analyses to various dietary reconstruction studies 
(Katzenberg and Grauer 2018). 
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1.1.3.a Stable isotopic substrates  
Various body tissues are better suited for specific research questions. Bone collagen is the 
most common tissue tested in investigating ancient human diets through stable carbon and 
nitrogen ratios. Collagen’s stability and long-term survival potential are well documented 
(Lee-Thorp and Sponheimer 2003; Collins et al. 2002; Dobberstein et al. 2009). Bone 
collagen is remodeled over time with amino acids derived from dietary sources, providing 
researchers with a snapshot into protein consumed by the individual during the last few years 
before death. In comparison, collagen from tooth dentine does not remodel after formation in 
childhood. The isotopic composition is preserved and can be recovered to generate data about 
an individual’s diet during tissue formation (Eriksson 2013). Combining different tissue types 
is a useful way to show potential isotopic changes within an individual’s lifetime. In addition 
to collagen, carbonate (CO3) found within biogenic apatite can also be used to source isotopic 
carbon ratios and is found in bone, tooth enamel, and dentine. The carbonate found within 
these sources is extraordinarily stable (Sponheimer and Lee-Thorp 1999; Lee-Thorp and 
Sponheimer 2003) and can be helpful in contexts where collagen is too degraded for analysis. 
Additionally, while the carbon in collagen is derived chiefly from dietary proteins, the 
carbonate carbon is derived from dissolved bicarbonate in the blood, sourced from dietary 
carbohydrates, lipids, and protein (Katzenberg and Grauer 2018). This can provide a better 
perspective into an individual’s entire diet, including low protein foods (Krueger and Sullivan 
1984; Ambrose and Norr 1993; Tieszen and Fagre 1993). 
 
1.1.3.b.  Relative isotopic values and diet  
Stable isotopes are often used to distinguish C3 plants from C4 plants; their differing 
photosynthetic pathways alter their carbon fixation pathways, which affects their 13C to 12C 
ratio (δ13C value). Plants that have evolved in different climatic regions have different δ13C 
values. C4 plants evolved in hot and dry environments and consist mostly of grasses, and their 
photosynthetic pathways are more efficient, reducing water loss compared toC3 plants. 
Although C3 plants make up the vast majority of plants on earth, a few economically 
important C4 dietary species, such as maize, sorghum, and millet, have been domesticated by 
humans, and increasing δ13C values in human bones can reflect an increased reliance on these 
dietary taxa (Vogel and van der Merwe 1977). The ratio of 15N to 14N (the δ15N value) 
isotopes corresponds broadly to the consumption of dietary sources at various trophic levels. 
Plants exist at the lowest trophic levels, while carnivores exist at the top. Generally, 
individuals with a high δ15N value are likely to have consumed more dietary resources higher 
in the food chain (i.e., meat) than individuals with a lower value. The proportion of meat to 
plant resources can be inferred by these isotopic values.  
 
These studies can provide broad generalizations about ancient diets based on consumed 
protein, but they provide low resolution about the specific foods consumed. Additionally, 
although bulk δ15N values can show if an individual’s diet was high in animal-derived 
protein, this method cannot reliably distinguish between the consumption of milk or meat 
from domesticated animals (Sealy 2001). Researchers have used compound-specific analysis 
of C16:0 and C18:0 fatty acids using GC/C/IRMS (gas chromatography combustion isotope ratio 
mass spectrometry) to distinguish ruminant dairy from ruminant meat based on the relative 
δ13C value ratios of fatty acid markers (Craig et al. 2012; Salque et al. 2013; Carrer et al. 
2016; Grillo et al. 2020), discussed below in section 1.1.5. 
 
Researchers may also use stable isotope analysis to distinguish between diets based on 
different ecosystems. Ecosystems have distinct isotopic values, and therefore the 
environmental origins may be inferred from these values. For example, bulk collagen δ13C 
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and δ15N can be used to distinguish marine and terrestrial dietary sources (Lovell et al. 1986), 
while compound-specific stable acid analysis can provide more precise estimates for relative 
dietary contributions from marine and terrestrial sources (Corr et al. 2005). Dissolved 
carbonate is the primary carbon source for marine organisms, and they typically have higher 
δ13C values than terrestrial C3 organisms that use atmospheric CO2 as their primary carbon 
source. The δ13C value of terrestrial C4 organisms is higher than both terrestrial C3 and marine 
organisms (Eriksson 2013). δ13C values also vary with salinity, and freshwater environments 
typically have similar values as those from C3 terrestrial environments. However, aquatic 
carbon and nitrogen cycles are complex and context-dependent, and isotopic values can vary 
substantially (Eriksson 2013), complicating data interpretation. 
 
1.1.3.c. Limitations of stable isotope studies  
Like other analyses discussed in this thesis, stable isotope values are relative rather than 
absolute and are open to interpretation. For reliable results, the isotopic values of the dietary 
items studied must be well-characterized, and isotopic baselines for the studied environment 
should be considered, both geographically and temporally (Fernandes and Jaouen 2017). 
Unfortunately, this can be challenging for archaeological studies because acquiring a 
statistically appropriate sample set to establish these baselines is not always possible. 
Additionally, bulk isotope data can be limited in its ability to discern dietary patterns in 
human populations from isotopically complex landscapes due to isotopic equifinality, a 
scenario in which different combinations of dietary isotopic values can result in equivalent 
bulk δ13C values and an inability to distinguish dietary components unequivocally (Bogaard 
and Outram 2013). Bayesian mixing model software has been utilized to estimate different 
contributions of dietary components through probability distributions (Fernandes et al. 2014), 
but these approaches are highly reliant on the overall dietary ecology being precisely defined 
and well understood.  
 
Although clear isotopic signatures based on photosynthetic pathways, sources of water, and 
nitrogen use have been identified and accumulated into databases, there are often mismatches 
between expected theoretical and empirically observed values. Various complex factors can 
affect isotopic signatures, and therefore, interpretation of results can often be challenging 
(Marshall et al. 2007). Environmental factors such as aridity, salinity, and water stress, and 
anthropogenic factors such as cooking, heating, the use of manure as a fertilizer, nutritional 
stress, and disease can all affect stable isotopes (Ambrose 1991; Fogel et al. 1997; Bogaard 
and Outram 2013; Eriksson 2013) and lead to incorrect interpretations. The larger 
archaeological context is vital, and without some a priori knowledge about plant and animal 
species available for consumption at a site, accurate interpretation of isotopic data and 
quantitative isotopic studies may be impossible (Mahajan and Sathe 2020). 
 
1.1.4 Paleogenetic studies of past diet  
Archaeogenetic study of ancient diets is an emerging area of research, with most studies 
performed within the last decade (Adler et al. 2013; Warinner et al. 2014; Weyrich et al. 
2017). Many studies involve the direct sequencing of well-preserved archaeological flora or 
faunal remains. Comparing these sequences to modern lineages of the same specimens has 
allowed researchers to trace their domestication and adaptation (Pont et al. 2019; Irving-
Pease et al. 2019). Some studies have used human paleogenomic data as a proxy to infer 
aspects of diet based on genetic markers. For example, the production of the enzyme lactase 
allows humans to digest lactose, the most abundant sugar in milk, and it is naturally produced 
in infancy. However, individuals with the lactase persistent (LP) phenotype have an extended 
lactase production that continues into adulthood (Gerbault et al. 2011). Until recently, there 



14 
 

was an assumption that individuals or populations that lacked this phenotype would not 
consume dairy (Ségurel and Bon 2017). 
 
1.1.4.a. Preservation of dietary DNA  
Compared to other biomolecules such as proteins, DNA is more easily degraded through 
cooking or exposure to taphonomic processes. However, the earliest genetic studies of 
ancient dental calculus demonstrated its extraordinary preservation potential (Adler et al. 
2013; Warinner et al. 2014b, although potential dietary DNA was only a tiny fraction of the 
recovered sequences, and the vast majority (~99%) was identified as bacterial in origin 
(Warinner et al. 2014b; Weyrich et al. 2017). Investigations of dietary DNA within dental 
calculus to date have been limited, and many methodological issues concerning validation 
must be considered, outlined by Mann et al. (Mann et al. 2020). 
 
1.1.4.b. Limitations of paleogenetic studies of ancient diet 
While animal bones are abundant in the archaeological record, plant remains are much less 
common, and processes like carbonization that help preserve macroremains also hinder DNA 
preservation, making archaeogenetic studies of plants particularly challenging (Nistelberger 
et al. 2016). Additionally, the mere presence of macrobotanical or faunal remains within an 
archaeological site cannot be directly linked with human consumption. Although dietary 
DNA studies within dental calculus provide more direct evidence of consumption by 
individuals, humans often seek foods dense in starch or proteins. Lower yields of dietary 
DNA are expected for several reasons: (1) starch and protein-rich foods are not necessarily 
rich in DNA. Foods such as tubers have enlarged amyloplasts but not necessarily more cells 
or more DNA, (2) because tissues are largely made of proteins, foods have orders of 
magnitude more protein than DNA, (3) food preparation methods, such as cooking, have 
disproportionately negative effects on DNA stability compared to biomolecules such as 
protein, which contributes to degradation and fragmentation of DNA and (4) because calculus 
is a complex biofilm and all food biomolecules are likely to be present in small amounts 
compared to microbial biomolecules (Mann et al. 2020).   
 
 The reported numbers of dietary sequences present in proportions in some ancient calculus 
datasets fall within the reported levels of misidentification and carry-over contamination 
reported for Illumina sequencers (Warinner et al. 2014b; Sawafuji et al. 2020), and extra care 
must be taken to validate the authenticity of these sequences. Additionally, genomic analysis 
cannot provide tissue specificity, merely the identity of the consumed species. For instance, it 
would not be able to distinguish the consumption of cattle meat from cattle milk using DNA 
alone. 
 
Many genetic dental calculus studies lack direct evidence of dietary consumption and instead 
use various proxies for diet. Researchers have used the microbial composition of dental 
calculus to infer shifts in dietary consumption (Adler et al. 2013; Ottoni et al. 2021). Others 
have inferred diet from the DNA of consumers through the presence of genes needed to 
produce various enzymes. However, there is always a risk of falsely equating functional 
capacity based on genes with actual human behavior. For instance, although the LP allele 
allows adults to digest lactose, it has become apparent it is not a prerequisite for dairy 
consumption, and a large body of evidence (including Manuscripts B and C in this thesis) 
shows that people without LP were practicing dairying as the management of domesticated 
bovids spread throughout southwest Asia, Europe, Africa, and Inner Asia (Burger et al. 2007; 
Dunne et al. 2012; Charlton 2019; Jeong et al. 2020; Bleasdale et al. 2021). While people 
with lactase non-persistence (LNP) can consume small amounts of lactose without significant 
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symptoms, milk products such as cheese, butter, and yogurt are processed by bacteria to 
convert lactose into lactic acid, effectively allowing LNP individuals to consume these dairy 
products in more significant quantities. Cultural adaptations and the use of technology is an 
important aspect of diet that must be considered. 
 
Perhaps most importantly, the field is still very new and has not yet been fully established. 
Many methodological challenges make it especially difficult to validate dietary sequences 
within an overwhelmingly bacterial substrate. As with other forms of archaeological analysis, 
adequate databases are a concern. Some researchers have instead chosen to target sequences 
from specific species to confirm their presence and consumption. For example, Sawafuji et al. 
used rice (Oryza sativa) specific primers to confirm consumption (Sawafuji et al. 2020). 
However, these methods also suffer from the same issue discussed with other methods; the 
need for a priori knowledge precludes a more discovery-based analysis. In addition, PCR-
based approaches cannot be used to authenticate ancient DNA findings. While there is great 
potential in paleogenomic dietary studies, there is also a clear need for more methodological 
work, and standard validation criteria should be adopted before the field can progress (Mann 
et al. 2020). 
 
1.1.5 Lipid residue studies of past diet   
Organic residue analysis of lipids from ceramic pottery has been instrumental in investigating 
ancient diet and subsistence. Researchers have demonstrated the high preservation potential 
of lipids preserved within the ceramic matrix of archaeological pottery, and the ability to 
extract and identify generalized categories of dietary lipids from ancient pottery is now well 
established (Evershed et al. 2008; Craig et al. 2011, 2012; Roffet-Salque et al. 2017; Dunne 
et al. 2020). It is particularly useful in the archaeological context due to the ubiquity of these 
artifacts worldwide. 
 
1.1.5.a. GC-MS and GC-C-IRMS 
Most archaeological lipid studies employ gas chromatography-mass spectrometry (GC-MS) 
or gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) 
techniques. The gas chromatography allows complex mixtures to be separated before the 
mass spectrometer identifies and quantifies the lipid biomarkers present in the sample based 
on the fragmentation patterns of individually identified peaks (single compounds). GC-MS is 
suitable for specific compounds with low molecular weights that are thermally stable and 
sufficiently volatile. Quantified fatty acids can be calculated into ratios used to identify 
general taxonomic origins based on reference ratios. As mentioned above, GC-C-IRMS is an 
analytical technique that employs both GC-MS and isotopic analyses. GC-MS analysis will 
first separate fatty acids before subsequent compound-specific isotopic analysis. For example, 
researchers have argued that the difference in δ13C values of C16 and C18 (Δ13C) can be used 
to distinguish ruminant from non-ruminant fats (Copley et al. 2003). 
 
1.1.5.b. Preservation of dietary lipids 
Like other biomolecules, many complex factors can affect the preservation of lipids in the 
archaeological record (Evershed 2008), and preservation cannot be reliably predicted 
(Suryanarayan et al. 2021). The pottery matrix can allow for the binding of lipids within the 
ceramic pores, potentially trapping and preserving the molecules through time (Evershed 
2008). However, like other artifacts, preservation can be affected by environmental factors 
such as soil pH and exposure to light and water. For example, researchers have demonstrated 
the dramatic effect of weathering on C16:1 to C:18:1 (Eerkens 2005) through time. Even before 
archaeological deposition, lipids can easily undergo chemical and structural modifications 
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from processes such as cooking.  
 
1.1.5.c. Limitations of organic residue analysis of pottery lipids 
While valuable, lipid analysis of pottery, which constitutes the vast majority of 
archaeological lipid studies, cannot provide direct evidence of dietary consumption on an 
individual or population level, merely a proxy for consumption. The presence of some food 
categories could even be associated with pottery production, such as the use of milk, fats, 
resins, or oils as post-firing sealants (Drieu et al. 2020). There is also a strict temporal limit to 
this analysis due to the relatively late adoption of pottery in human history, and pre-pottery 
populations will be inaccessible. Even when employing ceramic pottery technology, some 
populations may not process a particular dietary item within the vessels, and it would also 
remain invisible. Additionally, low-fat content dietary items are also likely to remain 
undiscovered using this technique. It is also important to consider the lack of taxonomic and 
tissue specificity inherent in the analysis. For example, the most common recovered dietary 
lipid compounds can only be classified into higher taxonomic categories such as “non-
ruminant fat” or “plant wax” because the compounds could be derived from a large number 
of organisms within a dietary class. 
 
Notably, the mixed-use of food types within the same vessel is possible and even likely, and 
problems of equifinality can complicate any interpretation of data to ascertain relative 
proportions of dietary sources (Fernandes et al. 2018). As described by Hendy et al., mixtures 
can lead to equivocal values that can be interpreted in multiple ways; mixing models 
demonstrate that when ruminant fat is mixed with C3 plants, Δ13C values can resemble those 
of non-ruminant fats, and when C4 plants are mixed with ruminants fed with C3 crops, Δ13C 
values can resemble ruminant dairy fats (Hendy et al. 2018a). This problem has been 
encountered in subsequent lipid studies (Suryanarayan et al. 2021). Like other isotopic 
studies, isotopic baselines are vital for accurate interpretations, and previous knowledge 
about the local environment and available plant and animal species is vital for understanding 
factors that affect isotope values. 
 
1.1.6 Protein residue studies of past diet   
Studies in paleoproteomics have proliferated in the last decade due to technological advances 
in mass spectrometry methodologies. Unlike other biomolecules, proteins can be highly 
source-specific. Due to their relative abundance within living organisms, there is no need for 
artificial amplification where contamination can easily occur and be mistaken for the source 
material. Proteins have also been shown to survive better than the other biomolecules. The 
preservation limits are still unknown, but proteins have been successfully extracted from 
archaeological material several million years old (Rybczynski et al. 2013; Demarchi et al. 
2016; Cappellini et al. 2019). Bone is the most studied source of ancient proteins, and 
collagen, in particular, has been the focus of much research. Collagen can be highly source-
specific (Buckley et al. 2008), and past research has documented how resistant it is to various 
degradation processes, and many studies have successfully identified collagen within 
archaeological samples (Dobberstein et al. 2009). Bone and other materials, such as ceramics, 
are thought to protect proteins from biological and chemical degradation (Collins et al. 1995; 
Buckley and Wadsworth 2014). Due to their exceptional preservation, proteins have been 
utilized to show evolutionary relationships in skeletal remains without surviving DNA 
(Welker et al. 2015; Welker 2018; Chen et al. 2019). The two proteomic methods most 
frequently applied to archaeological material are peptide mass fingerprinting and tandem 
mass spectrometry.  
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1.1.6.a. MALDI–time-of-flight (TOF) MS  
MALDI-TOF MS is used for peptide mass fingerprinting, a method used to separate a protein 
into smaller peptides. The mass/charge value is used to identify these peptides based on 
reference values, and if peptides are taxonomically diagnostic, a species can be assigned. 
Zooarchaeology by MS (ZooMS) is a method developed to identify the taxonomic origins of 
archaeological and historical material using MALDI-TOF MS (Buckley et al. 2009; Hendy 
2021). It has been applied to many materials including, parchment (Kirby et al. 2013; 
Fiddyment et al. 2015; Teasdale et al. 2017), leather (Brandt and Mannering 2021), and 
eggshells but has most frequently been used to identify taxonomically distinct peptide masses 
from collagen within archaeological bone (Desmond et al. 2018; McGrath et al. 2019; 
Wagner et al. 2020; Korzow Richter et al. 2020; Martisius et al. 2020; Janzen et al. 2021). 
Biomarker identification through ZooMS can complement zooarchaeological studies when 
taxonomy cannot be assigned through morphology.  
 
1.1.6.b. Tandem Mass Spectrometry: LC-MS/MS  
Tandem mass spectrometry methods protein identifications are based on peptide 
fragmentation within the mass spectrometer, followed by the MS/MS analysis of the 
fragmented peptides, which provides the precise order of the amino acids within the peptide. 
This differs from peptide mass fingerprinting analysis, which gives the mass/charge (m/z) of 
peptides but does not further fragment the peptide, which allows for the determination of the 
specific amino acid sequences. The differences in sequence allow for the accurate 
identification of the peptides and taxonomic differences allow us to pinpoint the species of 
origin. This method also allows us to identify specific protein modifications and where they 
occur within a sequence (see Figure 1). Liquid chromatography-mass spectrometry (LC-
MS/MS) technologies have become a popular approach for identifying ancient proteins due to 
their high sensitivity and accuracy. In theory, the ability to identify unknown compounds at
  

 
Figure 1. Alignment of cow and sheep β-lactoglobulin (BLG). Sequence differences are 
highlighted in yellow. MS/MS data of the C-terminal proteotypic peptide of BLG. This peptide has 
three sequence differences that can be used to distinguish (a) sheep from (b) cow 
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very low concentrations would make this instrumental approach ideally suited for the study 
of trace quantities of degraded protein residues one would expect to find in the archaeological 
record. While peptide mass fingerprinting via MALDI-TOF is appropriate for low complexity 
samples, or even single protein studies, LC-MS/MS is a more appropriate method for samples 
composed of taxonomically diverse and less predictable mixtures such as pottery or dental 
calculus. An important advantage of the method is that peptides identified are given 
probabilistic matches to known peptide sequences, which allows for statistical precision for 
characterizing protein residues. Shotgun, or full mass scan methods, have been applied to a 
wide variety of archaeological materials, food residues (Cappellini et al. 2010; Hong et al. 
2012; Yang et al. 2014), paleofeces (Tsutaya et al. 2021), ceramics (Barker et al. 2015; 
Hendy et al. 2018a), textiles (Petroviciu et al. 2010; Ahmed et al. 2017; Li et al. 2021), and 
dental enamel (Parker et al. 2019a) and calculus (Warinner et al. 2014b, a; Hendy et al. 
2018b; Jersie-Christensen et al. 2018; Wang et al. 2019; Geber et al. 2019; Charlton et al. 
2019; Taylor et al. 2020; Wilkin et al. 2020; Scott et al. 2021; Bleasdale et al. 2021). 
 
1.1.6.c. Limitations of proteomic studies of ancient diet  
Depending on the substrate and burial context, ancient proteins can become highly modified 
over time. These changes can occur from cooking, diagenetic processes, or even from sample  
preparation. Post-translational modifications (PTMs) associated with proteomic degradation 
include deamination of glutamine or asparagine, methionine oxidation, and proline 
hydroxylation (Cappellini et al. 2014). These changes can lead to peptides with different 
molecular weights than the originals, leaving many ion spectra from ancient samples 
unassigned if not factored into data analyses. 
 
Despite the reported success, the data-dependent proteomic methodologies employed in 
archaeological chemistry have limitations. Non-targeted (or data-dependent acquisition) mass  
spectrometry approaches can provide a general scan of protein residues within a sample but 
may not pinpoint archaeological dietary proteins of interest because endogenous and 
exogenous bacterial proteins can overwhelm their signal. Data acquisition is considered 
dependent because the most frequently identified peptides correspond to abundance, with 
higher abundance proteins being more likely to be identified (Michalski et al. 2011). This 
stochastic nature is a fundamental characteristic of shotgun proteomics. It means a bias 
inherent in the instrument towards repeatedly fragmenting the peptide sequences with the 
most intense MS signal, and less abundant peptides are less likely to be chosen for 
fragmentation and, therefore, will be much less likely to be identified. This can be especially 
problematic for archaeological samples, where soil, bacterial, or contaminant proteins are 
likely to overwhelm signals coming from lower abundance proteins of interest, such as 
dietary proteins. Using a targeted data-independent acquisition to identify only specified 
peptides can decrease the background noise that can overwhelm the signal of low abundance 
proteins. However, this requires a priori knowledge about which peptides are expected and 
would limit discovery-based findings 
 
1.2 Dental calculus  
 
1.2.1 A reservoir of ancient biomolecules 
When dental plaque is not regularly removed, it builds up on the surface of teeth and 
spontaneously calcifies in layers throughout an individual’s life. The plaque itself is a 
continuously forming, structured dental biofilm composed of diverse microbial communities 
and food and oral fluids particles. As food is chewed, dietary particles such as plant 
microremains and biomolecules such as DNA, proteins, lipids, and carbohydrates become 
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trapped in this sticky biofilm. The proteolytic metabolism of bacteria occurs within the 
gingival crevices of teeth, which leads to a localized increase in pH, which favors the 
mineralization of plaque. However, not all materials are broken down by proteolytic bacteria, 
and cellular components can become covered by a dental plaque within hours of eating. As 
plaque accumulates, it periodically calcifies and hardens into dental calculus, protecting 
biomolecules from further breakdown by salivary and bacterial enzymes, and embedding 
them within the calculus matrix. Plaque calcification can commence within a few days of 
colonization, but the timing varies widely (Lieverse 1999). As dental calculus forms, it 
accumulates into densely mineralized layers. These layers act as a reservoir, and various 
materials can become embedded within, collecting throughout a person's life. Biological 
material from human, bacterial, and dietary sources, as well as debris that may have passed 
through the mouth during a lifetime, either through accidental ingestion or inhalation, have 
been recovered from archaeological dental calculus samples (Radini et al. 2017). Although 
the precise mechanisms involved in the spontaneous calcification of dental calculus are still 
not fully understood, many complex factors play a role, including genetics, diet, mineral 
bioavailability, localized pH, and the surface features of any given tooth (Radini et al. 2017). 
 
1.2.2 Advantages 
Before modern oral hygiene practices, the build-up of dental calculus was ubiquitous in the 
archaeological record. Dental calculus has been recovered within primates as far back in the 
archaeological record as the Miocene Dryopithecus (Fuss et al. 2018). Due to its excellent 
preservation potential, researchers can use dental calculus to study various temporal and 
geographic contexts. Within the last decade, the potential of this substrate has become 
apparent, and many studies have revealed the types of biological and microscopic data 
preserved within (Henry and Piperno 2008; Warinner et al. 2014b; Buckley et al. 2014; 
Hendy et al. 2018b; Radini et al. 2019). Due to its location, dental calculus can directly link 
an individual and digestion, which is particularly useful when investigating diet both on an 
individual and population level. However, not all foods that are consumed will be found in 
calculus. Although the recovery of protein residues found within human dental calculus can 
provide a crucial direct line of evidence about subsistence strategies utilized in the past, it 
cannot explain how often a dietary item was eaten or its relative importance to an individual's 
the overall diet. 
 
1.2.3 Protein preservation within dental calculus   
As the field of paleoproteomics has progressed along with technological advances in mass 
spectrometry technology, more non-structural and non-fibrous dietary-specific proteins have 
been recovered from various substrates. Although the mechanisms of protein preservation of 
fibrous proteins such as collagen in bone can likely be attributed, at least in part, to structural 
robustness and the fact that they exist within a mineralized matrix, the exact mechanisms of 
ancient protein preservation, in general, remain elusive, even more so for proteins within 
dental calculus. While it is important to understand the expected protein preservation within 
ancient calculus, experimental studies are not always feasible. Experimental cooking and 
burial experiments have been conducted on pottery and animal bone to assess how various 
parameters affect preservation and recovery in the early stages of deposition (Barker et al. 
2012, 2015, 2018). Additionally, many studies have assessed optimal extraction methods 
utilizing archaeological bone and pottery (Buckley et al. 2008; Barker et al. 2012). However, 
experimental studies on dental calculus are much less feasible for several reasons: (1) 
archaeological dental calculus is finite and exists in only small quantities, making replication 
studies impractical; (2) the proteomic approaches most appropriate for the complexity of 
samples such as calculus are destructive, and there is an ethical concern in exhausting these 
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materials for experimental studies; (3) recreating calculus as a realistic synthetic model has 
not yet been achieved; and (4) protein preservation within dental calculus has high inter-and 
intra- sample variability. Calculus formation varies widely at the individual and population 
level, and complete calculus sampling from individuals typically only results in the recovery 
of approximately tens of milligrams, although rarely, hundreds of milligrams can be obtained 
in some exceptional cases. Proteins are also not uniformly incorporated into calculus, 
although this is poorly studied, and more precisely defining this process would require a 
substantially large and homogenous sample of calculus with known dietary proteins to 
produce statistically valid experimental results. In reality, these criteria can rarely, if ever, be 
met in archaeological studies, hindering potential meaningful research in experimental 
studies. As a result, to better understand dietary protein preservation within archaeological 
dental calculus, we evaluated a number of characteristics that may play a role in the 
preservation of the proteins successfully recovered from both our dataset and from other 
paleoproteomic studies. Several shared characteristics have enabled us to form hypotheses 
about potential preservation mechanisms, which are discussed in section 8.2. 
 
However, prior to the successful recovery of most of our dietary proteins, we made several 
changes to our working extraction protocol. While the focus of this thesis is to interpret 
identified dietary proteins from archaeological dental calculus, in order to reconstruct the 
dietary features of specific ancient societies, a vital part of this research also included the 
development of more optimized protein extraction protocols. At the onset of this thesis 
project, although early milk protein recovery was low but relatively consistent, the extraction 
protocol in use appeared to be inefficient, with high overall performance variability. 
However, due to the challenges previously described above, it was difficult to determine 
whether the low and variable recovery of dietary proteins from ancient dental calculus was 
due to inherent preservation variability or due to the variable performance of the extraction 
methods. In order to try and improve overall performance and consistency, the protocol was 
evaluated for areas of potential optimization, and several changes were made, summarized in 
Table 2. Multiple steps in the original protocol were determined to likely lead to decreased 
performance and digestion efficiency. The changes to the protocol and the reasoning behind 
each of the changes are discussed in section 1.3.1.b. 
 
After these protocol changes, culminating in the protein identifications in Manuscript C, we 
had extraordinarily high levels of milk peptide recovery compared to previous archaeological 
studies- although whether or not this can be attributed to improved methodological 
effectiveness or the high level of consumption and preservation of the region cannot be 
assessed. However, the high level of non-dairy peptides recovered from Bronze and Iron Age 
Levant is far beyond the levels of previous non-dairy dietary protein recovery from dental 
calculus, which typically consisted of a hand full of peptides. The subsequent sample sets we 
have applied the updated methods to are consistently yielding higher numbers of total protein 
identifications, including previously unidentified types of proteins from dental calculus, and 
it is clear that method optimization is improving overall protein recovery and identification. 
This will be discussed further in the Discussion.  
 
1.3 Methods used in this thesis 
A filter aided sample preparation (FASP) approach was used to extract proteins for all four 
manuscripts described in this thesis. The initial FASP protocol used at the onset of this 
project (Version 1) was used for samples included in Manuscript A of this thesis as well as 
other protein studies (Jeong et al. 2018; Bleasdale et al. 2020; Wilkin et al. 2020). An 
optimized version of this protocol (Version 2) was applied in the subsequent studies 

https://paperpile.com/c/HZp5gj/gOWOO+66DhV+nxmra+h42OS+RcbNU
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presented in this thesis, as described below for Manuscripts B, C, and D. 
 
1.3.1 Extraction protocols  
 
1.3.1. a. Initial extraction protocol: Version 1  
Dental calculus samples were placed in 1.5 mL Surelock Eppendorf tubes and decalcified in 
1 mL 0.5M ethylenediaminetetraacetic acid (EDTA) on a rotator at room temperature for 3-7 
days. Samples were then centrifuged to pellet the insoluble materials. The supernatant was 
removed, and 800 mL were placed in -80°C storage. The remaining 200mL of supernatant 
was added to 50 uL of 8M urea (UA), filtered in a 30 kD microcon filter, and centrifuged at 
35°C for 20 minutes at 14,000 g.  
 
The protein pellet was resuspended with 30 uL of sodium dodecyl sulfate (SDS) extraction 
buffer. The extraction solution stock was prepared with 90 uL of 20% SDS, 45 uL of 2.5M 
dithiothreitol (DTT), 45 uL of 1M Trizma pH 8.2, and 270 uL of Milli-Q water. Pellet 
samples were then heated for 5 minutes at 95°C, followed by centrifugation at 14,000 g for 5 
minutes. The supernatant was transferred to the same microcon filter used for the EDTA 
fraction, along with 200 uL of 8M urea, and centrifuged at 35°C for 20 minutes at 14,000 g. 
Another 200 uL of 8M urea was added, and the samples were centrifuged for an additional 20 
minutes. Flow-through was discarded. Alkylation followed, using 100 uL of 0.05M 
iodoacetamide (IAA)/UA solution. The samples were mixed for 1 minute in the dark at 600 
rpm and incubated for an additional 5 minutes. Samples were spun for 12-15 minutes at 35°C 
(14,000 g) and washed twice with 100 uL of 8.0M UA. Flow-through was discarded. The 
sample was then washed twice with 100 uL of 0.5M sodium chloride (NaCl). Filter units 
were transferred to a new collection tube, and 120 uL of a 0.01ug/uL solution of trypsin was 
added to the filter and allowed to digest overnight at room temperature. Samples were 
centrifuged he next day at 14,000 g for 15-20 minutes. Peptides were collected in the new 
collection tube and acidified in a 5% trifluoroacetic acid (TFA) solution to stop the digestion 
process.  
 
1.3.1.b. Updated protocol: Version 2  
Dental calculus samples were placed in 1.5 mL Surelock Eppendorf tubes and decalcified in 
500 uL 0.5M EDTA on a rotator at room temperature for 3-7 days. This decrease of EDTA 
from 1000 uL to 500 uL ensured a more concentrated supernatant. 200 uL of the supernatant 
was filtered through a 30kD microcon filter in two steps, washed with 200 uL of 8.0M urea, 
and centrifuged at 18°C for 20 minutes (14,000 g). The remaining 300 uL were removed for 
backup and placed in a -80°C freezer. The temperature during all subsequent spins was also 
set to 18°C, reducing the 35°C of the previous protocol. Over time, or in the presence of high 
temperatures, urea can increase the likelihood of carbamylation of the N-termini of proteins. 
 
Table 2. Summary of differences in extraction methods used in this thesis 

 Version 1 Version 2 
EDTA for decalcification 1000 mL 500 uL 
Temp. for centrifugation  35°C 18°C 
DTT 2.5M 1.0M 
Alkylation step 5 minutes 20 minutes 
UA washes after alkylation 2x 100 uL of 8.0M UA 2x 100 uL of 8.0M UA 
Wash step prior to digestion 2x 100 uL of 0.5M NaCl 3x 100 uL of 0.05M TEAB 
Digestion conditions Room temperature 37°C in thermomixer at 300 rpm 
Post digestion washes None 2x 40 uL TEAB, 1x 50 uL NaCl 
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Carbamylation of Lysine and Arginine residues can also occur, preventing proteolytic 
cleavage of these residues by the enzyme trypsin, which hinders identification by LC-MS. In 
reality, urea-induced carbamylation is a common problem; many currently published 
proteomic datasets show this modification (Kollipara and Zahedi 2013). Wisniewski et al. 
address this problem by suggesting that urea solutions are made fresh before use and that all 
FASP steps are carried out at room temperature (18-22°C) (Wiśniewski et al. 2009).  
 
As in the previous protocol, 30 uL of SDS solution was added to the protein pellet and then 
the samples were heated for 5 minutes at 95°C. The digestion buffer was the same as the 
previous protocol, but the DTT was reduced from 2.5M to 1.0M. DTT is used to reduce 
disulfide bonds between cysteine residues, which play a substantial role in maintaining 
protein stability, and a chemical reducing agent is needed to ensure the proteins can be 
denatured and solubilized. 1M DTT is standard and adequate for our protein extractions, and 
a proper ratio of denaturing to alkylating reagents is needed to prevent a disruption to either 
process. Following heat denaturation, samples were centrifuged at 14,000 g for 10 minutes, 
and the resulting supernatant containing proteins was transferred to the same microcon filter 
used for the EDTA fraction. 200 uL of 8M urea was used to wash the sample and centrifuged 
at 18°C for 20 minutes at 14,000 g. Another 200 uL of 8M urea was added, and the samples 
were centrifuged for an additional 20 minutes. The flow-through was discarded. 
 
Alkylation of the samples with IAA followed to prevent disulfide bonds from reforming after 
reduction by DTT. 100 uL of 0.05M IAA/UA solution was allowed to incubate in the dark for 
20 minutes, increasing from the previous protocol. This increased time allows the alkylation 
process more time to proceed. The decrease in DTT, which consumes IAA, decreases the 
chance of under-alkylation and cysteine bond reformation, which would otherwise hinder 
trypsin digestion and subsequent protein identification. After incubation, samples were spun 
at 18˚C for 12-15 minutes at 14,000 g and then washed with 200 uL of 8.0M urea. This step 
was repeated two more times. This increase in the number of washes from the previous 
method ensured adequate removal of SDS, which can hinder trypsin digestion and LC-MS 
analysis and cause damage to instrumentation (León et al. 2013). Unlike the previous 
protocol, no NaCl washes were performed. Both NaCl and urea can have a concentration-
dependent negative effect on trypsin digestion efficiency. Instead, buffer exchange via three 
washes of triethylammonium bicarbonate (TEAB) was performed to ensure the proper 
removal of urea. 120 uL of a 0.01 ug/uL solution of trypsin was added to the filter and 
incubated overnight at 37°C in a thermomixer at 300 rpm. The previous protocol specified a 
room temperature digestion overnight. Modified trypsin, which reduces autolysis, was 
utilized in all experiments. Autolysis of trypsin is a common problem in proteomics, as 
trypsin itself has 14 lysyl and two arginyl residues within its sequence that are potential 
attack sites for self-hydrolysis. Autolysis can be reduced or even eliminated with the use of 
trypsin that has been modified by reductive methylation. Modified trypsin is common in 
many proteomics laboratories for this reason. However, Havis et al. demonstrated that 
reductive methylation shifts trypsin's optimum catalytic activity to between 50 and 60°C 
(Havlis et al. 2003). This increased temperature also led to a digestion efficiency that was 
twelve times faster than the typical 37°C digestion used by many labs. Michaelis-Menten 
kinetic parameters have been established to the modified trypsin currently used in our 
protocol (Promega). Higher temperatures increase the collision energy of the molecules, and 
room temperature digestion is much less effective for modified trypsin. We set our digestion 
temperatures to 37°C due to the timing of the protocol, which requires overnight digestion for 
a convenient stopping place for a two-day protocol. 
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The next day, the filter units were transferred to new collection tubes. Unlike the previous 
protocol, after digestion, three additional centrifugation steps using TEAB and NaCl were 
added to this protocol to increase the elution and recovery of peptides from the microcon 
filter unit. First, 40 uL of TEAB solution was added before samples were centrifuged at 
14,000 g for 15-20 minutes. This step was then repeated. Next, 50 uL of 0.5M NaCl solution 
was added, and the samples were spun once more for 10 minutes. To stop the digestion 
process, the filtrate containing the peptides was acidified in a 5% (TFA) solution to a pH 
below 3. 

1.3.1.c. Desalting  
C-18 Empore (3M) solid-phase extraction (SPE) StageTips were prepared in-house or 
purchased (ThermoScientific). The StageTips were cleaned with 150 uL methanol, 
conditioned with 150 uL 60% acetonitrile (ACN)/0.1% TFA solution, and then equilibrated 
twice with 150 uL of 3% ACN/0.1% TFA solution. All spins were performed for 1 minute at 
2000 g. Extracted peptides were then loaded into the StageTips and centrifuged. Samples 
were then washed twice with 3% ACN/0.1% TFA and samples were eluted into a new tube 
with two rounds of 60% ACN/0.1% TFA solution. The solution was then dried to 
completeness in a centrifugal evaporator and stored in a -80°Cfreezer until they were shipped 
on dry ice to the Functional Genomics Center in Zurich, where the dried samples were then 
resuspended in 15 uL of 3% ACN/0.1% TFA. 

1.3.2 LC-MS/MS  
Samples were analyzed by LC-MS/MS using either a Q-Exactive HF (Manuscript A) or a Q-
Exactive mass spectrometer (Manuscripts B, C, and D) (Thermo Scientific, Bremen, 
Germany) coupled to an ACQUITY UPLC M-Class system (Waters AG, Baden-Dättwil, 
Switzerland) at the Functional Genomics Center Zurich of the University/ETH Zurich 
through full mass scans.  
 
For the Q-Exactive HF mass spectrometer, spectra were acquired from 350-1500 m/z with an 
automatic gain control target of 3e6, a resolution of 120,000 (at 200 m/z), and a maximum 
injection time of 50 ms. The quadrupole isolated precursor ions with a 1.2 m/z window, a 1e5 
automated gain control value, and a maximum fill time of 50 ms. Twelve of the most intense 
precursor ions for each MS1 scan were fragmented with a normalized collision energy of 28 
and scanned with a resolution of 30,000 (at 200 m/z), and 130 m/z specified as a fixed first 
mass . An intensity threshold of 9e4 was applied for MS2 selection, and singly charged ions 
were excluded. Filter criteria for MS2 selection included an intensity threshold of 9e4, and 
unassigned, singly charged ions or ions with a charge state greater than eight were excluded. 
Selected precursor ions were put onto a dynamic exclusion list for 30 seconds. 
 
For liquid chromatography, the solvent composition at the two channels was 0.1% formic 
acid (FA) in H2O for channel A, and 0.1% formic acid in acetonitrile for channel B. 4 µL for 
each peptide sample were loaded to a trap column (Symmetry C18, 100 Å, 5 µm, 180 µm x 
20 mm, Waters AG, Baden-Dättwil, Switzerland) with a flow rate of 15 µl/min of 99 % 
solvent A for 30 seconds at room temperature. Peptides eluting from the trap column were 
refocused and separated on a C18 column (HSS T3 C18, 100 Å, 1.8 µm, 75 µm x 250 mm, 
Waters AG, Baden-Dättwil, Switzerland). The column temperature was 50 °C. After 1.5 min 
gradient stabilization at 99 % solvent A, peptides were separated over 120 minutes with the 
following gradient: 1% - 5 % solvent B in 30 seconds, 5% - 40% solvent B in 120 min. The 
column was cleaned with 98 % solvent B for 5 min after the separation and reequilibrated at 
loading condition for 8 min before initializing the next run. Potential contamination and 
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sample carryover were monitored through extraction blanks and injection blanks between 
each sample. The parameters for the Q-Exactive mass spectrometer were the same, with a 
few exceptions, highlighted in Table 3 
 
1.3.3 Data Analysis   
All samples in this thesis were analyzed using Mascot (Matrix Science, London, UK). Raw 
tandem mass spectra were converted to Mascot generic files by MSConvert, using the 100 
most intense peaks in each spectrum. Mascot was set up to either search the databases 
SwissProt or SwissProt and TrEMBL together. All searches were performed assuming the 
digestion enzyme trypsin and selecting the automatic decoy option. Mascot search parameters 
included a fragment ion mass tolerance of either 0.01 Da or 0.05 Da, depending on the LC-
MS instrumentation used. A parent ion tolerance of 10 ppm was specified for each sample. 
Carbamidomethyl (C) was always specified as a fixed modification due to the use of IAA 
during protein extraction. Oxidation of methionine, deamidation of asparagine, and 
deamidation of glutamine were also specified as variable modifications. Scaffold (Proteome 
Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein 
identifications. 
 
Datasets were filtered, so that protein false discovery rate (FDR) was less than at least 5%, 
and peptide FDR was less than at least 1%, which required a 2-3 peptide minimum for 
protein identifications for each sample. Protein identifications also required a minimum of 
two unique identified peptides. Proteins that could not be differentiated based on MS/MS 
analysis alone were grouped into clusters to satisfy the principles of parsimony. Data files for 
each project were uploaded to the PRIDE repository under the identifiers PXD015002, 
PDX027706, PDX027728, and PXD021498. Dietary proteins were manually validated by 
searching all peptides against the NCBi nr database using BLASTp to assess taxonomic 
specificity 
 
Table 3. Summary changes in of instrument settings between the Q-Exactive HF and the Q-
ExactiveF 

 Q-Exactive HF Q-Exactive 
Orbitrap resolution 70,000 (200 m/z) 70,000 (200 m/z) 
Maximum injection time 50 ms 110 ms 
Quadrupole scan window 1.2 m/z 2.0 m/z 
Automated gain control value 1e5 5e4 
Maximum fill time 50 ms 110 ms 
Normalized collision energy 28 25 
Precursor ion scan resolution 30,000 35,000 
First fixed mass 130 m/z 200 m/z 
MS2 intensity threshold 9e4 1.9e3 
99% Solvent A column load time 30 seconds 60 seconds 
Run time 120 minutes 75 minutes 

Gradient: Solvent B 
1-5% in 30 seconds 8-22% in 49 seconds 
5-40% in 120 minutes 22-32% in 11 minutes 

Column cleaning 99% Solvent B 95% Solvent B 
Re-equilibration time 8 minutes 10 minutes 
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Figure 2. Proteotypic recovery of peptides (a) bovine BLG and (b) bovine β-casein. Signal peptides, 
shaded in red, are not typically recovered. Peptides shaded in gray are less likely to be recovered by 
LC-MS/MS due to their length or hydrophobicity (Bislev et al. 2012). This figure was made using the 
protein sequences downloaded from Protter (Omasits et al. 2013) 

 
Requiring a minimum threshold for coverage may be feasible for many modern protein 
studies or paleoproteomic studies of very large proteins such as well-preserved collagen. 
However, this is less feasible for dental calculus, as many of our dietary proteins of interest 
have limited proteotypic peptides and imposing strict minimums could make them impossible 
to detect. We do not observe all peptides with equal probability, and many factors contribute 
to the detectability of any given peptide. Some peptides are preferentially identified, while 
others only show up rarely or not at all. A protease (typically trypsin) will cleave a protein at 
specific sites during digestion resulting in a subset of tryptic peptides. Of these peptides, only 
some will be successfully ionized and be detected. These “flyable” peptides are most likely to 
be detectable in any given run. A subset of these peptides known as “proteotypic peptides” 
are those peptides that are the most likely to be confidently and consistently observed by 
current MS-based proteomics methods (Craig et al. 2005), based on a number of 
physicochemical factors. Peptides are more likely to be identified when they are of a specific 
length (typically between 8 and 25 amino acids) and not too hydrophobic or hydrophilic 
(Jarnuczak et al. 2016). These proteotypic peptides are simply easier to identify. Because 
these peptides are readily identifiable, the most frequently observed peptides do not 
necessarily correspond to the most abundant proteins within a sample. For example, although 
the casein component of milk accounts for approximately 80% of the protein content in cattle 
milk, compared to the approximately 20% of whey proteins, BLG is the most commonly 
recovered protein in the archaeological record. In contrast, the recovery of caseins is much 
lower. The higher detection rate of BLG is likely due, at least in part, to BLG’s large number 
of proteotypic peptides compared to caseins, illustrated in (Figure 2). Additionally, 
unoptimized methods can result in incomplete digestion or missed cleavages, leading to a 
decrease in the identification rates of some peptides. During shotgun proteomics experiments, 
intense MS signals from abundant peptides can drown out the less abundant peptides, and 
peptide ion co-elution can affect the ionization and detectability of many peptides (Jarnuczak 
et al. 2016). 



26 

1.3.4 Dairy Database   
The choice of database influences the ability to detect proteins and peptides of interest. 
Proteins not present in the database of choice cannot be found even if they are contained 
within a sample. SwissProt, the annotated portion of Uniprot, is a database that is often used 
in proteomic research. This database is both curated and non-redundant, which decreases 
search times dramatically. While SwissProt is large enough to allow for the calculation of 
statistical significance of results, it lacks many proteins from traditional dairying livestock 
species that are of interest in our dairy focused proteomic studies, including sheep, horse, 
zebu, donkey, camel, yak, and reindeer (see Figure 3). While TrEMBL, the unannotated and 
redundant portion of Uniprot contains more milk protein sequences, it also dramatically 
increases our search space and seach times, as well technological needs such as higher CPU 
or memory.  As of June 2021, SwissProt contains 565,254 sequence entries, while TrEMBL 
contains 219,174,961 sequences, 99.3% of which are either inferred from homology and 
predicted (UniProt Consortium 2021).   
 
In order to assess if we could increase milk protein identification to correct any potential 
biases in our data by searching only SwissProt, while avoiding substantially increased search 
times, we compiled a custom database that can be searched alongside SwissProt during data 
analysis. Ten of the most abundant and taxonomically informative proteins from 12 species 
were chosen, including alpha αS1 casein (AS1-CN), α-S2- casein (AS2-CN), β-casein (B-CN), 
κ-casein (κ-CN), β-lactoglobulin (I) (BLG), β-lactoglobulin II (BLG II), α lactalbumin (A-
LAC), serum albumin (SA), lactotransferrin (LTF), and lysozyme C (LYZC). Only two 
livestock species (cattle and sheep) were fully represented in SwissProt for the 10 proteins 
listed above, shown in Figure 3. Sequence data for the remaining proteins were collected 
from TrEMBL or translated from NCBI GenBank and were compiled into a database. 
However, we got comparable results from using SwissProt and SwissProt plus the Dairy 
database , and to date, none of the additional dairy proteins have been identified in samples 
discussed in this thesis, and, therefore, this additional database was not included in the 
published articles discussed within. This may be because only a small number of milk 
proteins persist in dental calculus, and these are well represented in SwissProt.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

https://paperpile.com/c/HZp5gj/tKFe
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SwissProt  TrEMBL only  NCBi only Not available Not present 
 

Figure 3. Database coverage of milk proteins. Many milk proteins from traditional livestock species 
were unavailable in SwissProt. Yellow indicates proteins that were annotated and available through 
SwissProt searches. Light gray indicates proteins that were available in the unannotated TrEMBL 
database. Dark gray represents proteins not available in either portion of Uniprot but were available in 
NCBi’s GenBank and were translated into protein sequences. Red denotes proteins that were not 
publicly available in any of the previously mentioned sources, while black denotes proteins not 
present in that particular species. 
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2. Aims of the Thesis 

This thesis aims to expand upon previous research into the recovery and identification of 
dietary proteins from the archaeological record. The overarching goal is to identify and verify 
dietary protein residues, taxonomically distinctive, or even tissue level to characterize more 
clearly what people ate in the past. The ability to extract and characterize dietary proteins 
from dental calculus could enable researchers to study subsistence in ways unavailable with 
other methods. However, to date, the recovery of taxonomically distinct unequivocal dietary 
proteins beyond collagen and dairy is rare.  
 
Considering this, the manuscripts presented here serve three important goals: (i) as a proof-
of-concept for our ability to recover more diverse dietary proteins from the archaeological 
record, (ii) as a way to determine how proteomic methods complement other archaeological 
methods, and in which contexts proteomic methods would be the most useful, and (iii) 
providing an opportunity to look for patterns in the types of dietary proteins recovered from 
dental calculus to better assess what kind of biases are introduced in our dietary studies.  
 
We applied proteomic methods in four different studies discussed in this thesis. The samples 
originated from a wide range of archaeological contexts and anticipated dietary customs, 
including from:  
 

1. Individuals who perished at a 19th century rural Irish workhouse for the poor during 
the Irish Famine. These individuals were provided relief rations in the time leading up 
to their deaths, and historical accounts give us some clues about the content of these 
diets.    
 

2. Individuals from the Bronze Age Xiaohe culture in the Tarim Basin in northwest 
China that practiced both agriculture and pastoralism near a lake environment within a 
harsh and dry desert environment.   
 

3. Individuals that span the Eneolithic through the Roman Era in the Northern Caucasus 
and surrounding areas. These individuals include some of the earliest known 
inhabitants of the Northern Caucasus, whose subsistence economy was not fully 
known. Later Bronze Age steppe populations in the region were believed to be the 
first fully mobile pastoralists, a subsistence that is almost entirely focused on 
domesticated dairy livestock.   
 

4. Individuals from Bronze and Iron Age southern Levant who lived in large urban 
settlements and did not practice extreme forms of subsistence, but instead likely relied 
on staple agricultural plants, and domesticated animals. Additionally, there was a 
demand for exotic goods from other regions in these urban populations and they were 
known to engage in long-distance trade, although the full extent of the trade in dietary 
items is not fully understood.    
 

A number of additional research questions were addressed in each study, listed below:  

Manuscript A: 
▪ Can molecular techniques augment historical data, or will our results align with 

expected dietary items?  
▪ Can microparticle and proteomic analyses elucidate aspects of food availability and 
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consumption patterns amongst a historical population? 
Manuscript B: 

▪ Were the earliest inhabitants of Xiaohe already consuming milk, or was milking 
technology established after the population settled in the region through the spread of 
dairy pastoralism from nearby populations? 

▪ Can we establish which dairy species they relied on? 
▪ How prevalent was dairy consumption? 
▪ What insights can dietary proteomic studies provide in the context of studies 

involving population genetics?  
Manuscript C: 

▪ Were individuals in the Northern Caucasus practicing dairy pastoralism?  
▪ When did dairy technology first arrive in the region? 
▪ How prevalent was the use of dairy technology?  
▪ Which species were utilized for dairy consumption? 
▪ Do we see differences through time, between cultural groups, or in ecotones?  
▪ What implications does dairy pastoralism in the Northern Caucasus have for the 

Bronze Age steppe herder migrations? 
Manuscript D: 

▪ Can molecular methods reveal elements of trade and cuisine that otherwise leave few 
archaeological traces?  

▪ What is the overall protein recovery from Bronze Age samples from the Southern 
Levant? 

▪ Did long-distance trade facilitate these diets?  
▪ How complimentary are proteomic methods to other methods used to study dietary  
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3. Overview of manuscripts and author contributions 
 
3.1. Manuscript A  
 

Relief food subsistence revealed by microparticle and proteomic analyses of dental 
calculus from victims of the Great Irish Famine 

 
Johnny Geber*, Monica Tromp*, Ashley Scott*, Abigail Bouwman, Paolo Nanini, Jonas 

Grossman, Jessica Hendy, and Christina Warinner 
 

Published in PNAS (2019) 
 

*Johnny Geber, Monica Tromp, and Ashley Scott contributed equally to this work. 
 
Synopsis: 
In Manuscript A, we focused on molecular analyses of human dental calculus from 
individuals who died in the Kilkenny Union workhouse during the Irish famine. This project 
aimed to test for the presence of dietary remains to elucidate the variability of food provisions 
and how well these remains corroborated historical accounts. This project included 
microremain and proteomic components. Our results provide direct evidence of the 
consumption of various foods, including oats, potatoes, corn, wheat, egg, and milk, by 
individuals who took refuge in the workhouse.  
 
We found preserved microremains in 41 of 42 analyzed samples and dietary proteins in 10 of 
14 samples analyzed. Microparticles identified included those specific to corn, barley, wheat, 
oat, and potato. The milk protein β-lactoglobulin was recovered from seven individuals. 
Additionally, ovalbumin proteins were recovered from three individuals. Both the 
microparticle and proteomic results are consistent with the historical account of 19th-century 
Irish laborers’ diet and relief food consumed during the Famine. Calculus build-up in the 
analyzed sub-sample reflects tartar accumulations both before and during life in the 
workhouse. Potato, milk, and corn are all well-documented aspects of food rations from Irish 
workhouses. Corn, also known as Indian meal, was sent as relief from the United States and 
these results likely reflected consumption from the food provided in the workhouses prior to 
death. Proteins belonging to chicken eggs were also recovered, but these were not a common 
aspect of food relief during the famine and may reflect the diet of the individuals before the 
famine.  
 
Author contributions: 
Johnny Geber and Monica Tromp conceived and designed this research study, which 
consisted of the historical, microparticle, and proteomic components. Johnny Geber 
contributed to the historical research of the study. Monica Tromp provided the microparticle 
analysis, while Ashley Scott provided the analysis of the proteomic portion of the study. 
Monica Tromp analyzed a total of 42 samples, while Ashley Scott processed a total of 14 
samples. Extracted samples were processed by Paolo Nanni and Jonas Grossman using the Q 
Exactive HF mass spectrometer at the Functional Genomics center of Zurich. Ashley Scott 
performed the ancient protein data analysis and verification with feedback from Paolo Nanni, 
Jonas Grossman, Jessica Hendy, and Christina Warinner. Abigail Bouwman and Christina 
Warinner contributed new reagents/analytical tools. Johnny Geber, Monica Tromp, and 
Ashley Scott composed the manuscript contributions from Jessica Hendy and Christina 



 31 

Warinner.  
Sample procurement, organization, and processing 20% 
Ancient protein laboratory work 0% 
Ancient protein bioinformatic processing  95% 
Ancient protein verification and quality control 95% 
Manuscript Construction and Organization 30% 

 
Ashley Scott contributed 30% to the overall project, including laboratory work, data analysis, 
and manuscript construction.   
 
Note: Supplementary Data files can be accessed via the following DOI: 
https://doi.org/10.1073/pnas.1908839116 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jena, 11.10.2021 

 

 

 

 

 

 

 

_______________________________ 

Ashley Scott 

 
 
 

https://doi.org/10.1073/pnas.1908839116
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3.2 Manuscript B  
 

The genomic origins of the Bronze Age Tarim Basin mummies  
 

Fan Zhang*, Chao Ning*, Ashley Scott*, Qiaomei Fu, Rasmus Bjørn, Wenying Li, Dong Wei, 
Wenjun Wang, Linyuan Fan, Idilisi Abuduresule, Xingjun Hu, Qiurong Ruan, Alipujiang 
Niyazi, Guanghui Dong, Peng Cao, Feng Liu, Qingyan Dai, Xiaotian Feng, Ruowei Yang, 

Zihua Tang, Pengcheng Ma, Chunxiang Li, Shizhu Gao, Yang Xu, Sihao Wu, Shaoqing Wen, 
Hong Zhu, Hui Zhou, Martine Robeets, Vikas Kumar, Johannes Krause, Christina Warinner, 

Choongwon Jeong, Yinqiu Cui 
 

Accepted to Nature (July 2021), in press 
 

*Zhang, Ning, and Scott contributed equally to this study 
 
Synopsis:  
In Manuscript B, we analyzed the remains of Xinjiang’s earliest inhabitants discovered thus 
far, dating from 3000-1700 BCE. We presented the genomic data from 5 individuals from the 
Dzungarian Basin in north Xinjiang and 13 individuals from the Tarim Basin in south 
Xinjiang. Our results show that the inhabitants of the Dzungarian Basin, dating to ca. 3000-
2800 BCE, exhibit an Afanasievo ancestry with an additional local contribution, while the 
Tarim Basin individuals, dating to ca. 2100-1700BCE, only harbor a local ancestry. 
Additionally, we present protein analysis data from the dental calculus of n=7 individuals 
from the earliest layers at the site of Xiaohe in the Tarim Basin. All seven individuals 
exhibited strong evidence of milk proteins in their dental calculus, indicating a reliance on 
dairy pastoralism at the site since its founding.   

Our results do not support previous hypotheses for the origin of the Tarim mummies, who 
were argued to be descended from either the Afanasievo, BMAC, or IAMC cultures. Instead, 
we find that the earliest Tarim Basin cultures appear to have arisen from a genetically 
isolated local population that adopted neighboring pastoralist and agriculturalist practices, 
which allowed them to settle and thrive along the shifting riverine oases of the Taklamakan 
Desert. 
 
Author contributions:  
This study was conceived and supervised by Yinqiu Cui, Choongwon Jeong, Christina 
Warinner, Chao Ning, and Johannes Krause. It included both a genetic and protein analysis 
component as well as linguistic discussions. Ashley Scott’s contribution to the project 
included the protein analysis portion. Ashley Scott performed the protein extractions in the 
dedicated ancient protein clean lab at the Max Planck Institute for the Science of Human 
History in Jena, with assistance from Linyuan Fang whom Ashley Scott was training. Each 
sample was cataloged and weighed prior to analysis. Only individuals with calculus deposits 
>5 mg were analyzed, and 5-10 mg of dental calculus was processed for each sample. In 
total, Ashley Scott processed dental calculus samples from seven individuals, some in 
duplicate for a total of 18 samples. Ashley Scott analyzed and authenticated the protein data 
with feedback from Christina Warinner. For the genomic portion of the study, Fan Zhang, 
Peng Cao, Ruowei Yang, Feng Liu, and Qingyan Dai performed laboratory work while Chao 
Ning, Fan Zhang, Christina Warinner, Choongwon Jeong, Qiaomei Fu, Pengcheng Ma, 
Xiaotian Feng, Wenjun Wang, and Vikas Kumar analyzed the DNA data. Qiaomei Fu, Dong 
Wei, Wenying Li, X Xingjun Hu, Qiurong Ruan, Idilisi Abuduresule, Chunxiang Li, Shizhu 
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Gao, Yang Xu, Shaoqing Wen, Hong Zhou, and Alipujiang Niyazi provided archaeological 
materials and associated information. Rasmus Bjørn and Martine Robeets provided the 
linguistic background, and Guanghui Dong and Zihua Tang helped with AMS datings. Chao 
Ning, Fan Zhang, and Ashley Scott wrote the manuscript with significant contributions from 
Christina Warinner, Choonwon Jeong, and Yinqiu Cui, and with input from all coauthors. 
Ashley Scott’s contribution to the manuscript focused primarily on the protein analysis 
portion of the study. 

Sample procurement, organization, and processing 10% 
Ancient protein laboratory work 100% 
Ancient protein bioinformatic processing  100% 
Ancient protein verification and quality control 100% 
Manuscript Construction and Organization 10% 

 
Ashley Scott contributed 30% to the overall project, including laboratory work, data analysis, 
and manuscript construction. 
 
Note: Supplementary Data files can be accessed via the following DOI: 
https://doi.org/10.1038/s41586-021-04052-7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jena, 11.10.2021 

 

 

 

 

 

 

 

_______________________________ 

Ashley Scott 

 

https://www.nature.com/articles/s41586-021-04052-7
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3.3. Manuscript C  
 

" Emergence and intensification of dairying in the Caucasus and Eurasian steppes " 
 

Ashley Scott, Sabine Reinhold, Taylor Hermes, Alexey A. Kalmykov, Andrey Belinskiy, 
Alexandra Buzhilova, Natalia Berezina, Anatoliy R. Kantorovich, Vladimir E. Maslov, 
Farhad Guliyev, Bertille Lyonnet, Parviz Gasimov, Tufan Axhundov, Bakhtiyar Jalilov, 
Jeyhun Eminli, Emil Iskandarov, Emily Hammer, Selin Nugent, Richard Hagan, Kerttu 

Majander, Päivi Onkamo, Kerkko Nordqvist, Natalia Shishlina, Elena Kaverzneva, Arkadiy I. 
Korolev, Aleksandr A. Khokhlov, Roman V. Smolyaninov, Rüdiger Krause, Eliza Stolarzyk, 
Maria Karapetian, Svetlana V. Sharapova, Johannes Krause, Svend Hansen, Wolfgang Haak, 

Christina Warinner 
 

Published in Nature Evolution and Ecology, June 2022 
Synopsis: 
In Manuscript C, we applied high-resolution proteomic methods to investigate the dietary 
foundations of individuals through the proteomes of dental calculus from humans buried in 
the Northern Caucasus and the surrounding Southern Caucasus Oka-Don-Volga, and Ural 
regions. Samples range in date from the Neolithic through the Roman era. Current 
archaeological and archaeogenetic evidence points to the Pontic-Caspian steppe zone 
between the Caucasus and the Black Sea as the crucible from which the earliest steppe 
pastoralist societies arose and spread, ultimately influencing populations from Europe to 
Inner Asia. However, little is known about their economic foundations and the factors 
contributing to their extensive mobility.  
 
Our results establish that sheep dairying accompanied the earliest forms of Eneolithic 
pastoralism in the North Caucasus. During the 4th millennium BCE, Maykop and early 
Yamnaya populations also focused dairying exclusively on sheep while reserving cattle for 
traction and other purposes. We observe a breakdown in livestock specialization and 
economic diversification of dairy herds coinciding with aridification during the subsequent 
late Yamnaya and North Caucasus Culture phases, followed by severe climate deterioration 
during the Catacomb and Lola periods. The need for additional pastures to support these 
herds may have driven the heightened mobility of the Middle and Late Bronze Age periods. 
Following a hiatus of more than 500 years, the North Caucasian steppe was repopulated by 
Iron Age societies with a broad mobile dairy economy. Our results confirm a subsistence 
strategy that included the dairying of sheep, goats, and cattle and the introduction of horse 
dairying. 
 
Author contributions:  
Christina Warinner, Wolfgang Haak, Sven Hansen, Emily Hammer, and Johannes Krause 
designed this study. Archaeological material and resources were provided by Sabine 
Reinhold, Sven Hansen, Alexey A. Kalmykov, Andrey Belinskiy, Alexandra Buzhilova, 
Natalia Berezina, Farhad Guliyev, Bertille Lyonnet, Parviz Gasimov, Tufan Axhundov, 
Bakhtiyar Jalilov, Jeyhun Eminli, Emil Iskandarov, Emily Hammer, Selin Nugent, Kerttu 
Majander, Päivi Onkamo, Kerkko Nordqvist, Natalia Shishlina, Elena Kaverzneva, Arkadiy I. 
Korolev, Aleksandr A. Khokhlov, Roman V. Smolyaninov, Rüdiger Krause, Svetlana V. 
Sharapova, Eliza Stolarzyk, Maria Karapetian 
 
Ashley Scott processed dental calculus samples in the dedicated ancient protein clean lab at 
the Max Planck Institute for the Science of Human History in Jena, where they were 
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cataloged and weighed. Samples with a starting weight of > 5 mg were selected for analysis, 
and 5-13 mg were utilized for each protein extraction. In total, Ashley Scott processed 47 
samples. Additionally, five samples included in this study were extracted by Richard Hagan. 
Extracted samples were sent to the Function Genomics Center in Zurich, Switzerland, where 
they were analyzed by tandem mass spectrometry. Ashley Scott analyzed the data, including 
quality control measures to authenticate results. Christina Warinner, Sabine Reinhold, Sven 
Hansen, Wolfgang Haak, and Taylor Hermes assisted Ashley Scott with interpreting the 
protein results in the larger context of the archaeological record. Ashley Scott wrote the main 
reports and initial manuscript with considerable contributions from Christina Warinner and 
Sabine Reinhold and minor contributions from Wolfgang Haak and Taylor Hermes, with 
input from all co-authors. 

Sample procurement, organization, and processing 10% 
Ancient protein laboratory work 90% 
Ancient protein bioinformatic processing  100% 
Ancient protein verification and quality control 100% 
Manuscript Construction and Organization 75% 

 
Ashley Scott contributed 75% to the overall project, including organization, laboratory work, 
data analysis, and manuscript construction. 
 
Note: Supplementary Data files can be accessed via the following DOI: 
https://doi.org/10.1038/s41559-022-01701-6 
 
 
 
 
 
 
 
 
Jena, 11.10.2021 
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Ashley Scott 
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3.4. Manuscript D  
 

Exotic foods reveal contact between South Asia and the Near East during the 2nd 
millennium BCE 

 
Ashley Scott, Robert C. Power, Victoria Altmann-Wendling, Michal Artzy, Mario A. S. 
Martin, Stefanie Eisenmann, Richard Hagan, Domingo C. Salazar-García, Yossi Salmon, 
Dmitry Yegorov, Ianir Milevski, Israel Finkelstein, Philipp W. Stockhammer, Christina 

Warinner 
 

Published in PNAS (December 2020) 
 
Synopsis: 
In Manuscript D, we applied proteomic and microremain techniques to the dental calculus of 
individuals buried in the Southern Levantine sites of Megiddo and Tel Erani; the first study 
of its kind in the ancient Near East. We confirmed the presence of staple crops such as wheat 
(Triticum), millet (Panicoideae), and date palm (Phoenix). Additionally, we found robust 
evidence for sesame (Sesamum) proteins which confirmed that by the 2nd millennium BCE, 
sesame had become a staple oil-bearing crop in the Levant. We identified the earliest direct 
evidence for turmeric (Curcuma), which pushes back the earliest evidence of this spice in the 
region by ~900 years. We also report evidence for the consumption of soybean proteins. 
Additionally, we identified credible evidence for banana (Musa) in the Early Iron Age 
Levant, which provides a critical geographic link between the crop’s origins in New Guinea 
(5th millennium BCE) and its appearance in West Africa (Cameroon) by the 1st millennium 
BCE 
 
Author contributions: 
Philipp Stockhammer designed the study with assistance from Ashley Scott, Robert Power, 
and Christina Warinner. The study consisted of both a microparticle and a proteomic 
component. Philipp Stockhammer Michal Artzy, and Yossi Salmon provided materials and 
resources, while Ashley Scott, Richard Hagan, Domingo Salazar-Garcia, and Stefanie 
Eisenmann contributed to data collection and organization. Ashley Scott performed the 
proteomic laboratory work at the dedicated ancient protein clean lab at the Max Planck 
Institute for the Science of Human History. Ashley Scott analyzed and authenticated the 
ancient protein results with feedback from Christina Warinner. Robert power analyzed 
samples for microparticle analysis with input from Christina Warinner. Philipp Stockhammer, 
Christina Warinner, Israel Finkelstein, Mario Martin, Ianir Milevski, Dmitry Yegorov, and 
Victoria Altmann-Wendling assisted Ashley Scott and Robert Power with data interpretation 
in the context of the archaeological record. Ashley Scott wrote the manuscript with 
significant contributions from Philipp Stockhammer, Christina Warinner, Robert Power, 
Victoria Altmann-Wendling, and assistance from all co-authors.  
 

Sample procurement, organization, and processing 50% 
Ancient protein laboratory work 100% 
Ancient protein bioinformatic processing  100% 
Ancient protein verification and quality control 100% 
Manuscript Construction and Organization 75% 

 
 
Ashley Scott contributed 75% to the overall project, including organization, laboratory work, 
data analysis, and manuscript construction. 
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Note: Supplementary Data files can be accessed via the following DOI:  
https://doi.org/10.1073/pnas.2014956117 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Jena, 11.10.2021 

 

 

 

 

 

 

 

_______________________________ 

Ashley Scott 
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4. Manuscript A 
 
Manuscript Nr. : 1 (Manuscript A) 
Title of the Manuscript: Relief food subsistence revealed by microparticle and proteomic analyses of 
dental calculus from victims of the Great Irish Famine 
Authors: Johnny Geber, Monica Tromp, Ashley Scott, Abigail Bouwman, Paolo Nanini, Jonas 
Grossman, Jessica Hendy, and Christina Warinner  
Bibliographic Information: Geber J*, Tromp M*, Scott A*, Bouwman A, Nanni P, Grossman J, 
Hendy J, Warinner C. (2019) Relief Food Subsistence Revealed by Microparticle and Proteomics 
Analyses of Dental Calculus from Victims of the Great Irish Famine. Proceedings of the National 
Academy of Sciences USA 116(39):19380-19385. 
The candidate is: ☐ First author, ☒ Co-first author, ☐ Corresponding author, ☐ coauthor 
Status: Published 
Proportion (in %) of authors in the publication: (to be indicated from 20%) 
 
 

Author Concept Data analysis Experimental 
Manuscript 
composition 

Material 
provision 

Geber J 20 %   30% 70% 
Tromp M 20% 50% 100% 30%  
Scott A 20% 50%  30%  
Bouwman A      
Nanni P      
Grossman J      
Hendy, J 20%     
Warinner C 20%    20% 
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5. Manuscript B 
Manuscript Nr. : 2 (Manuscript B) 
Title of the Manuscript: The genomic origins of the Bronze Age Tarim Basin mummies 
Authors: Fan Zhang*, Chao Ning*, Ashley Scott*, Qiaomei Fu, Rasmus Bjørn, Wenying Li, Dong 
Wei, Wenjun Wang, Linyuan Fan, Idilisi Abuduresule, Xingjun Hu, Qiurong Ruan, Alipujiang 
Niyazi, Guanghui Dong, Peng Cao, Feng Liu, Qingyan Dai, Xiaotian Feng, Ruowei Yang, Zihua 
Tang, Pengcheng Ma, Chunxiang Li, Shizhu Gao, Yang Xu, Sihao Wu, Shaoqing Wen, Hong Zhu, 
Hui Zhou, Martine Robeets, Vikas Kumar, Johannes Krause, Christina Warinner, Choongwon Jeong, 
Yinqiu Cui  
Bibliographic Information: Zhang F, Ning C, Scott A, Fu Q, Bjorn R, et al. (2021) The genomic 
origins of the Bronze Age Tarim Basin mummies. Nature. [in press] 
The candidate is: ☐ First author, ☒ Co-first author, ☐ Corresponding author, ☐ coauthor 
Status: Accepted, in press 
Proportion (in %) of authors in the publication: (to be indicated from 20%) 
 

Author Concept Data analysis Experimental 
Manuscript 
composition 

Material 
provision 

Zhang F      
Ning C  40% DNA  20%  
Scott A  100% (protein) 100% (proteins) 20%  
Fu Q     30% 
Bjørn R      
Li W      
Wei D      
Wang W      
Fan L      
Abuduresule I      
Hu X      
Ruan Q      
Niyazi A      
Dong G      
Cao P      
Liu F      
Dai Q      
Feng X      
Yang R      
Tang Z      
Ma P      
Li C      
Gao S      
Xu Y      
Wu S      
Wen S      
Zhu H      
Zhou H      
Robeets M      
Kumar V      
Krause J 20%     
Warinner C 20%   20%  
Jeong C 20% 40% (DNA)  20%  
Cui Y 20%    40% 
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6. Manuscript C 
Manucript Nr. : 3 (Manuscript C) 
Title of the Manuscript: Emergence and intensification of dairying in the Caucasus and Eurasian 
steppes  
Authors: Ashley Scott, Sabine Reinhold, Taylor Hermes, Alexey A. Kalmykov, Andrey Belinskiy, 
Alexandra Buzhilova, Natalia Berezina, Anatoliy R. Kantorovich, Vladimir E. Maslov, Farhad 
Guliyev, Bertille Lyonnet, Parviz Gasimov, Tufan Axhundov, Bakhtiyar Jalilov, Jeyhun Eminli, Emil 
Iskandarov, Emily Hammer, Selin Nugent, Richard Hagan, Kerttu Majander, Päivi Onkamo, Kerkko 
Nordqvist, Natalia Shishlina, Elena Kaverzneva, Arkadiy I. Korolev, Aleksandr A. Khokhlov, Roman 
V. Smolyaninov, Rüdiger Krause, Eliza Stolarzyk, Maria Karapetian, Svetlana V. Sharapova, 
Johannes Krause, Svend Hansen, Wolfgang Haak, Christina Warinner 
Bibliographic Information: Scott et al. (submitted for publication)  
The candidate is: ☒ First author, ☐ Co-first author, ☐ Corresponding author, ☐ coauthor 
Status: submitted for publication, Nature Evolution and Ecology, 16.09. 2021.  
Proportion (in %) of authors in the publication: (to be indicated from 20%) 
 

Author Concept Data analysis Experimental 
Manuscript 
composition 

Material 
provision 

Scott A  100% 90% 35%  
Reinhold S     20%  
Hermes T      
Kalmykov AA      
Belinskiy A      
Buzhilova A      
Berezina N      
Kantorovich AR      
Maslov VE      
Guliyev F      
Lyonnet B      
Gasimov P        
Axhundov T      
Jalilov B       
Eminli J      
Iskandarov E      
Hammer E 20%     
Nugent S      
Hagan R   10%   
Majander, K      
Onkamo P      
Nordqvist K      
Shishlina N      
Kaverzneva E      
Korolev AI      
Khokhlov AA      
Smolyaninov RV      
Krause  R      
StolarzykE      
Karapetian M      
Sharapova S      
Krause J 20%     
Hansen  S 20%     
Haak W 20%     
Warinner C 20%   35%  
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7. Manuscript D 
 
Manuscript Nr. : (Manuscript D) 
Title of the Manuscript: Exotic foods reveal contact between South Asia and the Near East during 
the 2nd millennium BCE 
Authors: Ashley Scott, Robert C. Power, Victoria Altmann-Wendling, Michal Artzy, Mario A. S. 
Martin, Stefanie Eisenmann, Richard Hagan, Domingo C. Salazar-García, Yossi Salmon, Dmitry 
Yegorov, Ianir Milevski, Israel Finkelstein, Philipp W. Stockhammer, Christina Warinner 
Bibliographic Information: Scott A, Power RC, Altmann-Wendling V, Artzy M, Martin M. et al. 
(2021) Exotic foods reveal contact between South Asia and the Near East during the second 
millennium BCE. Proceedings of the National Academy of Sciences USA 118(2) e2014956117 
The candidate is: ☒ First author, ☐ Co-first author, ☐ Corresponding author, ☐ coauthor 
Status: Published 
Proportion (in %) of authors in the publication: (to be indicated from 20%) 
 
 

Author Concept Data analysis Experimental 
Manuscript 
composition 

Material 
provision 

Scott, A 25% 50% 50% 50%  
Power, RC 25% 50% 50%   
Altmann-
Wendling, V 

     

Artzy, M      
Martin, M      
Eisenmann, S      
Hagan, R      
Salazar- Garcia, D      
Salmon, Y     30% 
Yegorov. D      
Milevski, I      
Finkelstein, I      
Stockhammer, P 25%   20% 40% 

Warinner C 25%   20%  
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8. Discussion 
 
8.1 Dietary protein recovery and identification  
 
8.1.1. Multi-disciplinary approach to dietary studies   
This thesis highlights the advantages of applying more than one analytical method to 
questions of diet and reconstructing the subsistence of humans in the past. The multi-method 
approach -combining proteomics with microremain analysis- we adopted in Manuscripts A 
and D proved valuable, as the methods were complementary and additive, each providing 
identifications not found by the other method. In other cases, the protein results provided 
confirmation (Manuscript B) or contradiction of (Manuscript C) previous archaeological 
interpretations made on the basis of zooarchaeological findings. Additionally, combining our 
proteomics findings with human genetic data regarding population migrations and histories 
allowed us to contextualize and substantially refine archaeological models of the adoption, 
use, and spread of subsistence technologies.  
 
Examining our proteomics findings as a whole, we observed that bacterial and host proteins 
dominated our dental calculus datasets. Relatively few samples yielded unequivocal, 
taxonomically specific dietary remains, with the notable exception of milk proteins identified 
in ancient pastoralist societies and seed proteins from ancient urban environments. Dental 
calculus, the calcified remains of the oral microbiome, is, as expected, overwhelming 
bacterial in origin (Warinner et al. 2014b). Among the non-bacterial proteins identified, 
fibrous protein recovery was high, and the most frequently recovered proteins were collagens, 
mostly human-derived or nonspecific. However, because collagen and keratin are common 
contaminants in proteomics facilities, and due to the frequency of collagen and keratin in 
extraction blanks, we did not analyze those results further.  
 
During analysis, an overarching pattern emerged to the types of proteins we could 
successfully recover and identify. All recovered dietary proteins fell into three main 
categories: milk proteins, storage proteins (especially seed storage proteins), and defense 
proteins (in the form of protease inhibitors and antimicrobial peptides). Animal-derived 
protein identifications included those from chicken eggs (ovalbumin (OVAL)) and milk from 
cattle, sheep, goats, and horses (BLG, A-LAC, AS1-CN). Plant-derived food proteins 
identifications included seed storage proteins from sesame, soybean, and wheat (11S and 7S 
globulins, 2S albumin, sucrose-binding protein, and glutenin) and plant defense proteins from 
banana, turmeric, and wheat (β-1,3 glucanase, turmerin, and alpha-amylase inhibitor (AAI)). 
 
In manuscript A, “Relief Food Subsistence Revealed by Microparticle and Proteomics 
Analyses of Dental Calculus from Victims of the Great Irish Famine”, our proteomic and 
microremain results gave distinctive but complementary results. Although plant proteins were 
recovered, we could not identify the plant proteins to a level of taxonomic specificity beyond 
the category of Viridiplantae or “green plants.” However, we were able to identify egg and 
milk proteins to the genus level; these foods are not detectable using microremains 
approaches. In contrast, the microremain results provided good evidence of the consumption 
of various classes of plants, including cereals grains such as maize, oats, and wheat. This 
difference in recovery can be partly explained because cereals, being grasses, produce 
abundant plant microremains in the form of phytoliths. Our results both confirmed and 
augmented historical data. Our milk findings confirm historical records of milk being 
supplied to workhouses, but our egg protein (OVAL) identification was surprising because 
eggs were rarely mentioned in historical documents about food items available in the 



84 

workhouses. However, our recovered proteins cannot be narrowed down to a specific time 
within an individual's life, and dietary proteins could have easily been incorporated prior to 
the Irish famine. Although we could not specifically identify the plants consumed using 
proteomics, the microremains results confirmed that they were expected taxa included maize, 
a typical relief food sent from America and distributed in the workhouses, which was 
uncommon before the famine. 
 
In general, our protein analysis for this study revealed relatively few dietary identifications, 
compared to dietary microremains, despite the relatively young age of our samples relative to 
other archaeological datasets. However, these samples were extracted with an earlier 
extraction protocol prior to the optimization described in section 1.3.1 of this thesis, and thus 
the limited results may reflect poor extraction recovery rather than preservation.  
 
In manuscript B, “The genomic origins of the Bronze Age Tarim Basin mummies,” our 
proteomic results were contextualized with data provided by paleogenetic analysis. Although 
previous studies had shown that the later burial layers (after 1600 BCE) had evidence of dairy 
consumption (Yang et al. 2014; Xie et al. 2016), it was unknown whether and when dairy 
technologies may have been introduced to the Xiaohe population through contact with 
neighboring groups. The genetic analysis in our manuscript provides evidence that the Tarim 
Basin mummies were a genetically homogenous and genetically isolated indigenous 
population, possibly due to their extreme desert environment. However, our results 
demonstrate that individuals buried in the basal layers of the Xiaohe cemetery (~2000 BCE; 
founding population) were already consuming dairy proteins, a technology that they likely 
adopted from neighboring pastoral groups prior to their colonization of the Tarim Basin. The 
introduction of dairying species and the adoption of dairying technology demonstrates that 
the indigenous populations of Xiaohe were genetically but not culturally isolated. They had 
engaged in cultural interactions with outside groups, but this did not contribute to gene flow.  
 
Although we were able to identify robust evidence of consumed bovid milk proteins, we were 
not able to establish the presence of any taxonomically-specific plant proteins, which may in 
part be due to the high abundance of milk peptides in our datasets which can overwhelm the 
signal of other peptides. A similar pattern has been seen in other archaeological studies of 
dairy pastoralist populations, including Manuscript C. The limitations of non-dairy protein 
recovery in populations with high dairy consumption should be considered during study 
design and interpretation.  

Our goal in manuscript C, “Emergence and intensification of dairying in the Caucasus and 
Eurasian steppe,” was to investigate dairy technology in the Northern Caucasus and 
surrounding regions. We aimed to establish the pre-history and prevalence of dairy 
technologies, including which animal species were utilized. We looked for differences in use 
through time, between cultural groups, and in ecotones. In a broader context, we considered 
the implications of Northern Caucasus dairy pastoralism on other regions. While the earliest 
known ruminant dairying occurred in the 7th and 6th millennia BCE in Anatolia, the lack of 
settlements data, and the archaeological focus on mortuary contexts have limited our 
knowledge about the introduction and spread of this subsistence technology into Asia and the 
Pontic-Caspian steppe is believed to be the source for the spread of mobile pastoralism that 
was critical for the heightened mobility that led to spread of pastoralism, populations, and 
culture from the Pontic Caspian steppe throughout Eurasia. 
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Although manuscript C was focused entirely on proteomic results, it was built upon previous 
research that included isotopic and genomic studies of the region and utilized the same 
samples in many cases (Wang et al. 2019; Knipper et al. 2020). These previous genomic 
studies allowed us to contextualize our data within the larger archaeological framework of 
population genetics, the large-scale movement of populations, and the spread of subsistence 
strategies that may have helped facilitate those migrations. An isotopically complex 
landscape and scant archaeological settlement data have hindered previous dietary studies of 
the region, although general isotopic patterns established an increase in dietary animal protein 
during periods when dairying was suspected of having occurred. However, dairy 
consumption could not be explicitly established by these previous studies. For the first time, 
our protein results established unequivocal evidence of dairy consumption in a region 
suspected to be an important area in establishing and spreading high mobility dairy 
pastoralism. 
 
Importantly we were able to establish livestock-specific dairy consumption in most cases, an 
advantage of ancient proteomics over other methods. Importantly our results help to establish 
temporal and geographic boundaries of dairy consumption. Although a lack of dairy peptides 
cannot be used to establish a lack of consumption, we did not recover dairy proteins in any 
extraction blanks or from individuals within a population without archaeological evidence of 
domesticated dairy species, supporting previous archaeological hypotheses about the timing 
and adoption of dairy technologies. As in Manuscript B, our extremely high abundance of 
milk peptides could have hindered the recovery of other dietary proteins, including those 
from plant species. However, as most of our individuals did not participate in an agriculture-
based subsistence, the vegetables they consumed would likely have been low in protein and 
less likely to be identified in the dental calculus through proteomics.  
 
In manuscript D, “Exotic foods reveal contact between South Asia and the Near East during 
the 2nd millennium BCE”, our goal was to establish the overall protein recovery expected 
from Bronze and Iron Age calculus from the Southern Levant, as no previous proteomic 
studies of calculus had occurred in the region. Importantly, our samples came from ancient 
sedentary urban environments and not from populations that engaged in more extreme dairy-
based diets, such as those associated with mobile pastoralists, whose subsistence strategies 
were highly focused on domesticated animal products. We aimed to establish whether non-
dairy dietary proteins would be easier to recover in this context. We also wanted to assess 
how complementary our proteomic method would be to microremain results, which included 
samples that were older than those in our Irish Famine study by thousands of years. Finally, 
could we recover other proteins not found with other methods or that leave few 
archaeological traces? 
 
In general, the microremain and protein identifications both confirmed the consumption of 
the dietary staple wheat but otherwise resulted in few overlapping results. Microremain 
analysis established dietary plant consumption in all analyzed samples (n=16), while dietary 
proteins were recovered only from a subset of the studied samples (5 out of 14). Although 
most microremains were not taxonomically specific, many could still be narrowed down to 
broad classes of plants, such as grasses or cereal grains. Both analyses were able to show the 
presence of wheat in the same sample, although proteomics was only able to establish 
consumption in one individual, while the microremains provided evidence of Triticeae 
consumption in two additional individuals and grain consumption in eight individuals. Our 
two methods were also able to recover different kinds of evidence for the consumption of 
fruit. The microremains recovered evidence for the consumption of Phoenix (date palm), a 
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fruit that produces an abundance of morphologically distinctive phytoliths, while the 
proteomic analysis revealed evidence of a ripening protein from Musa (banana), a seedless 
plant that produces very few phytoliths.  Similarly, proteomics provided evidence for 
turmeric consumption, a spice that leaves little if any archaeological traces and may remain 
invisible to other archaeological methods. Additionally, it recovered species-and tissue-
specific evidence of seed consumption that is less likely to be recovered with any other type 
of molecular analysis. The specificity of these identifications allowed us to comment upon 
the likelihood of trade that facilitated the availability of several South Asian plant species to 
be incorporated in the dental calculus of Bronze Age Levantine individuals, adding to a 
growing body of evidence for Bronze Age Indo-Mediterranean trade.  
 
8.1.2. Protein preservation in the archaeological record  
Although our ability to perform statistically robust experimental studies on archaeological 
dental calculus is limited, at present, a deeper understanding of the expected differential 
preservation of proteins within dental calculus can contribute to more robust studies of 
ancient diets. Dental calculus is not well suited for experimental studies, as it is a finite and 
irreplaceable material without a comparable synthetic model and high differential 
preservation. Therefore, in addition to the specific findings in each manuscript, we examined 
our entire dataset for broad patterns in protein preservation and found some protein 
characteristics that could potentially play a role in preserving proteins within calculus.   
 
8.1.2.a Shared characteristics from recovered dietary proteins   
Many of the recovered dietary we identified originate from foods that were known or 
suspected to have been consumed in the past and are still important components of human 
diets today. All are known to be potential allergens, and many have been well-characterized 
due to their potential allergenicity. We suspect the properties that induce allergenicity also aid 
in their survival during food preparation and their incorporation into the dental plaque of the 
human oral cavity. The resistance of these allergens to degradation from heat, pH changes, 
and proteolysis by enzymes may prolong their survival, and the presence of disordered or 
calcium-binding regions increases their likelihood of being involved in biomineralization 
events. Although our dietary proteins were all globular or intrinsically disordered, many 
preserved well, even relative to fibrous proteins in our datasets. In fact, in calculus samples 
from known pastoralist communities, globular milk proteins are often one of the highest-
scoring proteins, with large numbers of duplicate peptides. Many of our identified proteins 
can form amyloid fibrils (AFs), insoluble self-assembled proteins, or polypeptide aggregates 
under specific conditions, discussed below. Although studies have not confirmed the AF-
forming ability of each protein we identified, many are predicted to be capable of AF 
formation based on their homologous structures to other AF-forming proteins. 
 
8.1.2.b. Amyloid fibrillation may contribute to protein preservation  
Amyloid fibrils are self-assembled proteins or polypeptides that form insoluble protein 
aggregates, and AFs that form in the brain are associated with several disorders such as 
Alzheimer’s and Huntington’s diseases (Ke et al. 2020). Although the field of amyloid 
biology has only recently started to expand in earnest outside of pathological amyloids, a 
number of important studies have demonstrated just how prevalent AFs are and their 
important functional roles in many biological processes. The AF structure itself is 
extraordinarily robust, conferring soluble proteins with extreme stability, similar to collagen 
and AFs are highly resistant to denaturation through chemical or physical processes, even in 
extreme conditions (Martinez et al. 2015; Graether and Sykes 2004; Arai et al. 2019). 
Recently, researchers have also started to recognize the role of amyloids in protein 
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allergenicity and have established that many dietary allergens can form AFs in specific 
conditions, increasing their allergenicity as the large aggregates become stabilized and 
insoluble (Martínez et al. 2015; Sánchez et al. 2016). We recovered and identified these same 
types of dietary proteins from archaeological human dental calculus. Although AFs have 
been shown to play a role in bacterial biofilm formation of dental plaque (Jakubovics et al. 
2021), no studies have yet looked for the presence of AFs within mineralized dental calculus. 
 
How these fibrils would form and incorporate into the dental calculus is currently unknown. 
However, it likely involves the same protein interactions involved in binding bacterial 
proteins to the extracellular matrix of the biofilm of dental plaque, including van der Waals 
forces, hydrogen bonding, calcium linkages, and hydrophobic interactions (Sterzenbach et al. 
2020). At present, we can merely speculate on the presence of amyloid fibrils or oligomeric 
aggregates as a possible mechanism of protein preservation, as before now, it has only been 
studied to a limited degree (Petzold et al. 2020). Although beyond the scope of this thesis, we 
propose that experimental studies on AF formation may be a good focus for future research. 
While the long-term preservation of proteins is likely to occur through multiple mechanisms, 
given that proteins are an enormously diverse group of biomolecules, the ability of some 
proteins to aggregate and form highly robust structures may offer a potential explanation for 
the overrepresentation of specific dietary proteins, such as BLG, compared to more abundant 
proteins from the same food sources such as AS1-CN. Specifically, it may also help to 
explain why certain protein regions are more proteotypic and have substantially higher 
recoverability, as empirically seen for the large number of peptide spectral matches (PSMs) 
typically recovered for specific BLG peptides, such as the Bovid peptide 
141TPEVDDEALEKFD153 compared to others (Jeong et al. 2018) These and other properties 
and characteristics have been previously proposed to play a role in the long-term preservation 
of proteins and this will be further explored in the following section. 
 
8.2 Patterns in protein preservation  
It has been well-established that biomineralization of proteins can lead to exceptional long-
term preservation in the archaeological record as mineralization likely plays an important 
protective role (Demarchi 2020). However, the exact mechanisms involved in the 
biomineralization of bone and the role of each protein are still unknown (Beniash 2011), and 
protein preservation and recovery of proteins within archaeological samples can still be 
highly unpredictable, even from mineralized material. Although the exact mechanisms 
involved in long-term protein preservation are still unknown, several protein characteristics 
have been proposed to aid in the preservation of archaeological proteins, including structure, 
calcium-binding ability (Collins et al. 2002; Warinner et al. 2014a; Demarchi et al. 2016; 
Hendy et al. 2018b), or specific PTMs (Ozcan et al. 2014). 
 
Paleoproteomic studies often recover fibrous, insoluble proteins such as keratin, collagen, and 
elastins. These proteins are found in various tissues, including bone, connective tissue, wool, 
hair, and skin. Mineralized fibrous proteins have been demonstrated to be exceptionally well-
preserved, although many of these proteins are highly conserved and are challenging to 
distinguish taxonomically. Additionally, collagens and keratins are common contaminants in 
laboratory blanks. In general, fibrous proteins are extremely strong structural proteins, and 
collagen’s triple helical structure is exceptionally stable. Many collagen types form robust 
macromolecular fibrillar structures (Shoulders and Raines 2009). These structural properties 
may explain the frequency of collagen protein recovery from dental calculus in previous 
paleoproteomic studies, and they were frequently recovered in our samples as well. During 
periodontal disease, bone loss occurs, and collagen is shed into the oral environments and can  

https://paperpile.com/c/HZp5gj/ou4ok
https://paperpile.com/c/HZp5gj/ou4ok
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Figure 4. 3D structures for and peptide spectral matches identified dietary proteins. (a) 3D 
structures were downloaded from the SWISS-MODEL server and repository (Waterhouse et al. 2018; 
Bienert et al. 2016). (I) Curcuma, turmerin (II) Musa, β-1,3 glucanase (III) Gallus, Ovalbumin (IV) 
Glycine, sucrose-binding protein (SBP) (V) Glycine, 7S globulin (VI) Sesamum, 2S albumin (VII) 
Sesamum, 11S globulin (VIII) Triticum/Aegilops, low molecular weight (LMW) glutenin (IX) 
Triticum/Aegilops, α-amylase/trypsin inhibitor (AAI). (X) Bovine, α-lactalbumin (A-LAC) (XI) 
Equus, β-lactoglobulin (BLG) (b) raw count of PSMs for dietary proteins (c) PSMs normalized by 
sample size per study  
 
easily become incorporated into the dental calculus. Additionally, during the removal of 
dental calculus from the surface of archaeological teeth, overaggressive scraping can also 
lead to an abundance of collagen from the tooth. While not all collagen is considered a 
contaminant, and is often an endogenous oral protein, these proteins were of limited value in 
our dietary reconstruction studies and were not examined further. In contrast to the recovery 
of fibrous insoluble proteins, the recovery of taxonomically distinct dietary protein from the 
archaeological record has been uncommon. In dental calculus studies, these identifications 
have consisted primarily of milk proteins, with BLG, in particular, dominating the finding of 
most studies, although this may be due to the fact that the studied populations engaged in 
pastoral-based subsistence strategies (Yang et al. 2014; Jeong et al. 2018; Charlton et al. 
2019; Wilkin et al. 2020; Bleasdale et al. 2021).  
 
To date, the limited amounts of non-collagenous paleoproteomic data available has made it 
difficult to formulate hypotheses about factors contributing to dietary protein preservation. 
Prior to this thesis research, BLG was the only dietary protein that had been recovered at high 
levels within individual calculus samples, and it has been recovered frequently and 
consistently in known dairy-consuming populations. While the preservation of proteins from 
archaeological bone has been attributed to their structural properties, native BLG, a soluble 
globular protein, does not share these robust structural characteristics. While BLG proteins 
from archaeological dental calculus share a calcium-binding capability with proteins such as 

https://paperpile.com/c/HZp5gj/9ENM3+qi27Z
https://paperpile.com/c/HZp5gj/9ENM3+qi27Z
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collagen, it shares few characteristics beyond the fact that they both become embedded within 
a calcium phosphate mineral matrix. Due to this, it has been proposed that the calcified 
mineral matrix itself plays a protective role in preserving BLG. In our datasets, we find high 
levels of BLG peptides in known pastoralist populations and the absence of milk proteins in 
populations that did not engage in dairying. In many cases, the protein is one of the highest-
scoring within the calculus samples, and calcium-binding itself cannot explain its prevalence 
relative to other soluble globular milk proteins or other calcium-binding fibrous proteins that 
dominate most paleoproteomic studies of dental calculus. 
 
In the four manuscripts comprising this thesis, we identified 20 dietary-specific proteins, 
including 13 non-dairy proteins (see Figure 4a). While BLG was still by far the most 
frequently recovered dietary protein in our dataset, this was only true for pastoralist 
populations that relied heavily on their livestock herds for subsistence (Manuscript B and D), 
seen in Figure 4b and 4c. The shared characteristics among the dietary proteins in our dataset 
are shown in Table 3. Regarding structure, all proteins were globular proteins or intrinsically 
disordered proteins (IDPs). Although caseins are classified as IDPs because they lack tertiary 
structures in their native state, they also form colloid structures that resemble denatured 
globular proteins. All identified dairy proteins are potential allergens with low molecular 
monomeric weights that are resistant to degradation through proteases, changes in pH, or 
heat. Each protein contained β-sheet secondary structures in its native form or could form 
them in specific conditions. Each protein contained calcium-binding, immunoglobulin E 
(IgE)-binding, or disordered domains. All the plant proteins were involved in storage or 
defense, as were many of the animal proteins, and many proteins have known antimicrobial 
properties that could also aid in preservation. The relationship between these characteristics 
and protein aggregation and AF formation is visualized in Figure 5 and will be discussed 
throughout the following sections.  
 
Next, we evaluated previously reported archaeological proteins to determine if they also 
shared these characteristics. Although a large-scale evaluation of archaeological proteomic 
datasets is beyond the scope of this thesis, a few select studies were examined from different 
archaeological contexts, including proteomic studies of ancient eggshells, mollusk shells, 
pottery, and dental calculus, discussed in section 8.2.5. Although some of the reported 
archaeological proteins were identified as matches to predicted proteins automatically 
translated from genetic and genomic sequencing projects and therefore without available 
detailed secondary structural information, some structural information could still be inferred 
based on similarity to homologous proteins. Many of the evaluated proteins share properties 
with proteins from our dataset that are associated with AFs, and we propose that this may be 
a contributing factor in archaeological protein preservation  
 
8.2.1. Amyloid fibrils  
 
8.2.1.a. Functional amyloid fibrils are biologically important, widespread, and diverse  
These highly stable structures contain a cross-β scaffold pattern formed from intermolecular 
β-sheets, stabilized by an abundance of hydrogen bonds, and they are associated with 
resistance to protease enzymes and ionic detergents (Antonets et al. 2020). The ability to 
form amyloid structures was once believed to be rare, occurring only within a few proteins 
associated with amyloid-related neurodegenerative diseases and were thought to possibly 
Occur as a result of specific structural properties (Cao and Mezzenga 2019). More recent  
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Table 3. Recovered dietary proteins and their shared characteristics 
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LMW-GS *  X  X  X X  X X X X 
AAI X X      X  X X X  
B-GLU X X      X  X X X  
Ovalbumin X X X X X X  X  X X X X 
Turmerin X X      X  X X X  
11S globulins X X X    X X X X X X X 
2S albumins X X X     X  X X X  
7S globulins X X X X X  X X X X X X X 
SBP X X X    X X X X X X X 
a-LACs X X  X X   X  X X X X 
AS1-CNs * X X X  X X X  X X X X 
BLGs X X  X    X X X X X X 

 
*Intrinsically disordered proteins 

research has demonstrated that amyloid fibril formation is a potential property of most 
proteins, and 98.7% of proteins contain at least one self-complementary short sequence 
capable of forming amyloid fibrils. However, most of these sequences are buried in the native 
fold of proteins or exist in structures that prevent the formation of the β-strand structures 
andinterdigitation needed for AF structures (Goldschmidt et al. 2010). 

Non-pathological or functional AF formations appear to be an evolutionary adaptation shared 
across many kingdoms of life, with roles in nutrient storage and structural adhesion. These 
AFs play many functional roles, including human melanin production, human hormone 
accumulation and storage, nutrient storage and defense in fish eggs and insect eggs, the 
adhesive abilities of fungi, microbial biofilm formation, and the long-term storage of plant 
seed proteins (Antonets et al. 2020). The ability to self-assemble is a property that 
amyloidogenic proteins share with functional fibrous proteins such as collagen and keratin 
(Santos and Ventura 2021). The AF structures allow globular proteins to resemble these 
fibrous proteins more closely, granting them similar structural properties that increase their 
robustness. Biomaterial studies have even produced layered structures that included 
hydroxyapatite that could mimic bone, with AFs replacing collagen (Ke et al. 2020). 
Structural fibrous proteins within bone have been demonstrated to survive long-term in the 
archaeological record, and it has been theorized that their insoluble and robust fibril 
structures likely increased their chances of survival. If soluble globular proteins can also form 
similar and even more robust structures, it is possible that they can persist in this form over 
archaeological periods, particularly if those structures were trapped within a subsequently 
biomineralized matrix such as dental calculus.  

https://paperpile.com/c/HZp5gj/hb3BL


 91 

8.2.1.b. Amyloid fibrils are extremely stable and highly resistant to degradation 
Although morphology is variable, all amyloid fibrils share a cross-β sheet motif and 
structural repetitiveness where β-sheets lay parallel to the fibril axis and β-strands within 
individual sheets are arranged perpendicular to the central fibril axis (Cao and Mezzenga 
2019). A dual β-sheets structure, also called a “steric zipper,” is stabilized with additional 
forces including van der Waals, hydrogen bonds, and hydrophobic effects, resulting in the 
most tightly packed protein complexes known (Nelson et al. 2005; Sawaya et al. 2007) and 
the tensile strength of AFs have been compared to steel (Smith et al. 2006). These structural 
properties confer extraordinary stability to amyloid fibrils, increasing their resistance to 
degradation and survivability within human tissues, which could also increase their long-term 
survival. The presence of amyloid fibrils can be confirmed through the observation of the 
characteristic cross-β sheet x-ray diffraction patterns, as well as an observation of fibrillar 
morphology, AF-specific staining with Congo red (CR) or Thioflavin T (TnT), in conjunction 
with the observance of a characteristic apple-green birefringence under cross-polarized light 
microscopy (Ke et al. 2020). 
 
Amylogenic, or core, regions of proteins promote β-sheet structure formation during 
fibrillation (Jansens et al. 2019a). These regions are typically short, highly hydrophobic 
sequences with low net charges (De Baets et al. 2014). Specific food protein fibril formation 
is affected by various factors, including amino acid sequence, charge, hydrophobicity, pH, 
time, temperature, ionic strength, and the presence of alcohols or enzymes (Jansens et al. 
2019a; Lambrecht et al. 2019). 

Depending on the amino acid sequences, the highly repetitive structure of AFs combined with 
charged and hydrophobic surface properties make them “sticky,” which allows them to bind 
to various small molecules and macromolecules or polymers (Jacob et al. 2016). The 
extraordinary binding and stability properties of AFs contribute to the pathology of human 
diseases such as Alzheimer’s, in which insoluble amyloid plaques accumulate between 
neurons, disrupting their function. However, functional AFs have been discovered to play a 
role in adhesion for organisms across kingdoms, and a study by Jacob et al. demonstrated that 
the cell-adhesive properties of AFs were intrinsic to the structure and not a result of the 
underlying sequence (Jacob et al. 2016). Many microorganisms, including bacterial and fungi 
species, use the adhesive properties of amyloids for surface attachment and colonization. 
Functional AFs are also closely associated with bacterial cell walls. Oli et al. demonstrated 
the importance of amyloid-forming proteins in the biofilm development of Streptococcus 
mutans, a prominent organism in the human oral cavity (Oli et al. 2012). Although several S. 
mutans proteins can form amyloid structures that are important structural components of 
biofilm, it remains unclear exactly how AFs affect the plaque structure, or which other 
amyloid fibrils are present within the plaque matrix (Jakubovics et al. 2021). Therefore, it 
may be that these structures play a role in the ability of plaque to entrap dietary proteins or 
the ability of dietary amyloid aggregates to attach to dental plaque on an individual's tooth 
surface before subsequent biomineralization.  
 
8.2.1.c. Amyloid fibril polymorphism 
Generally, amyloid fibrils exhibit a high degree of heterogeneity depending on experimental 
conditions. For example, BLG has been shown to form various polymorphic amyloid fibril 
structures depending on conditions such as ionic strength, pH, the degree of unfolding, and 
protein concentration (van den Akker et al. 2014). Full-length protein monomers and large 
peptides have been recovered from BLG amyloid fibrils heated to 80°C, and large amyloid-
like fibrils formed from a combination of BLG, and other proteins have also been observed 

https://paperpile.com/c/HZp5gj/bNIBV
https://paperpile.com/c/HZp5gj/hb3BL
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Figure 5. Relationship between amyloid fibril formation and other protein characteristics. 
Boxes describe the relationship between aggregation or AF formation and allergenicity (green), 
structural protein characteristics (red), functional protein characteristics (blue). 
 
(Loveday et al. 2017). Mixtures of fibrils and non-fibrillar aggregates can be found within the 
same conditions. Mixtures of peptide fragments of varying lengths are expected in low pH 
conditions, but peptide fragments typically correspond to β-sheet rich regions BLG CITE. In 
addition to the abundance of polymorphic forms, many amyloid proteins have cross-
polymerization properties in which they can form amyloid fibrils with different proteins, 
which is more likely to occur when similar peptides are involved. Others have been shown to 
form cross-species fibrils, including those involved in cross-species prion diseases, which 
could increase the likelihood of additional proteins being incorporated and possibly preserved 
within the fibril structures.  

8.2.1.d. Amyloid fibrils from dietary proteins  
Functional amyloid fibrils have been discovered in association with food proteins from 
dietary items such as milk, eggs, and seeds, which were also identified in our studies. They 
form under various in vitro fibrillation conditions, usually involving temperature, pH, salt, 
and protein concentration (Cao and Mezzenga 2019). These fibrils share the same cross-β 
pattern structure as pathological amyloid fibrils but are unrelated to any amyloidosis. 
However, studies on food protein fibrillation remain rare, and the field is not fully 
established. Plant proteins, in particular, have only been minimally investigated to date (Cao 
and Mezzenga 2019; Antonets et al. 2020). 
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The formation of amyloid or amyloid-like fibrils typically requires at least a partial unfolding 
of the native protein state to expose the hydrophobic core of soluble globular proteins. This is 
typically achieved through heating, low pH, or dehydration, methods common in food 
processing. However, prior to 2020 (Monge-Morera et al. 2020), the only amyloid fibrils 
unequivocally shown in prepared foods were in foie gras from duck and goose (Solomon et 
al. 2007). Most insights about dietary amyloid fibrils have resulted from in vitro studies of 
food proteins in purified forms, often to elucidate optimal fibrillation conditions of specific 
proteins for applications in food technologies. However, non-optimal conditions do not 
preclude fibril formation. To date, no studies have investigated amyloid formation in real-
world complex food systems in which a taxonomic mixture of proteins may be present or 
how food processing methods may affect, prevent, or induce these formations. However, it is 
known that some specific proteins and food constituents can affect other proteins, either 
through reduction or enhancement of fibrillation. For example, in vitro studies of milk 
proteins show that some caseins may help prevent the fibrillation of whey proteins in some 
conditions (Lambrecht et al. 2019). Although recent studies have demonstrated the ability of 
some dietary proteins to form fibrils during common food-processing steps (Lambrecht et al. 
2019, 2021; Monge-Morera et al. 2020, 2021a, b), more research is required to establish the 
presence of amyloids in other common food products.  

8.2.1.e. Amyloid fibrils of animal-derived dietary proteins  
Recent studies by Monge-Morera et al. (Monge-Morera et al. 2020, 2021b) have verified that 
fibrils are formed during both drying and boiling of hen (Gallus gallus domesticus) eggs. The 
authors found that heating egg white proteins (primarily composed of ovalbumin, 
ovotransferrin, ovomucoid, ovomucin, and lysozyme) inducing the formation of 
intermolecular β-sheet structures, and 1-3% of egg white proteins were converted into 
amyloid fibers, and their results add to the growing body of research that suggests that 
amyloid fibrils are a common aspect of the human diet. Purified OVAL and LYZC proteins 
can also form amyloid aggregates at low pH (2.0) (Jansens et al. 2019a).  
Amyloid formation of purified whey proteins such as BLG or A-LAC typically requires 
heating in low pH conditions for the optimal release of amyloidogenic peptides that can form 
β-sheet structures, although the presence of other denaturing chemistry can allow AF 
formation in slightly higher pH conditions (Lambrecht et al. 2019) In contrast, bovine serum 
albumin can form AFs at neutral pH with only mild heating. In general, whey proteins form 
AFs more easily than casein proteins (Lambrecht et al. 2019), which may partly explain why 
whey proteins are recovered more often than caseins in archaeological dental calculus. 
Caseins (CNs) are intrinsically disordered proteins lacking a consistent tertiary structure, but 
which form micelle aggregates. Although purified K-CN and AS2-CN can form AFs even at 
physiological pH, purified AS1-CN and B-CN do not readily form AFs until they are exposed 
to low pH (2.0) and high temperatures (90°C) conditions (Lambrecht et al. 2019). 
Additionally, various proteins, food constituents, and ions can impact fibril formation in milk 
proteins. BLG is large, and richer in β-sheets compared to other milk whey proteins, leading 
to more stabilizing intermolecular bonding. This fact may help partially explain the 
abundance of the protein in paleoproteomic studies in relation to other calcium-binding milk 
proteins. BLG is also the more heat-sensitive milk protein and will begin to unfold and 
aggregate at lower temperatures than A-LAC and caseins (Bu et al. 2013), which could 
increase the chances of amyloid formation.  
 
8.2.1.f Amyloid fibrils of plant-derived dietary proteins  
To date, very few investigations of plant amyloid biology have occurred. Antonets and 
Nizhnikov performed a large-scale bioinformatic screening of plant proteins from all 

https://paperpile.com/c/HZp5gj/9Yqq
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annotated plant proteomes, demonstrating the abundance of potentially amyloidogenic 
proteins in plant proteomes suggesting that AFs may play an important functional role 
(Antonets and Nizhnikov 2017). Potential AF-forming plant proteins include a high number 
of defense proteins and nutrient reservoir or seed storage proteins.  
 
Many plant defense proteins have shown amyloid-like properties in vitro (Garvey et al. 2013; 
Gour et al. 2016; Berthelot et al. 2016). The stability of AFs may improve the survivability of 
defense proteins during pathogen interactions. Additionally, the Antonets and Nizhnikov 
study demonstrated the AF potential of nutrient reservoir proteins, particularly seed storage 
proteins, especially those enriched in Q and E, with conserved β-barrel domain Cupin-1, 
which is rich in amyloidogenic regions and present in most plant species (Antonets and 
Nizhnikov 2017; Antonets et al. 2020). In a follow-up study published in 2020, Antonets et 
al. demonstrated that Cupin superfamily seed storage protein, vicilin, could form more than 
one type of aggregate in vitro (Antonets et al. 2020). Every plant protein we identified plays a 
role in defense or storage, and several storage proteins containing Cupin domains were 
identified in our study described in manuscript D. 
 
Antonets et al. were able to demonstrate that AFs formed both in vitro and in vivo in seed 
storage proteins, likely stabilizing these storage proteins and preventing degradation during 
dehydration/desiccation and seed dormancy (Antonets et al. 2020). Although there has been a 
distinct shortage of amyloid studies of cereal proteins, some studies have demonstrated that 
cereal proteins belonging to wheat gluten, maize, and rice exhibit AF forming properties in 
specific in vitro conditions (Jansens et al. 2019a). Recent studies by, Monge-Morera et al. and 
Lambrecht et al. demonstrated that wheat gluten proteins, which were also recovered in our 
studies, could be induced to form amyloid fibrils during food-processing relevant conditions 
including drying and heating (Monge-Morera et al. 2021a; Lambrecht et al. 2021). 
 
8.2.2 Protein preservation and allergenicity  
Many known food allergens have been demonstrated to form AF in certain (and sometimes 
very specific) conditions, including β-parvalbumin from fish, whey and casein proteins from 
milk, ovalbumin, and lysozyme from egg, and many seed storage and defense proteins from 
plants. Each protein we recovered in our studies was a potential human allergen that 
contained IgE-binding sites required for IgE-mediated immune responses. Even though 
whole proteomes were available for some of our identified species, and others were 
extensively represented as they are important human dietary crops, only the allergenic 
proteins were identified, and an overrepresentation of human allergens in our database is, 
therefore, unlikely to be responsible for our results. Proteins capable of eliciting an IgE-
mediated allergic reaction share many characteristics, although these characteristics are not 
unique to allergens and are also shared amongst non-allergenic proteins (Pekar et al. 2018). 
However, in general, these proteins have small molecular sizes (typically under 70 kDa) 
(Vickery et al. 2011), are stable against changes in pH, and are resistant to enzymatic 
degradation. They also often possess thermostability properties. Despite an abundance of 
research, the unique properties of allergenic proteins remain unknown (Pekar et al. 2018). 

Phosphorylation or glycosylation can increase the allergenicity and IgE-binding activity of 
several allergen proteins (e.g., caseins, ovomucoids, serpins), including many identified in 
our studies (Costa et al. 2021). However, the opposite may be true for others (e.g., 
tropomyosin). Recently, amyloid aggregates of allergenic proteins have also been shown to 
enhance IgE recognition and binding (Sánchez et al. 2016; Castellanos et al. 2018), as shown 
in Figure 5. The recent discovery of in vivo AF structures of the highly allergenic vicilin seed 
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lectin proteins helps explain the protease-resistant properties associated with the plant’s 
defense (Antonets et al. 2020). The extreme stability of the insoluble AF gives the proteins a 
heightened resistance to degradation, increasing their allergenicity. Research has 
demonstrated that IgE-binding is increased 1000-fold in β-parvalbumin AFs compared to the 
monomeric structure and that the IgE-binding epitopes overlap with the amyloid cores of the 
protein, which may explain the IgE binding properties of the amyloid structures (Pérez-
Tavarez et al. 2021). This study also demonstrated that BLG and OVAL display the same 
pattern, both of which were identified in our datasets. Interestingly, the peptide most 
frequently recovered in paleoproteomic studies, 141TPEVDDEALEKFD153, overlaps with the 
IgE-binding epitope and is flanked by two amyloid regions (see Fig. 6), while the second 
IgE-binding epitope region of BLG overlaps with another core-forming region. The other 
most frequently recovered BLG peptide in paleoproteomic studies (Jeong et al. 2018) is 
peptide 108 VLVLDTDYK 116, which falls within a region of predicted amyloid cores between 
both IgE-binding epitope regions  
 
8.2.3 Protein preservation and protein structure  
Some protein domains have been associated with amyloid fibril formation (see Figure 5), 
including those with low sequence complexity, disordered regions, β-sheet forming core 
regions, and carbohydrate calcium, and IgE-binding regions, and many of these were found in 
our dataset. 
 
8.2.3.a. Disordered regions  
Amyloid fibrils often occur in intrinsically disordered proteins or proteins that contain 
intrinsically disordered domains, as these regions are more susceptible to aggregation. 
Disordered proteins or regions that lack a defined three-dimensional structure are an 
important aspect of many processes involved in amyloid biology and possibly in the 
processes involved in the preservation of proteins. Conserved disordered regions often 
overlap in sequence with other protein domains (Pentony and Jones 2010). Due to disordered 
regions' polar charged amino acid stretches, these regions may generally increase binding 
rates since these sequences are not hydrophobic enough for folding. Additionally, disordered 
regions can allow proteins to interact with domains of other proteins (van der Lee et al. 
2014). IgE-binding sites often co-occur within or adjacent to disordered regions of proteins 
(Xue et al. 2011). Phosphorylation and glycosylation are common post- translational 
modifications in disordered regions of animal-derived allergens (Costa et al. 2021; Gattinger 
et al. 2021), and they may have a stabilizing effect on the structure of the proteins 
(Grzybowska 2018). A number of glycoproteins also play a role in biomineralization (Evans 
2020). The physicochemical processes that allow disordered regions to form ordered, β-sheet 
rich fibrils are not fully understood but may involve binding ligands or metal ions (Lermyte 
2020), and structural disorder is also common in proteins that play a role in the 
biomineralization of hard tissue. Disordered proteins, or proteins with disordered regions 
recovered in our studies, include glutenin, 11S and 7S globulins, sucrose-binding protein, and 
AS1-CN.  

Amyloidogenic regions are often associated with other protein domains, including IgE-
binding, calcium-binding, and carbohydrate-binding regions. For example, the conserved 
seed storage Cupin-1 β-barrel domain contains an abundance of amyloidogenic regions in 
most plant species  
 
8.2.3.b. Amyloidogenic regions  
Amyloidogenic regions promote the β-sheet structure formation required for fibrillation 138, 

https://paperpile.com/c/HZp5gj/66DhV
https://paperpile.com/c/HZp5gj/fRtIi
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Figure 6. Recovered BLG peptides in relation to IgE binding sites and predicted amyloid 
aggregation regions. Blue boxes represent BLG peptides recovered in Manuscript C with the number 
of PSMs identified in the entire dataset. The N-terminal region shaded red is the signal peptide. Areas 
shaded in grey correspond to IgE-binding epitopes of BLG (Jansens et al. 2019b; Pérez-Tavarez et al. 
2021). Arrows represent β-sheet secondary structures and asterisk (*) corresponds to aggregation 
prone segments, predicted using AMYLPRED2 software (Tsolis et al. 2013). It should be noted that 
these regions are not discrete units and the actual protein sequences included in any given amyloid 
fibril can be expected to include regions outside of the sequences responsible for the aggregation 
(denoted with an asterisk *), or the regions between these sequences in the case of whole protein, or 
large sequences aggregation and fibrillation.   
 

and they often occur in or near disordered regions of proteins. Many proteins are involved in 
defense, and their homologs in marine species such as oysters have been demonstrated to 
play a role in amyloid fibrillation (Antonets et al. 2020; Naganuma et al. 2014). The β-barrel 
structures, formed from β-sheets, are particularly rigid and stable. In fact, many plant lectin 
proteins form the same compact β-barrel structure. Interestingly, proteins belonging to the 
lipocalin protein family, including β-lactoglobulin, also contain a similarly conserved 
antiparallel β-barrel structure (Crowther et al. 2016). This may explain the frequency of 
recovered peptides that correspond to β-sheet rich regions of BLG and 11S globulins peptides 
that were recovered in our studies, constituting the most frequently recovered peptides in our 
dataset (see Figure 4b and 4c). If this β-barrel structure does help increase stability and the 
likelihood of preservation, it may also help explain the differentially high recovery of BLG 
peptides relative to other milk peptides. 
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8.2.3.c. Lectin and Lectin-like proteins and domains  
Carbohydrate-binding proteins can play an important structural role in AF formation by 
providing scaffolding in various contexts, including in bacterial biofilms (Oli et al. 2012), 
oyster shells (Naganuma et al. 2014), plant seeds (Antonets et al. 2020; Santos and Ventura 
2021), and in diseased tissue of amyloidosis patients (Iannuzzi et al. 2015). Several 
archaeological proteomic studies have reported lectins or proteins with lectin-like properties 
(Demarchi et al. 2016; Presslee et al. 2017; Sakalauskaite et al. 2019). The seed storage 
proteins in our dataset have lectin-like properties due to the conserved Cupin domain, which 
has an affinity for carbohydrate-binding. It is primarily present in 11S and 7S globulin seed 
storage proteins, which are major allergens common in human diets. The QN-rich domain 
belonging to plant zein, gliadin, vicilin, and glutenin proteins are also potentially 
amyloidogenic regions. Many lectin proteins in plants and animals exhibit defensive 
properties against microorganisms (Dias et al. 2015) in addition to their nutrient storage roles. 
Although the physiological processes involved in seed protein preservation have been poorly 
understood, Antonets et al. demonstrated the in vivo involvement of AFs in storage protein 
accumulation within plant seeds. The presence of these highly robust structures within seed 
proteins in vivo may help explain the high levels in which they were recovered in our dataset, 
as they would not require the same extreme food-processing conditions required by other 
proteins to form AFs.  
 
Although the role of lectins in human allergies is still poorly understood (Barre et al. 2020), 
several proteins containing lectin or lectin-like proteins have been identified as potential 
allergens, including the Cupin domain-containing proteins identified in this thesis. While 
calcium does not participate directly in the carbohydrate-binding of lectin proteins, it is 
required by some, including those containing C-type lectin (CTL) domains or the 
homologous C-type lectin-like domains, referred to as CTL throughout the remainder of this 
thesis. The CTL domains have four calcium-binding regions, although a variable number is 
occupied depending on structure (Zelensky and Gready 2005). Calcium-binding in these 
domains can lead to structural changes in the protein that have been associated with 
scaffolding for biomineralization and host defense against pathogens. In some cases, the 
conformational changes increase interaction with IgE-binding sites (Engeroff and Vogel 
2021). 
 
8.2.3.d. Calcium-binding  
Many previously identified archaeological proteins have calcium-binding capabilities, 
leading to the hypothesis that mineral binding itself may play a protective role in protein 
preservation (Warinner et al. 2014a; Demarchi et al. 2016; Hendy et al. 2018a; Demarchi 
2020). Calcium-binding proteins have a higher tendency to form the extended β-strand 
structures found in amyloid fibrils that increase their aggregation capacity, giving the AF 
structures an affinity for calcium ions and subsequent calcification. Some non-collagenous 
proteins in dentin and bone, such as DMPI and phosphophoryn, can form amyloid-like fibrils 
when bound to calcium, likely due to the β-sheet conformation adopted by the proteins in the 
presence of the calcium ions, and these aggregates of non-collagenous proteins may be vital 
for the regulation of mineral formation and organization in bone tissues (Grzybowska 2018). 
 
Calcium-binding can also play a role in the allergenicity of some proteins. For example, in 
the case of β-parvalbumin, calcium-binding leads to structural changes that leave its IgE-
binding regions available, which conserves its allergenic potential, and even more so in 
subsequent amyloid fibrils (Sánchez et al. 2016).  
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8.2.4 Protein preservation and protein function  
Functional amyloid fibrils play a key role in a wide variety of biological processes, including 
functions that may enhance their chances of long-term survival, such as biomineralization, 
defense, and storage, as shown in Figure 5.  
 
8.2.4.a. Biomineralization  
Calcium-binding domains within proteins promote disorder (Grzybowska 2018), and 
intrinsically disordered proteins (or proteins containing disordered domains) are thought to be 
important in initiating biomineralization (Boskey and Villarreal-Ramirez 2016). The 
frequency of phosphorylation and glycosylation in disordered regions can stabilize the 
structure when coupled with the surface adherence needed to initiate calcification. This may 
be due to the lower free energy required for disordered proteins due to a change in entropy 
while the protein structure transitions from disordered to ordered (Grzybowska 2018). 
 
Most biomineralization involves calcium phosphate, calcium carbonate, or hydroxyapatite, 
and they are involved in the mineralization of mollusk shells, eggshells, bones, teeth, and 
dental calculus. Castanellos et al. demonstrated that amyloid aggregates of β-parvalbumin 
from Atlantic cod muscle could influence calcium carbonate precipitation in vitro 
(Castellanos et al. 2018). Interestingly, they found that amyloid aggregates alone were able to 
alter calcite morphology. The ability of amyloids to modulate calcium carbonate 
crystallization is due to their polymorphic structures and varies with cellular conditions and 
covalent structures of the protein. Due to their strong adhesion and bond stability, the 
amyloid structures of self-assembled peptides can act as templates that induce hydroxyapatite 
formation and layering (Wang et al. 2021). 
 
The β-parvalbumin protein shares many characteristics with our identified proteins; it is a 
globular allergen that binds both calcium and IgE. Naganuma et al. demonstrated that some 
lectin proteins (PPL2s) and their AF aggregates contribute to the biomineralization process in 
pearl oyster mollusk shells as matrix proteins. These lectin proteins are homologous to a 
specific lectin protein in plants, one of the types of proteins predicted to form AF aggregates 
more readily (Naganuma et al. 2014; Antonets and Nizhnikov 2017). In contrast to studies 
that demonstrate AF aggregation proceeds biomineralization, research by Pal et al. 
demonstrated that biomineralization of alkali halides (KCl and NaCl) could induce AF 
formation of the protein ovalbumin via changes in salt concentration in vitro (Pal et al. 2011). 
Increased salt concentrations can lead to increased β-sheet formation as the protein unfolds, 
leading to fibrillation due to the biomineralization of the alkali halides. 
 
8.2.4.b. Storage and Defense   
All dietary plant proteins identified in this thesis had roles in either storage, defense, or both, 
and these functional classes are overrepresented in predictive studies of potential 
amyloidogenic sequences (Antonets and Nizhnikov 2017). Our dataset includes seed storage 
proteins from the prolamin and Cupin superfamilies, including 11s and 7S globulin seed 
storage proteins, sucrose-binding protein, 2S albumin, glutenin, and α-amylase/trypsin 
inhibitor protein (AAI). Milk caseins and the serpin glycoprotein ovalbumin were also 
recovered. They are considered storage proteins as they provide nutrients for growing 
embryos. 
 
Defensive proteins in our dataset include two glycosyl hydrolase proteins, A-LAC, and β-1,3 
glucanase. These proteins hydrolyze the glycosidic bond of carbohydrates and play a role in 
plant defense against pathogens by hydrolyzing bonds within prokaryotic cell walls. 
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Turmerin and AAI proteins are serine protease inhibitors that protect the plant from the 
digestive proteases of insects. Identified milk proteins include BLG, A-LAC, and AS1-CN 
proteins, which display antimicrobial properties (Chaneton et al. 2011; Dziuba and Dziuba 
2014; Hou et al. 2018). 

8.2.5 Shared characteristics from other paleoproteomic studies  

8.2.5.a. Amelogenin  
Archaeological studies have demonstrated the exceptional preservation potential of proteins 
within dental enamel (Nielsen-Marsh et al. 2009). This mineralized tissue is exceptionally 
strong and does not regenerate during life. Although there are few proteins within this tissue, 
amelogenin is abundant and valuable for archaeological studies. Amelogenin is encoded by 
the X and Y chromosomes, with different variants, which allows some insight into biological 
sex. This intrinsically disordered protein binds both phosphate and calcium ions (Stewart et 
al. 2017; Parker et al. 2019b) and has been demonstrated to be exceptionally well preserved 
(Capellini et al. 2019; Welker et al. 2020) despite its native structural properties.   
 
Additionally, due to its long-term preservation potential, amelogenin has been utilized in 
paleoproteomic studies of human evolution (Welker et al. 2020). As noted by Welker et al., 
amelogenin is proteolytically cleaved during enamel formation by matrix metalloproteinase-
20 (MMP20) and expected peptide cleavage products were recovered in their study. 
However, it should be noted that these in vivo cleavage products have been demonstrated to 
form AF structures subsequently. Carneiro et al. 2016 demonstrated that full-length 
amelogenin and its MMP20 cleavage products aggregate into amyloid-like structures both in 
vivo and in vitro. They identified the specific structure within amelogenin that formed into β-
sheets and proposed that the amyloid structures play an essential structural role in guiding the 
apatite mineralization of tooth enamel (Carneiro et al. 2016). Zhang et al. demonstrated the 
core sequence 18EVLTPLKWYQSI29 as the likely primary segment that contributes to the 
formation of the secondary structure required for AF formation (Zhang et al. 2020). This 
region was also recovered by Welker et al, and utilized sequence difference to distinguish 
between early hominins.  
 
In the Supplementary Information supplied by Welker et al., two archaeological protocols 
were compared for their efficiency in recovering enamel proteins, including enamelin, both 
amelogenin variants, ameloblastin, and amelotin. The first method uses a dilute 4% HCl 
pretreatment, while the second method uses a much more concentrated 1.2M HCl pre-
treatment. The second method was more effective in recovering more sequence coverage of 
these proteins, but the differences were much more apparent in the amelogenin proteins, the 
only proteins that are known to form AFs in enamel. Due to the protective properties of the 
AF structure, acidic pre-treatment is required for depolymerization; therefore, the differences 
in sequence coverage could plausibly be a result of more successful depolymerization using 
the second method listed.   
 
8.2.5.b. Avian egg proteins  
The oldest identified avian eggshell protein, ostrich struthiocalcin, dated to ~3.9 million years 
ago (Demarchi et al. 2016), recovered from fragments of archaeological eggshells. This C-
type (calcium-binding) lectin protein possesses calcium-binding disordered regions that adopt 
a stable conformation when bound to a calcium source, a property shared with many of our 
protein identifications. Researchers have also demonstrated the role of modern struthiocalcin 
proteins in the initiation of calcification, and they make up the major components of the 
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eggshell matrix (Mann and Siedler 2004; Ruiz-Arellano et al. 2015).  
 
Although amyloid fibrillation is likely to be an important mechanism in the biomineralization 
of mollusk shells and microbial biofilms, it has not been shown to be involved in the calcium-
binding of avian eggshells. However, AFs have been demonstrated to play a protective role in 
the storage abilities of eggshells of silkworms, protecting the proteins from environmental 
factors even in the absence of calcified eggshells (Iconomidou et al. 2000), and AFs may play 
an important role in the preservation of storage proteins. 
 
Other struthiocalcin-like lectin proteins involved in the biomineralization of avian eggshells 
and egg white proteins have also been reported from archaeological eggshells. For example, 
the homologous proteins ansocalcin and ovocleidin-17, found in goose and chicken, 
respectively, have been recovered (Presslee et al. 2017; Demarchi et al. 2019, 2020), and both 
proteins share significant homology with another C-type lectin (CTL) found in snake venom 
(Lakshminarayanan and Kini 2002). The AF forming properties of CTL proteins in snake 
venom play a vital role in the aggregation properties of the protein through their extensive β-
sheets structures (Aranda-Souza et al. 2019). The CTL ovocleidin-17 and ovocleidin-like 
proteins have antimicrobial properties, and they likely play a protective role for the egg’s 
embryo (Wellman-Labadie et al. 2008).  
 
Egg white proteins such as ovomucoid, ovotransferrin, ovalbumin, and ovostatin have also 
been reported in archaeological eggshells (Presslee et al. 2017; Demarchi et al. 2019, 2020). 
These proteins are known to adopt AF structures under certain conditions such as heating, 
drying, or low pH. Both ovomucoid and ovomucin are glycoproteins, while ovomucoid, 
ovomucin, and ovalbumin are IgE-binding allergens that also play a role in bacterial defense 
(Colgrave 2017). Ovomucin forms fibrils that are believed to play a role in preventing 
bacterial movement within the egg white (Strixner and Kulozik 2011), while ovomucoid is a 
protease inhibitor protein (Colgrave 2017). Both proteins have β-sheet structures, and 
ovomucin contains disordered regions. 
 
8.2.5.c. Mollusk shell proteins  
Sakalauskaite et al. also identified several proteins from archaeological buttons made from 
mollusk shells (Sakalauskaite et al. 2019). Although data analysis was complicated due to 
insufficient database coverage of mollusk species, many proteins could be identified to the 
genus level. Several proteins involved in shell formation and biomineralization were 
reported, including Hic74, Hic 52, MSI60-related protein, silkmapin, and antifreeze protein. 
Although not as well characterized as dietary proteins, limited general structural information 
was available for some identified proteins. Hic 74, Hic 52, and MSI60 proteins have known 
disordered regions, while Hic74, MSI60, silkmapin, and antifreeze proteins have calcium-
binding sites or structural motifs predicted to bind calcium (Liu et al. 2015, 2017b, a). The 
Hic 74 protein can form β-sheet structures that provide structural support for 
biomineralization (Liu et al. 2017a). Both MSI60 and silkmapin proteins display β-fold 
structures and are known to form fiber-like structures that likely play a role in initiating and 
growing biomineralized layers of mollusk shells (Liu et al. 2017a).  
 
Sakalauskaite et al also identified an antifreeze protein from oyster (Sakalauskaite et al. 
2019). Marine antifreeze glycoproteins share homology with calcium-binding plant lectins 
(Graether and Sykes 2004), and they also acquire stability when bound to calcium (Martinez 
et al. 2015). An important characteristic of antifreeze proteins in fish is the ice-induced 
amyloid fibril formation, once again demonstrating the ability of the AF structure to protect 
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proteins in extreme conditions, and Arai et al. have demonstrated that calcium-binding is a 
requirement for the ice-binding mechanism that induces AF formation in fish (Arai et al. 
2019). Although the fish protein has a strictly α-helical native structure, it is converted into 
the β-oligomeric structures required to form amyloids. Although the exact mechanism 
remains unknown, it may be related to changes in pH, protein concentration, or specific 
interaction with ice (Graether and Sykes 2004; Dubé et al. 2016). Homologous insect 
antifreeze protein has the requisite β structures needed for AF formation (Graether and Sykes 
2004).  
 
8.2.5.d. Plant proteins   
Few plant proteins have been reported to date in paleoproteomic studies, but a few examples 
include the same classes of seed storage proteins found within our datasets discussed above. 
These include oat (Avena sativa) 12S globulin (Jersie-Christensen et al. 2018), grape (Vitis 
vinifera) 2S albumin and 7S globulin (Cappellini et al. 2010), and pea (Pisum sativum) 11S 
globulin legumin proteins (Hendy et al. 2018a). 

9. Conclusion 
We combined our proteomic evidence with other analyses in three of the studies highlighted 
below, including bioarchaeology, microremain analysis, and genetics. Using a multidiscipline 
approach allowed for a deeper understanding of the diet of the individuals we examined. All 
data was contextualized with previous and ongoing archaeological evidence, including 
historical texts, archaeobotanical and zooarchaeological remains, and isotopic, genetic, and 
organic residue data. Through the application of paleoproteomics methods to archaeological 
dental calculus, we were able to:   
 

1. Provide insight into the diets and living conditions of Ireland’s poor and marginalized 
populations during the Great Famine of 1845-1852.  

2. Demonstrate that indigenous individuals at the Bronze Age site of Xiaohe in the 
Tarim basin had adopted dairying technologies from neighboring pastoral groups and 
were already using these technologies by the earliest founding of the site despite 
maintaining genetic isolation from outside groups.   

3. Identify the spread and diversification of dairy technologies in the Northern Caucasus, 
where an isotopically complex landscape and scant archaeological settlement data 
have hindered previous dietary studies. For the first time, our protein results 
established unequivocal evidence of dairy consumption in a region that is suspected to 
be a key area in the establishment and spread of high mobility dairy pastoralism that 
may have allowed subsequent migrations across Eurasia. Our results also revealed 
how humans responded and adapted to profound changes in environmental conditions 
of the steppe zone through time.  

4. Recover a more diverse set of dietary proteins than previous dental calculus studies 
when studying an ancient urban environment rather than pastoralist groups that relied 
on such extreme herd-focused subsistence strategies. The tissue and genus-specific 
food proteins we recovered included those from fruit, spices, and seed proteins, some 
of which remain largely invisible in the archaeological record and would be unlikely 
to be detected through other methods. These proteins gave us insight into the 
interconnections between South Asia and the Mediterranean during the Bronze and 
Iron Ages.   
 

Despite these successes, the recovery of taxonomically distinct non-dairy dietary proteins 
from calculus was rare. In cases where we were successful, these identifications were able to 
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contribute important insight into diet and trade that may have contributed to access to specific 
dietary species. Additionally, our dairy results continued to provide insight into the spread of 
dairy pastoralism contributed to the growing body of literature on dairying in the context of 
population genetics and movement and ancient environmental conditions. 
 
Although we theorize that amyloid fibrils could form or incorporate into the dental calculus, 
we cannot confirm it through this thesis. While many aspects of amyloid biology, 
archaeological protein preservation, biomineralization, and dental calculus formation remain 
unknown, the possibility of amyloid fibrillation as a mechanism of protein preservation is a 
potential area of future research. Functional amyloid fibril research itself is still a newly 
emerging field, especially regarding animal and plant proteins related to human diet, and 
future research in these fields may help inform our hypotheses about dietary protein 
preservation.  
 
Future AF studies of archaeological material can start this work by first confirming the 
presence of AFs in calculus. This might be achieved through the use of AF-specific staining 
in combination with polarizing light microscopy to confirm the characteristic apple-green 
birefringence associated with AFs. If AFs are present in archaeological dental calculus, it 
may be likely that we are under sampling them due to the greater difficulty of denaturing and 
digesting them. Although pre-amyloid structures and aggregates are often found alongside 
fully polymerized AF proteins, and these structures are still soluble in SDS, full AFs will 
likely require an acidic pre-treatment to depolymerize the structures before extraction. If 
present, calculus samples treated in increasingly acid concentrations of formic acid may show 
a differential protein extraction profile as proteins are progressively depolymerized. The 
issues associated with differential solubility of amyloid proteins and their retrieval from 
calcified dental calculus will require archaeological calculus-specific studies, although this 
presents the same challenges discussed in the previous section. Depending on the presence of 
any potential bacterial biofilm amyloid fibrils, the recovery of these proteins in high 
abundances might swamp out the signal of our dietary proteins. Empirical studies are needed 
to understand these factors better.  
  
However, if AFs are demonstrated to play a role in preserving dietary proteins within dental 
calculus, targeted peptide studies may represent a path forward. In many of our proteins (if 
not all), our recovered dietary peptides corresponded to areas of the proteins that are 
predicted to be amyloid-forming regions through the predictive software AMYLPRED2 
(Tsolis et al. 2013). The ability to predict aggregation-prone regions of natively globular and 
disordered proteins of interest, combined with known digestion cleavage sites, can help us 
choose appropriate peptides to targeted studies. While amyloid fibrillation would not be the 
only expected mechanism of preservation for highly diverse proteins, it could provide a 
productive starting point for further research. 
 
While more studies are needed to confirm any pattern of dietary recovery found within this 
thesis, if the patterns hold up, we may be able to better predict the types of dietary proteins 
we can expect to be able to recover in future studies, which can help us make appropriate 
decisions about the allocation of scarce archaeological material. This may be especially 
important depending on the archaeological context and the aims of the research in question. If 
our patterns hold, future studies of dietary remains may yield improved results if they target 
storage and defense proteins, especially those with known allergenic properties. Seed storage 
proteins, in particular, are abundant and have now been demonstrated to survive in several 
contexts, including in calculus, pottery, and macrobotanical remains (Jersie-Christensen et al. 
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2018; Scott et al. 2021; Hendy et al. 2018a; Cappellini et al. 2010). Lectin proteins with 
antimicrobial properties may also have good preservation potential. Studies that focus on the 
recovery of peptides that correspond to predicted aggregation-prone regions of these proteins 
may be a valuable area of future study.  
 
Although this thesis highlights a number of successful contributions to the field of paleodiet 
reconstruction via proteomic analysis of ancient dental calculus, many proteins we might 
expect to find based on the archaeological record were not recovered, indicating that our 
current method, while successful, is not complete and there is substantial room for 
improvement. Proteomic studies have enormous potential to add to our current understanding 
of paleodiet, and they offer specificity and statistical precision that other methods cannot. 
Further basic research into protein preservation and recovery will help this method reach its 
full potential.  
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11. Summary  
This dissertation presents research that was produced through proteomic analysis of ancient 
dental calculus or biomineralized plaque. The potential of this substrate lies in its ability to 
trap and preserve biomolecules onto the surface of the teeth of ancient humans, providing a 
direct line of evidence for the consumption of particular dietary items. The goals of this thesis 
include recovering and identifying dietary food proteins as well as gaining a deeper 
understanding of the factors that affect the potential preservation and recovery of ancient 
proteins from dental calculus. While dairy proteins have been frequently recovered from 
ancient dental calculus, non-dairy dietary protein recovery has been extremely rare. A better 
understanding of the factors that influence the incorporation, recovery, and identification of 
ancient proteins from dental calculus is necessary to increase the potential of paleoproteomic 
studies of ancient diet.  
 
In Manuscript A, we analyzed human calculus from individuals who died in the Kilkenny 
Union Workhouse during the Irish Famine through microremain and proteomic analyses. The 
protein analysis resulted from the research done for this thesis, while other researchers 
performed the microremain analysis. Some historical accounts of the available food supplies 
were available, and we compared our results to these records to determine how well our 
results could corroborate or add to written sources about foods available to individuals who 
lived in the workhouse and relied completely on the relief food provided to them. Our results 
provided evidence for the consumption of various foods, including oats, potatoes, corn, 
wheat, eggs, and milk. Microparticles specific to plants such as corn, barley, wheat, oats, and 
potato were recovered along with the milk protein β-lactoglobulin and the chicken egg 
protein ovalbumin. These results were consistent with historical accounts. Although chicken 
eggs were not often mentioned in the historical accounts of available foodstuff, they likely 
reflect a pre-famine dietary item, as calculus accumulates throughout an individual's life.  
 
In Manuscript B, we analyzed the remains of the earliest inhabitants of Xinjiang discovered 
to date, dating from 3000 to 1700 BC. We presented both genomic and proteomic results. The 
protein analysis resulted from the research done for this thesis, while other researchers 
performed the genomic component. Our genomic data includes a total of 20 individuals from 
the Dzungarian Basin (ca. 3000-2800 BCE) and the Tarim Basin (ca. 2100-1700 BC). 
Dzungarian Basin individuals showed ancestry consistent with Afanasievo with an additional 
local contribution, while Tarim Basin individuals have only local ancestry. Our proteomic 
data of dental calculus from seven individuals from the earliest strata at the Xiaohe site in the 
Tarim Basin, show a strong signature of milk consumption from all seven individuals, which 
suggests that this group relied on dairy technology from its founding. Our results failed to 
support previous hypotheses about the origins of the Tarim Basin mummies. Instead, they 
suggest that the earliest Tarim Basin cultures emerged from a genetically isolated local 
population that had already adopted neighboring pastoralist technologies, despite their 
genetic isolation.  
 
In Manuscript C, we used proteomic methods to investigate the subsistence basis of 
individuals buried in the North Caucasus and surrounding regions of the South Caucasus, 
Oka-Don Volga, and Ural Mountains from the Eneolithic through the Roman era, by 
identifying dairy proteins recovered from their dental calculus. Previous archaeological and 
archaeogenetic evidence points to the Pontic-Caspian steppe zone as the region from which 
the earliest mobile pastoralists merged and spread, eventually influencing populations across 
Eurasia. However, little is known about their economic bases and the factors that contributed 
to their heightened mobility. Our protein results demonstrate that sheep milking occurred 
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with the earliest forms of Eneolithic pastoralism in the North Caucasus. Later, during the 4th 
millennium BC, Maykop and early Yamnaya populations also focused exclusively on sheep 
milk. We observe an economic diversification of dairy herds that coincide with aridification 
during the subsequent Late Yamnaya and North Caucasus cultural phases, followed by severe 
climate deterioration during the Catacomb and Lola periods. The high mobility associated 
with the Middle and Late Bronze Ages may have resulted from a need for additional pasture 
to feed herds. Later, during the Iron Age, the North Caucasian steppe was repopulated, and 
we find evidence of dairying of sheep, goats, and cattle as well as the introduction of horse 
dairying. 
 
In Manuscript D, we examined the dental calculus of individuals buried at the southern 
Levant Bronze and Iron Age sites of Megiddo and Tel Erani using proteomic and 
microremain techniques- the first study of its kind in the ancient Near East. The protein 
analysis resulted from the research done for this thesis, while other researchers performed the 
microremain analysis. We confirmed the presence of staple foods such as wheat, millet, and 
date palm. In addition, we found clear evidence for sesame seed proteins, confirming that 
sesame had become an essential oil-bearing plant in the Levant by the 2nd millennium BC. 
We also found the earliest direct evidence for the spice turmeric, which predates the earliest 
written record for this spice in the region by approximately 900 years. We have also found 
evidence for the consumption of soy proteins. We recovered credible evidence for banana in 
the Iron Age Levant, which provides a critical geographic link between the plant's origins in 
New Guinea (5th millennium BC) and its appearance in West Africa (Cameroon) in the 1st 
century BC. 
 
Finally, this dissertation examined the patterns of protein recovery and identification from 
dental calculus extraction and other ancient samples and presents a series of observations and 
hypotheses on the possible mechanisms of protein preservation in archaeological contexts.  
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12. Zusammenfassung 
In dieser Dissertation werden Forschungsergebnisse vorgestellt, die durch die proteomische 
Analyse von altem Zahnstein oder biomineralisiertem Zahnbelag gewonnen wurden. Das 
Potenzial dieses Substrats liegt in seiner Fähigkeit, Biomoleküle auf der Oberfläche der 
Zähne alter Menschen zu binden und zu konservieren, wodurch ein direkter Nachweis für den 
Verzehr bestimmter Nahrungsbestandteile erbracht werden kann. Zu den Zielen dieser Arbeit 
gehören die Gewinnung und Identifizierung von Nahrungsproteinen sowie die Erlangung 
eines tieferen Verständnisses der Faktoren, die die potenzielle Konservierung und 
Gewinnung alter Proteine aus Zahnstein beeinflussen. Während Milchproteine häufig aus 
altem Zahnstein geborgen wurden, ist die Gewinnung von Nicht-Milchproteinen aus 
Nahrungsmitteln extrem selten gewesen. Ein besseres Verständnis der Faktoren, die den 
Einbau, die Wiedergewinnung und die Identifizierung alter Proteine aus Zahnstein 
beeinflussen, ist notwendig, um das Potenzial von paläoproteomischen Studien über alte 
Ernährung zu erhöhen.  
 
In Manuskript A wurde menschlicher Zahnstein von Personen, die während der irischen 
Hungersnot im Kilkenny Union Workhouse starben, mittels Mikrorest- und Proteomanalysen 
untersucht. Die Proteinanalyse wurde im Rahmen dieser Arbeit durchgeführt, während andere 
Forscher die Mikrospurenanalyse durchführten. Wir haben unsere Ergebnisse mit diesen 
Aufzeichnungen verglichen, um festzustellen, inwieweit unsere Ergebnisse die schriftlichen 
Quellen über die Nahrungsmittel, die den Menschen zur Verfügung standen, die im 
Arbeitshaus lebten und sich vollständig auf die ihnen zur Verfügung gestellte Hilfsnahrung 
verließen, bestätigen oder ergänzen konnten. Unsere Ergebnisse lieferten Beweise für den 
Verzehr verschiedener Lebensmittel, darunter Hafer, Kartoffeln, Mais, Weizen, Eier und 
Milch. Mikropartikel, die für Pflanzen wie Mais, Gerste, Weizen, Hafer und Kartoffeln 
spezifisch sind, wurden ebenso gefunden wie das Milchprotein β-Lactoglobulin und das 
Hühnerei-Protein Ovalbumin. Diese Ergebnisse stimmen mit historischen Berichten überein. 
Obwohl Hühnereier in den historischen Berichten über die verfügbaren Nahrungsmittel nicht 
oft erwähnt wurden, spiegeln sie wahrscheinlich einen Nahrungsbestandteil vor der 
Hungersnot wider, da sich Kalk im Laufe des Lebens eines Menschen ansammelt.  
 
In Manuskript B analysierten wir die Überreste der frühesten bisher entdeckten Bewohner 
von Xinjiang, die aus der Zeit zwischen 3000 und 1700 v. Chr. stammen. Wir präsentierten 
sowohl genomische als auch proteomische Ergebnisse. Die Proteinanalyse wurde im Rahmen 
dieser Arbeit durchgeführt, während der genomische Teil von anderen Forschern 
übernommen wurde. Unsere genomischen Daten umfassen insgesamt 20 Individuen aus dem 
Dzungarischen Becken (ca. 3000-2800 v. Chr.) und dem Tarimbecken (ca. 2100-1700 v. 
Chr.). Die Individuen aus dem Dzungarischen Becken zeigten eine Abstammung, die mit der 
von Afanasievo übereinstimmt, mit einem zusätzlichen lokalen Beitrag, während die 
Individuen aus dem Tarimbecken nur eine lokale Abstammung haben. Unsere proteomischen 
Daten des Zahnsteins von sieben Individuen aus den frühesten Schichten der Xiaohe-
Fundstelle im Tarim-Becken zeigen bei allen sieben Individuen eine deutliche Signatur von 
Milchkonsum, was darauf hindeutet, dass diese Gruppe seit ihrer Gründung auf die 
Milchwirtschaft angewiesen war. Unsere Ergebnisse konnten frühere Hypothesen über die 
Herkunft der Mumien aus dem Tarimbecken nicht bestätigen. Stattdessen deuten sie darauf 
hin, dass die frühesten Kulturen des Tarimbeckens aus einer genetisch isolierten lokalen 
Bevölkerung hervorgingen, die trotz ihrer genetischen Isolation bereits Technologien der 
benachbarten Hirtenvölker übernommen hatte.  
 
In Manuskript C untersuchten wir mit proteomischen Methoden die Lebensgrundlage von 
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Individuen, die im Nordkaukasus und den umliegenden Regionen des Südkaukasus, der Oka-
Don-Wolga und des Uralgebirges vom Eneolithikum bis in die Römerzeit bestattet wurden, 
indem wir Milchproteine aus ihrem Zahnstein identifizierten. Frühere archäologische und 
archäogenetische Beweise deuten darauf hin, dass die pontisch-kaspische Steppenzone die 
Region ist, in der sich die ersten mobilen Hirtenvölker zusammenschlossen und ausbreiteten 
und schließlich die Bevölkerungen in ganz Eurasien beeinflussten. Über ihre wirtschaftlichen 
Grundlagen und die Faktoren, die zu ihrer erhöhten Mobilität beitrugen, ist jedoch wenig 
bekannt. Unsere Proteinergebnisse zeigen, dass das Melken von Schafen schon bei den 
frühesten Formen des eneolithischen Pastoralismus im Nordkaukasus vorkam. Später, im 4. 
Jahrtausend v. Chr., konzentrierten sich auch die Maykop- und frühen Yamnaya-
Bevölkerungen ausschließlich auf Schafsmilch. Wir beobachten eine wirtschaftliche 
Diversifizierung der Milchviehherden, die mit der Aridifizierung während der nachfolgenden 
späten Yamnaya- und Nordkaukasus-Kulturphasen zusammenfällt, gefolgt von einer 
schweren Klimaverschlechterung während der Katakomben- und Lola-Periode. Die hohe 
Mobilität in der mittleren und späten Bronzezeit könnte auf den Bedarf an zusätzlichem 
Weideland zur Fütterung der Herden zurückzuführen sein. Später, in der Eisenzeit, wurde die 
nordkaukasische Steppe wieder besiedelt, und wir finden Belege für die Haltung von 
Schafen, Ziegen und Rindern sowie für die Einführung der Pferdemast. 
 
In Manuskript D untersuchten wir den Zahnstein von Individuen, die an den bronze- und 
eisenzeitlichen Fundstätten Megiddo und Tel Erani in der südlichen Levante bestattet 
wurden, mit Hilfe von Proteom- und Mikrorest-Techniken - die erste Studie dieser Art im 
alten Nahen Osten. Die Proteinanalyse wurde im Rahmen dieser Arbeit durchgeführt, 
während andere Forscher die Mikrorestanalyse durchführten. Wir konnten das Vorhandensein 
von Grundnahrungsmitteln wie Weizen, Hirse und Dattelpalme bestätigen. Außerdem fanden 
wir eindeutige Beweise für Sesamsamenproteine, die bestätigen, dass Sesam in der Levante 
im 2. Jahrtausend v. Chr. zu einer wesentlichen Ölpflanze geworden war. Wir haben auch die 
frühesten direkten Belege für das Gewürz Kurkuma gefunden, die den frühesten schriftlichen 
Aufzeichnungen über dieses Gewürz in der Region um etwa 900 Jahre vorausgehen. Wir 
haben auch Belege für den Verzehr von Sojaproteinen gefunden. Wir haben glaubwürdige 
Belege für die Banane in der eisenzeitlichen Levante gefunden, die eine wichtige 
geografische Verbindung zwischen den Ursprüngen der Pflanze in Neuguinea (5. Jahrtausend 
v. Chr.) und ihrem Auftauchen in Westafrika (Kamerun) im ersten Jahrhundert v. Chr. 
herstellen. 
 
Schließlich wurden in dieser Dissertation die Muster der Proteingewinnung und -
identifizierung aus Zahnstein und anderen antiken Proben untersucht und eine Reihe von 
Beobachtungen und Hypothesen zu den möglichen Mechanismen der Proteinkonservierung 
in archäologischen Kontexten vorgestellt. 
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