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Abbreviations

BLG B-lactoglobulin

AS-CN alpha-S;- casein

A-LAC a-lactalbumin

OVAL Ovalbumin

BGLU B-1,3- glucanase/glucosidase

TURM Turmerin

BCG - conglycinin

SBP Sucrose binding protein

LMW-GS Low molecular weight glutenin subunit
AAI a- amylase/trypsin inhibitor

CNs caseins

BLGII B-lactoglobulin 11

AS,-CN alpha-S;- casein

B-CN beta-casein

K-CN kappa-casein

SA serum albumin

LTF lactoferrin/ lactotransferrin

LYZC lysozyme C

813C values BC to *C ratio

8"°N values 5N to N ratio

A13C the difference in 3'°C values of Ci and Cis
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




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
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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 B-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
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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 archaecological 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 Proteins Taxonomic ID PSMs
category
. aSi-casein (AS;-CN) Caprinae
Caseins aSi-casein (AS;-CN) Bovinae ?
B-lactoglobulin (BLG) Capra
Milk . -lactoglobulin (BLG Ovis 1879
P-lactoglobulins E—lactoglobulin EBLG% Bovinae
B-lactoglobulin I (BLGII) Equus 9
a-Lactalbumin (A-LAC) Caprinae 10
Egg Ovalbumin (OVAL) Gallus 17
Fruit B-1,3- glucanase/glucosidase Musa 5
(BGLU)
Tubers Turmerin Curcuma 4
) 118 globulin isoform 2 Sesamum 29
ﬁelj dilz)b};gz 118 globul%n ?soform 3 Sesamum 23
proteins 118 globuhn 1sofor-m-4 Sesamum 16
Seeds 118 globulin: Glycinin G1/G2 Glycine 12
118 globulin: Glycinin G4 Glycine 6
7S globulin: B- conglycinin (BCQG) Glycine 10
Sucrose binding protein (SBP) Glycine 2
28 albumin Sesamum 8
Grains Low molecular weight glutenin | Triticum 13
subunit (LMW-GS)
o~ amylase/trypsin inhibitor (AAI) Triticum 3




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,



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



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; Dominguez-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 C; plants from Cs plants; their differing
photosynthetic pathways alter their carbon fixation pathways, which affects their *C to '2C
ratio (8'3C value). Plants that have evolved in different climatic regions have different §!°C
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 toCs; plants.
Although Cs 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 8'*C values in human bones can reflect an increased reliance on these
dietary taxa (Vogel and van der Merwe 1977). The ratio of >N to N (the §'°N 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 §!°N 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 8'°N 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 Ci6:0and Cis, fatty acids using GC/C/IRMS (gas chromatography combustion isotope ratio
mass spectrometry) to distinguish ruminant dairy from ruminant meat based on the relative
813C 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 §'°C

12



and 8'°N 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
8'3C values than terrestrial C3 organisms that use atmospheric CO; as their primary carbon
source. The §'°C value of terrestrial C4 organisms is higher than both terrestrial C3 and marine
organisms (Eriksson 2013). §!°C values also vary with salinity, and freshwater environments
typically have similar values as those from Cj; 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 8"3C 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
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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 [llumina 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 §'3C values of Ci6 and C1s (A13C) 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 Cie:1 to C:1s: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 Cs3 plants, A13C values can resemble those
of non-ruminant fats, and when C4 plants are mixed with ruminants fed with Cs crops, A13C
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.

16



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
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Figure 1. Alignment of cow and sheep p-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
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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 I

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 ulL 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 uLL 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) (Wisniewski 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. IM 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 (Ledn 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 ulL 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-Dittwil,
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 H>O for channel A, and 0.1% formic acid in acetonitrile for channel B. 4 uL for
each peptide sample were loaded to a trap column (Symmetry C18, 100 A, 5 um, 180 um x
20 mm, Waters AG, Baden-Dittwil, Switzerland) with a flow rate of 15 pl/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 A, 1.8 um, 75 pm x 250 mm,
Waters AG, Baden-Dittwil, 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 TTEMBL 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 PXDO015002,
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 le5 Se4
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
MS:; intensity threshold 9e4 1.9¢3
99% Solvent A column load time 30 seconds 60 seconds
Run time 120 minutes 75 minutes
. 1-5% in 30 seconds 8-22% in 49 seconds
Gradient: Solvent B - - - -
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 B-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).
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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 TTEMBL
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 aS; casein (AS1-CN), a-Sz- casein (AS2-CN), B-casein (B-CN),
k-casein (k-CN), B-lactoglobulin (I) (BLG), B-lactoglobulin II (BLG II), a 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.
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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 TTEMBL
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 19" 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 B-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 19™-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
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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
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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 Bjern, 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, Yinqgiu 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 Bjern 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 Yinqgiu 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 DOL:
https://doi.org/10.1038/s41586-021-04052-7

Jena, 11.10.2021

Ashley Scott
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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, Pdivi Onkamo, Kerkko Nordqvist, Natalia Shishlina, Elena Kaverzneva, Arkadiy I.

Korolev, Aleksandr A. Khokhlov, Roman V. Smolyaninov, Riidiger 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.
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Christina Warinner, Wolfgang Haak, Sven Hansen, Emily Hammer, and Johannes Krause
designed this study. Archaeological material and resources were provided by Sabine
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Natalia Berezina, Farhad Guliyev, Bertille Lyonnet, Parviz Gasimov, Tufan Axhundov,
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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

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-Garcia, Yossi Salmon,
Dmitry Yegorov, lanir 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 2"¢ 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
(5™ millennium BCE) and its appearance in West Africa (Cameroon) by the 1 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, lanir 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 DOL:
https://doi.org/10.1073/pnas.2014956117

Jena, 11.10.2021
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Food and diet were class markers in 19th-century Ireland, which
became evident as nearly 1 million people, primarily the poor and
destitute, died as a consequence of the notorious Great Famine
of 1845 to 1852. Famine took hold after a blight (Phytophthora
infestans) destroyed virtually the only means of subsistence—the
potato crop—for a significant proportion of the population. This
study seeks to elucidate the variability of diet in mid-19th-century
Ireland through microparticle and proteomic analysis of human
dental calculus samples (n = 42) from victims of the famine. The
samples derive from remains of people who died between August
1847 and March 1851 while receiving poor relief as inmates in the
union workhouse in the city of Kilkenny (52°39' N, —=7°15’ W). The
results corroborate the historical accounts of food provisions be-
fore and during the famine, with evidence of corn (maize), potato,
and cereal starch granules from the microparticle analysis and milk
protein from the proteomic analysis. Unexpectedly, there is also
evidence of egg protein—a food source generally reserved only
for export and the better-off social classes—which highlights the
variability of the prefamine experience for those who died.
Through historical contextualization, this study shows how the
notoriously monotonous potato diet of the poor was opportunis-
tically supplemented by other foodstuffs. While the Great Irish
Famine was one of the worst subsistence crises in history, it was
foremost a social disaster induced by the lack of access to food and
not the lack of food availability.

bioarchaeclogy | paleoethnobotany | microfossil | potato | poverty

reland in the 19th century was characterized by political tur-

bulence, economic decline, and drastic social and demographic
changes (1). Poverty and destitution were widespread, and a highly
stratified society denoted social class from a variety of factors,
including diet. The potato (Solanum tuberosum), especially the
Irish lumper cultivar, was a staple for the poor and destitute (2).
For numerous reasons, by the 1840s, ~40% of the population of
Ireland had become utterly dependent on the potato for subsis-
tence. The dependency on a single food source exposed people to
significant risks and culminated in a devastating famine between
1845 and 1852 when a fungal blight (Phytophthora infestans) caused
widespread destruction of the potato crop (Fig. 1). Nearly 1 million
people died as a direct consequence of famine-induced starvation
and disease. An estimated 200,000 of these famine-related deaths
took place in the union workhouses (3), which were institutions for
poverty relief that were introduced to Ireland following the Irish
Poor Law Act of 1838 (4). When the potato harvest failed, vast
quantities of food were imported as poor relief (5). This food was
primarily made up of oatmeal from Britain and so-called “Indian
meal” (maize) from the United States. The latter was to become an
even more distinct social marker of poverty than the potato.

www.pnas.org/cgi/doi/10.1073/pnas. 1908839116

While the historical records of Victorian-period Ireland are
vast, they generally do not reflect on the variability of the laboring
classes’” diet on an individual level. The aim and objectives of this
study are to elucidate aspects of food availability and consump-
tion patterns among the socially marginalized and impoverished
in mid-19th-century Ireland through microparticle and proteomic
analyses of dental calculus. The calculus derives from a subsam-
ple (n = 42) of archacological skeletons of individuals (n = 970)
who died while receiving poor relief in the union workhouse in
Kilkenny City (SI Appendix, Fig. S1) between August 1847 and
March 1851. The precise date of the remains—and the abundant
historical resources pertaining to this period—enables a unique
opportunity to use dietary analysis of dental calculus to evaluate both
the historical and bioarchacological sources and provide a holistic
view of the condition of the mid-19th-century poor and destitute.

Results
Microparticles. Microparticle analysis was conducted on all samples,
of which 41 contained a total of 383 starch granules (=1 granule

Significance

This study provides direct evidence of the dependency on relief
food in Ireland around the time of the Great Famine (1845 to 1852)
through dental calculus analysis of archaeological human remains.
The findings show a dominance of corn (maize) and milk from the
identified foodstuffs and corroborate the contemporaneous his-
torical accounts of diet and subsistence. It shows that microparticle
and proteomic analyses, even when based on small archaeological
samples, can provide a valid snapshot of dietary patterns and food
consumption. The occurrence of egg protein, generally only in-
cluded in the diet for the better-off social classes, also highlights
how these analytical techniques can provide unanticipated in-
sights into the variability of diet in historical populations.

Author contributions: ). Geber and M.T. designed research; J. Geber, M.T., A5, P.N,, and
JH. performed research; AB. and CW. contributed new reagentsfanalytic tools; J, Geber,
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Fig. 1.
Library of Ireland.

per sample); most of them were identified to 6 probable taxa
(Table 1). Any granules measuring less than 10 pm were classified
as unknown due to the difficulty in clearly distinguishing diagnostic
features at this scale using light microscopy. The most domi-
nant plant species identified was likely corn (Zea mays), which
amounted to a total of 164 starch granules present in 38 samples
(92.7%). There were 41 starch granules identified as probable oat
(Avena spp.) present in 22 samples (53.7%). Probable wheat (77i-
tieun spp.) granules (n = 21) were identified in 16 samples (39.0%).
Five granules were identified as potato (S. tuberosum), and 5 were
identified as probable malted barley (Hordeum spp.) (Fig. 2).

In addition to the identified taxa described above, there were 7
granules in 6 samples (14.6%) that derive from unidentified cereals

Table 1.
Kilkenny Union Workhouse by sex and age groups

“Destitution in Ireland. Failure of the potato crop” illustration was published in The Pictorial Times on 22 August 1846 (52). Image courtesy of the National

(Poaceae), and there were a total of 140 granules across 37 samples
(90.2%) that are of unknown origin, are less than 10 pm, or dis-
played nondiagnostic features. Of these unidentified granules, the
majority are likely to derive from Poaceae starch. Also included
among these are damaged starch microparticles (in all cases, they
were not damaged to the point of losing visible extinction crosses).
While it is well known that heat damages starch granules, studies
have shown that it is still possible for some granules to survive
unless the foods were boiled for more than 60 min (6-8), and these
damaged granules may show the effects of cooking and food pro-
cessing (6, 7).

Other findings include fungal material, hair, fibers, insect parts,
and other unidentified plant and organic material (Dataset S1).

Summary table of number of starch granules observed from dental calculus samples (n = 42) from the

Sex Age group (y)

M F ? 13-17 18-25 26-35 36-45 =46 Total
Taxa (n = 22) n=19 (=1 (h=2) =4 (n=12) (=18 (h=6) (n=42)
Corn (Z. mays) 95 66 3 6 17 44 73 24 164
Oat (Avena spp.) 20 21 0 2 8 7 13 1 a1
Wheat (Triticum spp.) 9 12 0 0 5 4 10 2 21
Malted barley 3 2 0 1 0 1 3 0 5

(Hordeum spp.)

Cereal (Poaceae) 4 2 1 1 0 0 3 3 7
Potato (5. tuberosum) 3 2 0 0 1 1 2 1 5
Indeterminable 88 50 2 14 10 29 59 28 140
Total 222 155 6 24 41 86 163 69 383

F, female; M, male; ?, indeterminable.

20of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1908839116
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Fig. 2. Examples of starches observed in the microparticle analysis: (A-C) corn
(Z. mays), (D and E) malted barley (Hordeum spp.), (F~H) wheat (Triticum spp.),
(/ and J) oat (Avena spp.), and (K and L) potato (S. tuberosum).

Some of the unidentified organic material may be chaft from
unprocessed or poorly processed cereals, and it possibly reflects
food adulteration. It may also be microparticles that derive from
nondietary sources (9), such as from beddings that, for the poor,
were composed of nothing more than chaff and straw both before
and during institutionalization (10). The hair and fibers were
present in 9 samples, with a notably high concentration in dental
calculus from a 26- to 35-y-old female (CCCXXI).

Proteomics. Dental calculus was extracted from 14 individuals, and
they were selected based on having deposits of dental calculus
>1 mg for potential analysis. Seven samples contained animal
(milk or egg) proteins (SI Appendix, Fig. S4), and 6 samples
contained glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
a ubiquitous cellular protein of probable plant origin (Table 2)
(11). Modifications expected for ancient/historical samples, such as
deamidation (N, Q), were observed (Dataset S2). Peptides from
the milk whey protein beta-lactoglobulin (BLG) were positively
identified in 7 of the samples originating from 5 males and 2 fe-
males. Taxonomically diagnostic sequence variants in the BLG
peptides confirmed the specific consumption of cattle (Bos; n = 5)

and goat (Capra; n = 1) milk, and 3 individuals consumed bovid
milk of ambiguous origin (cattle/sheep or sheep/goat). Cattle milk
seems to have been the dominant milk source, and it is likely that
all 7 individuals consumed cattle milk. Peptides from the egg
protein ovalbumin, originating from domestic chicken (Gallus),
were also identified in 2 males and 1 female, and each of these
individuals also consumed milk. The cellular protein GAPDH
has been previously found to be the most frequently recovered
plant protein in archacological dental calculus (12), and GAPDH
peptides of probable plant origin were identified in 6 individuals
(3 males, 3 females). Unfortunately, the peptide sequences are
highly conserved among green plants (Viridiplantae) as well as a
small number of bacterial species, and they are, therefore, not
specific enough to identify individual taxa.

Discussion

While the potato was the staple diet for the poor throughout
Ircland, there were regional differences regarding agricultural and
horticultural produce and dietary patterns across the island. In the
west, where the social conditions were most deprived, oatmeal was
rarely a dietary component, while the opposite was true in the
northeast. Bread was mostly consumed in the east, and milk was a
common component in the diet in the southwest, the southeast,
and the north (13). Local agriculture in Kilkenny was dominated
by grain and cattle production, one of the foundations of the
relative prosperity of the city (14). Other than cereals and vege-
tables, markets were well supplied with sea fish, meat, and re-
portedly, even exotic fruits, such as peaches, melons, grapes, and
pineapple (15). Much of the agricultural produce, however, was
destined for the export market, and the diet of the average laborer
in Kilkenny would corroborate what was seen elsewhere in Ire-
land. An account from the early 1840s stated that occupants on
even sizable County Kilkenny farms of 70 to 100 acres would
generally only have “potatoes and milk, stirabout, or oaten-bread
and milk for breakfast and supper, and generally potatoes and
butter, but once or twice herrings or butcher-meat, for dinner”
(16) (stirabout is porridge made from oats, Indian meal, or both).

In accordance with the Poor Law, the composition of the
Kilkenny Union Workhouse diet (S Appendix, Table S1) was in-
tentionally dire. Before 1846, potatoes were a staple and supple-
mented with milk rations that would have reflected the diet for
many of the inmates before admission into the institution. During
the famine, potatoes were chiefly replaced with Indian meal. In the

Table 2. Summary table of the dietary proteins identified in dental calculus samples analyzed through proteomics (n = 10) by sex

and age groups

Skeleton Age Extraction Putative dietary Total PSMs Protein taxonomic
identification no. group (y) Sex identification no. protein identified assignment

e (aY) 36-45 M 2527 BLG 24 Cattle (Bovinae) or sheep (Ovis)
CCXXVII >46 M Z526 BLG 59 Cattle (Bos) and goat (Capra)
COXXVII >46 M Z526 GAPDH 6 Probable green plant (Viridiplantae)
COXXVII >46 M 2526 Ovalbumin 7 Chicken (Gallus)

CCXXXIV 26-35 F Z321 GAPDH 4 Probable green plant (Viridiplantae)
CCLXXXI 36-45 M Z523 BLG 10 Cattle (Bos)

CCexvin >46 M Z528 GAPDH 10 Probable green plant (Viridiplantae)
CCCXCVII 36-45 M Z534 BLG 8 Cattle (Bos) and sheep/goat (Caprinae)
DLXIV 18-25 F Z533 BLG 3 Cattle (Bos)

DLXIV 18-25 F 2533 GAPDH 4 Probable green plant (Viridiplantae)
DLXIV 18-25 F Z533 Ovalbumin 4 Chicken (Gallus)

DLXXII 36-45 F Z529 GAPDH 10 Probable green plant (Viridiplantae)
DCLXXXII 36-45 M Z532 BLG 11 Cattle (Bos)

DCLXXXIN 36-45 M 2532 GAPDH 7 Probable green plant (Viridiplantae)
DCLXXXIN 36-45 M Z532 Ovalbumin 6 Chicken (Gallus)

DCCCXXIX 26-35 F Z531 BLG 8 Cattle (Bovinae) or sheep (Ovis)

A peptide summary is provided in Dataset 52. F, female; M, male; PSM, peptide spectrum match.

Geber et al.
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latter years of the famine, a vegetable soup was introduced as part
of the adult food rations, although at rations of only half a pint for
dinner. This soup consisted of 5 ounces of rice, 5 ounces of oat-
meal, 12 pounds of turnips (swedes), 2 pounds of parsnips, and
onions with pepper and salt as required per gallon (17). Some
meat was provided as part of the medical treatment in the
workhouse infirmary (18), and for some periods, the minute
books reveal the quantities of meat stored in the house. In the
last week of February 1851, for instance, 390 pounds of meat
were recorded in the food inventory. On those dates, the same
records show that the union was providing indoor relief for
4,282 people! Other than flavor enhancers, such as pepper
and allspice, the minute books also reveal other food prod-
ucts, such as arrowroot, sugar, broth, cocoa, port and sherry
wine, whiskey, and porter. These are likely, just as the meat,
to have been provisioned only for inmates treated in the
workhouse infirmary.

Historical Contextualization of Results. The microparticle and
proteomic analyses of the dental calculus samples exhibit a dom-
inance of foodstuffs that are consistent with the 19th-century Irish
laborer’s diet and relief food consumed during the famine, sug-
gesting that the calculus buildup in the analyzed subsample reflects
tartar accumulations prior to and/or during life in the workhouse.
This notion is primarily argued from the dominance of corn de-
riving from Indian meal, which was a central component of the
workhouse diet during the famine, although it had also occasion-
ally been distributed as poor relief in County Kilkenny on previous
occasions (19). Stable isotope analyses conducted to date on a
subsample of the skeletal remains have also indicated a C4 dietary
input (maize), which further reflects the relief food dependency for
the poor before and during the famine (20). The evidence of oat
starch granules in the calculus samples could reflect both the relief
food and/or the prefamine diet of these individuals.

The high occurrence of identifiable corn starch granules may
also reflect the documented difficulty in processing the grain; Irish
millers generally lacked the knowledge of how to sufficiently grind
Indian corn, and the course grind may have allowed for the starch
granules to survive the boiling process. The fact that the starch
granules from corn dominate the samples also highlights how the
experience of the famine was a prolonged period of suffering and
struggle and that death was not instant. While Indian meal would
have helped to combat hunger, it may ultimately also have caused
further health deprivations. The corn was profoundly inferior in its
nutritional value, as it, at the time, was improperly prepared, with a
devastating effect on the health of the already weakened and frail.
This was largely the result of a European rejection of adopting the
traditional indigenous American method of preparing maize
through the process of nixtamalization (alkaline cooking), which
releases niacin from the grains (21). As a consequence, niacin
deficiency—resulting in pellagra—is likely to have been an inad-
vertent consequence of the relief food distributed to the starving
poor in Ireland during the famine (22).

As stated above, the workhouse diet included a soup, but its
vegetable ingredients were not identified by protein or microscopic
analysis in this study. This is likely due to the quick gelatinization
process of vegetable starches (tubers and grains) during cooking (23,
24) as well as incomplete proteomic reference databases and the
lack of identifiable microparticle production of some plants (onions,
swedes). Starch granules from rice (Oryza sativa), another ingredient
in the soup, could potentially be identified from microparticle
analysis, as they gelatinize at much higher temperatures and have a
higher lipid content (24). However, these granules would measure
less than 10 pm in size (24) and therefore, would all be present
among the unidentifiable microparticles found in this study. The
absence of any grass/grain phytoliths in the dental calculus suggests
that the plant foods that people ate were processed and not wild.
Phytoliths are generally found in the husks and skin of grains, and in
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42

preindustrial archacological dental calculus—where processing was
minimal or done by hand—phytoliths are commonly found (25, 26).

The gelatinization of starch granules during cooking may also
explain the low frequency of potato and the high frequency of
corn starch granules in the calculus samples, although—naturally
in the context of this study—this may also reflect crop avail-
ability. The gelatinization process of potato starch begins around
a temperature of ~30 °C, and therefore, boiling, which was the
preferred method for cooking potatoes in 19th-century Ireland,
would have completely gelatinized the potato starch granules
(27). Corn, however, has a much higher gelatinization tempera-
ture (28). The fact that some potato starch granules were nev-
ertheless identified in a limited number of samples may reflect
the way that the poor prepared the vegetable.

The cabin-boiled potato was dressed in two ways: with and without
the bone or the moon, as it is universally called by the genuine Irish.
In the latter form, the potato was done to the heart, equally mealy
throughout, and bursting its skin with fatness. This was the supper
when children and young persons were to partake of the meal; but
when much work was to be done, or a long fast to be endured, the
heart or central nucleus of the potato was allowed, by checking the
boil at a particular period, to remain parboiled, hard and waxy; and
when the rest of the potato had been masticated in the usual manner,
this hard lump, about the size of a small walnut, was bolted; and in
this manner nearly a stone of the root was taken into the stomach of
the Irish labourer per diem. (29)

The presence of the milk protein BLG in the calculus of half of
the tested individuals supports the historical records of milk being
an important liquid component of the poor laborer’s diet. Some-
what surprising is that only 1 instance of BLG from goat (Capra)
and a second from sheep/goat (Caprinae) were identified given
that the goat—generally referred to as the “poor man’s cow”—
played a particularly important role in the Irish domestic economy
due to, what was said, the “impoverished state of the country”
(30). However, additional trypsin cut sites in caprine BLG may
lead to smaller peptides that are less likely to be identified through
liquid chromatography with tandem mass spectrometry (LC-MS/
MS) analysis; thus, an absence of these peptides does not neces-
sarily indicate that goat milk was not widely consumed. If indeed
the specific identification of cattle milk as opposed to other ru-
minant taxa is accurate, the fact that milk from cattle is domi-
nating the identifications may also suggest that it derives primarily
from the workhouse diet, as milk was purchased by the Kilkenny
Union at large quantities every week from a limited number of
suppliers, and this is likely to indicate that it was derived from a
larger and more commercial production setup.

Diet Variability and Food Access during the Time of the Great Irish
Famine. The shame associated with poor relief in the form of food
is mentioned in local folklore that tells of how receiving stirabout
made from Indian meal was gravely humiliating for a great number
of people who, prior to the blight, had considered themselves
as “respectable farmers” (31). For many others, however, the
desperate struggle for subsistence—and the associated perceived
stigma—had been a constant reality of their existence long be-
fore the famine. A German visitor to Ireland gave one particu-
larly evocative account from Kilkenny City where he arrived by
coach in August 1837.

At Kilkenny there is an old castle, and innumerable beggars.. . The
coach is besieged by them, and their cries resounds from all sides, and
in all gradations of old and young voices. . .I saw a mother pick up the
gooseberry skins which one of the travellers had spit out, and put
them into the mouth of her child. I never [before] saw any thing like
this. (32)

For obvious reasons, the situation for the poor and destitute
had declined gravely a decade later, and folklore tells of how
people in Kilkenny, just as elsewhere in Ireland, had resorted to

Geber et al.
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eating grass and weeds during the famine (33). Local accounts also
state that, while the poor and the laboring classes suffered greatly,
the fertile lands in the county generated good crops of wheat
during the years of the potato blight, but this food was bought up
by the local gentry who made profits by exporting it for sale at
English markets (34). Other recorded narratives, however, tell of
how locally produced oats and wheat had, indeed, been distributed
in County Kilkenny as famine relief food (35).

While major aspects of the relief food provided by the Kilkenny
Union are evidenced through this study, there were also dietary
components indicated from the microparticle and proteomic
analyses that show aspects of the variability of the laborer’s diet in
19th-century Ireland. Proteomic analysis identified the egg protein
ovalbumin in the dental calculus of 3 individuals. Eggs were
regarded as “luxury food” for the working classes (13) and thereby,
also a dietary class marker. Although it was not uncommon for the
peasantry to keep poultry, eggs were not eaten except for, perhaps,
during celebratory occasions. Eggs were, just as much as the wheat
crop, destined for the export market, or as one Irish laborer in the
1830s stated, “We eat none of them; they go to our rent, or to put
a shoe on our foot, or a spade in our hands” (36).

The evidence of egg protein through this study is highlighting
how the prefamine experience and living conditions might have
varied for those people who were forced to resort to the Irish
workhouses in the 1840s. The evidence of probable wheat in the
dental calculus of some individuals from the Kilkenny Union
Workhouse can also be viewed in the same light, although it is
possible that the wheat derives from the occasional bread that
was part of the workhouse diet or from an as yet unidentified
local wild grass. Further references to the crop in famine-period
records from Kilkenny tell of how wheat was being “crop-lifted”
by desperate people (37), and there were also several reports of
“bread riots” occurring in the city during the famine (38).

Conclusion

The social, political, and economic historical background of the
Great Irish Famine is very complex, and the term “The Irish
Potato Famine” (generally never used in Ireland) is problem-
atic for that reason. While the famine was a subsistence crisis
initiated by the destruction of the potato crop blight, it was
much more than a natural disaster relating to a single vegeta-
ble. Prevailing laissez-faire economic convictions profoundly
influenced the political response to the food crisis that occurred,
and vast amounts of food products were exported from Ireland
while the poor starved (39). There was also an undoubtedly colonial
dimension to these economic policies, where Ireland and its pri-
marily Catholic population—which following the Act of Union in
1801, were governed directly by a British government from West-
minster—were subjugated through various political means (40).

As made evident through this study, scientific evaluations using
microparticle and proteomic analytical techniques of archaeolog-
ical dental calculus can provide complimentary snapshots of
overall diets even from exceptionally well-contextualized and well-
recorded historical samples. This study suggests that diet vari-
ability of the poor was limited and expressed equally across both
sexes among the poor in Ircland during the time of the Great
Famine. When interpreting the findings in their historical and
cultural context, the evidence of eggs (and probably also wheat)

1. C. O Grada, Ireland before and after the Famine: Explorations in Economic History,
1800-1925 (Manchester University Press, 1993).
2. P. M. A. Bourke, The use of the potato crop in pre-Famine Ireland. J. Stat. Soc. Ing. Soc.
Irel. 21, 72-96 (1968).
. C. O Grada, "Mortality and the Great Famine” in Atlas of the Great Irish Famine, 1845-
52, 1. Crowley, W. J. Smyth, M. Murphy, Eds. (Cork University Press, 2012), pp. 170-179.
4. ). O'Connor, The Workhouses of ireland: The Fate of Ireland’s Poor (Anvil Books,
1995).
5. M. S. Harzallah, Food supply and economic ideology: Indian corn relief during the
second year of the Great Irish Famine (1847). Historian 68, 305-323 (2006).
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also indicates how the food subsistence pattern for the laboring
classes was opportunistic. Contemporary 19th-century accounts
would state that the potato was the food of choice for the poor
(41), but this was a truth with modification. When commenting on
whether the peasantry preferred potatoes over meal or bread, one
laborer from the west of Ireland during the 1840s replied: “Why
would we prefer that, that we feed our pigs on to better food?
Don’t you like it better yourself, and why shouldn’t we? Never
believe them that would want to make you think that we’d eat wet
lumpers if we could get good bread” (42). This notion is further
indicated from this study, which has provided nuanced insights
into how socially marginalized people sought to maintain their
subsistence while enduring a life of constant hardship and
unimaginable struggles.

Materials and Methods

A mass burial ground adjacent to the former Kilkenny Union Workhouse,
Kilkenny City, Ireland, was excavated in 2006. A minimum of 970 individuals
from 63 burial pits were recovered. The skeletal remains were analyzed
following standard osteological methods. Dental calculus was sampled from
individual teeth extracted from a subsample of 42 skeletons prior to the
reburial in 2010 (S/ Appendix has details).

Microparticles were extracted from 42 dental calculus samples (on average
~3 x 3 mm) using the ethylenediaminetetraacetic acid (EDTA) extraction
method described in Tromp et al. (43) and briefly reviewed in S/ Appendix.
Starch granules were analyzed primarily using published studies and de-
scriptions (24, 44-50) as well as a reference collection; measurements and
descriptions of relevant taxa are included in Dataset $3. Identifications were
made based on the size (maximum width), shape, and distinguishing fea-
tures, such as visible lamellae, surface pitting, pressure facets, and visible
and/or cracked hilum (additional details are in S/ Appendix and Datasets S3
and S5).

Proteins were extracted from decalcified dental calculus samples according
to guidelines recommended by Hendy et al. (51). Extracted peptides were
analyzed by LC-MS/MS using a Q-Exactive HF mass spectrometer (Thermo
Scientific) coupled to an ACQUITY UPLC M-Class system (Waters AG) (5 Ap-
pendix has additional details). Tandem mass spectra were converted to
Mascot generic files by MSConvert version 3.0.11781 with the 100 most in-
tense peaks in each spectrum. All MS/MS samples were analyzed using Mascot
(Matrix Science; version 2.6.0). Mascot was set up to search the databases
SwissProt_2017_07.fasta and uniprot_trembl_2017_07, assuming the digestion
enzyme trypsin and selecting the automatic decoy option (S5/ Appendix has
additional details). Scaffold (version Scaffold_4.8.9; Proteome Software Inc.)
was used to validate MS/MS-based peptide and protein identifications. Peptide
identifications at a local false discovery rate (FDR) of less than 1.0% (Scaffold
Local FDR algorithm) and protein identifications at an FDR of less than 5.0%
and supported by at least 3 identified peptides were accepted (S/ Appendix has
additional details). Raw data files are available through the ProteomeXchange
Consortium via the PRIDE partner repository (accession no. PXD015002).
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The identityoftheearliestinhabitantsofX mjiang,m theheartofmnerAsia,and the
languages that they spokchave ongbeen debated and rem ain contentious Herewe
presentgenom icdatafrom Smdividualsdating to around 30002800 be from the
Dzungarian Basinand I3 mdividualsdating to around 2100—1700 bc from theTarm
Basim ,representmg the earliestyetdscovered hum an rem ams from North and South
Xmjiang,respectively W e fnd thattheEarlyBronzeAgeDzungarian ind widuals
cxhibitapredom mantlyAfanasievo ancestryw ith an additionallocalcontribution,
and theEarlv—M ddleBronzeAgeTarm mdividualscontamonlyalocalancestry. The
Tarm ndividuals from thesitcofXiaohe furtherexhibitstrongcvidenccofm ik
protems m therdentalcalculus, ndicatmg arelianceondairy pastoralism atthe site
smee itsfounding Qurresultsdonotsupportprevioushypothesesfortheorigimof
theTarm mumm ks, whowercarsued tobeProto Tocharian-speakme pastoralists
descended from thed fanasievo™ ortohaveoriginated am ong theBactria—M argiana
ArchacologicalCom plex*orhnerAsianM ountain Corridorcultures’. Instead ,
althoughTocharianm ayhavebeenplausibly ntroduced o theDzungarianBasin by
Afanasievom igrantsduring the EarlyBronze Age,we fnd thattheearliestTarm Basm
culturesappearto have arisen from agenetically 1o lated localpopulation that
adopted neighbourmg pastoralistand agriculturalistpractices,w hich allow ed them

to scttle and thrivealong the shifting riverme oascsofthe Taklam akan Descrt.

AspartoftheSikRoad and located atthe gcographic confluence
ofEastern and W estern cultures,the X njiang UyghurAutonom ous
Region (hencelorth X mjiang yhas long served asam ajorcrossroads
fortrans Eurasian exchangesofpeople,cultures,agriculture and
linguages™ 7. Bisected by the Tianshanm ountains,X mjiang can be
divided into two subregions referred to asNorth X injiang ,w hich con-
tains theDzungarian Basin ,and South X injiang ,which containg the
Tarm Basm (Fig.1). TheDzungarian Basn m thenorth consistso [the
GurbantinggiitDesert,which issurrounded by avastexpanseofgrass-
land s trad itlonally mhabited bym obile pastoralists. The southem part
ofXnjiang consistsoftheTarm Basi,adry mland scathatnow fom s
the Taklam akanDesert.Althoughm ostlvuninhabitable,the Tarim Basin
also contamssm alloascsand riverme corridors, fed by runo [T [rom

thaw ing glaciericeand snow from thesurround mghighm oun tains®™".

W ithm and around theD zungarian Basin ,pastoralistEarlyBronzcAsc
(EBA YA fanasievo (3000-2600 beyand Chem urchek (o r() iem u'erg ieke)
(2500-1700 be Y siteshave been plausib ly lnked to the A fanasievo herd -
ersoftheAltar-Sayan region i southern Siberia 31502750 be),who
ntumhaveclosegenelic tesw ith the Yam naya (3500-2500 be)ofthe
Pontic—Caspian steppe beated 3000 km to thewest'" ™ Linguistshave
hypothesized thattheA fanasievod ispersalbroughtthenow extinctTocha-
rian brancholthe ndo uropean language fam lycastw ards separating
itfrom otherlndo European languagesby thethirdorfourthm illennum
be (ref." )Y However,although A fanasievo -re lited ancestryhasbeen con -
fim cd am ong TronAgecDzungarian populations (around 200-400 be Y,
and Tocharian srecorded nBuddhisttextsfrom theTarm Basmdating to
ad 500-1000 ¢re "), littk isknown aboutearlierX injiang populationsand
theirposshblegenetic relationshipsw ith the A fanasievoorothergroups.
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Fig.1|Overview of the XinjiangBronze Agearchaeological sitesanalysed in
thisstudy.a O verview ofkeyEurasian geographic regions,featuresand
archacologicalsitesdiscussed in the text;new sitcsanalysed in thisstudy

are shown mgrey. b Enhanced view o [X njiang and the sixnew sites
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Since the late 1990 s, thediscoveryofhundredsofnaturallym um m i-
ficd hum an rem ainsdating to around 2000 be to ad 200 in the Tarim
Basinhasattracted nternationalattentiondue to theirso called W est-
emphysicalappearance ,theirfelted and wovenwoollenclothing .and
theiragropastoraleconom ythatincluded cattle,.sheep/goats,wheat,
barley,m illetand evenkefircheese®™ Suchm um m jeshavenow been
found throughoutthe Tarim Basm.am ongwhich the carliestare those
found  the lowestlaversofthe cem eteriesatGum ugou (2135-1939 be),
Xiaohe (1884—1736 beyand Beilang (1785-1664 be) (Fig . 1,Extended
DataFig.land Extended DataTable 1).These and related Bronze Age
silesaregrouped w ithin the X lmohe archaeologicalhorizonon thebasis
oftheirshared m aterialeu lture ™

M ultiple contrasting hypotheseshave been suggested by scholars
oexplam theorigmsand W estem elem entsolthe Xiaohe horizon,
incliding the Yam naya/d fanasievo steppe hypothesis®, the Bactrian
ousishypothesis®and the nerAsian ¥ ountain Corridor (IAM € yisland
bivgcographyhypothesis* TheYam naya/a fanasievo steppehypothesis
posits thattheAfanasievo-related EBA populations in the Altatr-Sayan
m ountains spread via the D zungarian Basm into the Tarim Basin and
subsequently founded the agropastoralistcom m unitiesm aking up the
Xiaohehorizon around 2000 be (refs.*2*2%) By con trast,the Bactrian
oasishypothesispositsthattheTarim Basmwas minallvcolonized by
migrating fam ersoftheBactria—M areianaArchaeologicalCom plex
(BM AC)(around 2300-1800 be) from thedesertoaseso A fghanistan,
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blend hypsof).In thegroup labels,the suflixes representthe archaeological
tim eperindsofeach group:N Neolithic:EN M N and LN Early M iddlcand
LateNeolithic,respectively ;EN Eneolithic [orGeoksyur,Parkhaiand

Sarazm ;CA ChalcolithicAge:BA BronzeAge:M BA M iddleBronzeAge;EIA.
Farly lronAgc M A-1M al'ta;EHG Easterm Buropean huntergatherers.

Turkm enistan and Uzbekistan via them ountainsofCentraldsia.Sup-
portforthishypothesisislargelybased on s ilaritics in theagricultural
and irrigation system sbetween the two regions thatretlectadaptations
adesertenvironm ent,aswellasevidence [orthe ritualuse o [Ephe-
draatboth locations’”'.The WM C island biogeography hypothesis
sim ilarlypositsam ountain Centraldsian origin forthe X inohe founder
population,butone linked to the transhum anceofagropastoralists
in the AM € to thewestand north ofthe Tarim Basin™'# . In contrast
to these threem jgrationm odels, the greater IAM C,which spans the
HmduKush toAltaim ountains,m ayhave alternatively functioned as
ageographicarena throughwhich culluralideas,rather than popula-
tions,prin arilym oved™ .

Recentarchaeogenom ic resecarchhasshown thatBronzeAgeAta-
nasicvo o [southern Siheria and 1AM C/BM AC populationsofCentral
Asiahave distinguishable geneticprotiks'™ and thattheseprofilesare
lkew ise alsodistinctfrom thoseofpre-agropastoralisthuntergatherer
populationsin hnerdsia® ™™™ assuch ,an archacogcnom ic investiza-
tionofBronzeAgeXinjiang populationspresentsapowerfulapproach
forrcconstructing thepopulation historicsofthe Dzungarian and
Tarin basinsand theorighsoftheBronzeAgeXiaohehorizon Exam in-
ng the skeletalm aterialof33BronzeAge ndividuals from sites m the
Dzungarian (N ileke Ayituohan and Songshugou)and Tarim (Xiaohc,
Gum ugou and Beifang )basins,we successfully retrieved ancient
genom e sequences from SEBA Dzungarian nd ividuals 3000-2800 be)
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Fig.2|Geneticstructureof ancient and present-day populationsincluded
inthisstudy.Principalcom ponentanalysisofancientindividualsprojected
ontoEurasian and NativeAm erican populations;the insetdisplaysancicnt
mdividualsprojectedontoonlyEurasian populations.

culturallyassigned asA fanasievo,and genom ew idedata from 13Early—
M ddleBronzeAge (BM BA)YTarim ndwiduals 2100-1700 beybelong-
ing to the Xiaohe horizon (Extended DataTable land Supplem entary
DatalA).W eadditionally reportdentalcalulusproteom esofseven
ndividuals from basallaycrsatthe sitcofXiaohe in the Tarm Basin
(ExtendedDataTable2).To thebestofourknow ledge,these individuals
representthecarliesthum an rem amsexcavated todate m the region .

Geneticdiversity of the Bronze Age Xinjiang

Weobtamed genom ew idedatafor 8 of33 attem pted ind ividuals
byeitherwhole-genom ¢ sequencmgorDNA enrichm entforapanel
ofaboutl2m illion singlenucleotide polym orphism s 1,240k panel
SNPs)Y(Supplem entaryData 1A).0 verall,endogenousDNA waswell
preserved withm mim allevelsofcontam nation (ExtendedDataTable!
and Supplem entaryDatalA ). Toexplore the geneticprofilesofancient
Xmjang populatwns,we [stealculated theprmeipalcom ponentsol
present-dayBurasian andNative Am ericanpopulationsontowhichwe
projected thoseofuncient md viduals. AncientX njkne nd ividuals
form severaldistinctclustersdistributed along principalcom ponent
1(PCLy(Fig.2),them ain principalcom ponentthatseparateseastem
andwestern Eurasian populations . EBA Dzungarian md widuals from
the sites ofAyituohan and Songshugou nearthe Altaid ountains
(Dzungaria EBA D fallclose 1o EBA A fanasieve steppe herders from
theA ltar-Sayanm ountams to thenorth Geneticchisteringw ith ADM X-
TURE furthersupports thisobservation (Extended DataFig.3).The
contem porancous md widuals from theNileke sitencarthe Tianshan
mountains(Dzungaria EBA2)are slightly shifted along PCltowards
the laterTarm mdiiduals.In contrastio theEBAD zungarian md ividu-
als,thc EM BA mdividuals from thccasterm Tarim sitcsofXiaohe and
Gum vgou (Tarim EM BAD)fom atightclusterclosetopreBronzeAge
centralsteppeand Siberian ndividualswho sharcahigh levelolancient
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NorthEurasian ANE)ancestry (forexam ple,BotaiCA).A contem pora-
neousindividualfrom theBeifang site (Tarm EM BA2)in the southem
Tarm Basm isshghtly disp laced from the Tarim _EM BA 1 tow ard s EBA
individuals tfrom theBakalregion.

Afanasievo geneticlegacy in Dzungaria

Outgroup fystatistics supportsa tightgenetic link betw cen the D zun -
garian and Tarim groups (Extended DataFig.2A ). Nevertheless,both
oftheDzungarian groupsare sign ificantly dilferent from the Tarm

groups,show ing excessaffinityw ith variouswestern Eurasian popula-
tionsand sharing fewerallelesw ith ANE-related groups (ExtendedData
Fig.2b,c).Tounderstand thism xed gencticprofile,wcused qpAdm

toexplore adm xturem odelsoftheDzungarian groupsw ith Tarim _
EM Baloratem malPleistocene mndividual(AG3) from the Siberian
siteofAfontovaGora’,asasource (Supplem entaryData 1D).AG3 is
adistalrepresentative ofthe ANE ancestry and show s a high affin ity
withTarm EM BA1.A lthough theTarm EM BAlmd widuals lived am 1l-
lennium laterthan theDzungarian groups,they arem ore genetically
distantfrom the Afanasievo than theDzungarian groups,suggesting
thattheyhaveahigherproportionoflocalautochthonousancestry.
Herewedefine autochthonous to signify a genetic profile thathas
beenpresentmarcgion form illennia,rather than bemg associated
withm ore recently arrived groups.

Welmd thatDzungaria EBAland Dzungaria EBAZ2 are both best
described by threeway adm ixturem odels (Fig.3¢c,Extended Data
Table 3und Supplem entaryData 1D )Y inwhich theyderiveam ajority
ancestry from Afanasicvo (about70% m Dzungaria EBAland about
50% inDzungaria EBA2),with the rem aining ancestrybestm odelled
asam xturcoTAG3/Tarm BEM BA1(19-36% )and Baikal EBA (9=21%).
W henweuseEneolithicand BronzeAgepopulations from the AM C
asasource,m odels failwhen Afanasievo isnotincluded asa source,
andnocontribution isallocated to the AM C groupswhen A fanasicvo
isincluded (Supplem entaryData ID).Thus,A fanasievo ancestry,
without AWM C contributions,issufficienttocaplam thewestem Eura-
sian com ponentoftheDzungarian individuals.W e also find that the
Chem urchek ,an EBA pastoralistculture thatsucceeds the A fanasievo m
both theDzungarian Basmand A ltaiM ountains,deriveapproxim atcly
two-thirdsoftheirancestry from Dzungaria EBA 1w ith the rem ainder
from Tarm _EM BAland AM C/BM AC -related sources (Fig .3 Extended
DataTable3,Supplem entaryData IFand Supplem entaryTextS).This
helpstoexplam both the AM C/BM AC -related ancestrypreviously
noted in Chem urchek mdividuals™ and theirreported culturaland
geneticaffiliationstoAfanasievo groups™.Taken together, these results
mdicate thatthe earlydispersalofthe Afanasicvo herders mto Dzun-
gariawasaccom panied by a substantiallevelofgeneticm xing w ith
ocalautochthonouspopulations,apatlem distinet from thatofthe
nitialform ation ofthe Afanasicvo culture in southem Siberia.

Geneticisolation ofthe Tarim group

TheTarm EM BAland Tarm EM BA2groups,although geographically
scparated by over600 km ofdescrt,form ahom ogencouspopula-
tion thathad undergone a substantialpopulation bottleneck ., as sug -
gested by thewhigh gencticallnityw ithoutclosckmship,aswellas
by the lim ited d iversity in theiruniparentalhaplogroups (Figs.land 2,
Extended DataFig.4 ,Extended Data Table 1,Supplem entaryData 1B
and Supplem entaryText4).UsmggpAdm ,wemodelled theTarm Basi
ndividualsasam Xtureoftwo ancientautochthonousAsian genetic
groups:theANE, represented byanUpperPalaco lithic nd widualfrom

theAfontovaGorasite in theupperYeniseiRiverregion ofSiberia (AG3)
(about72%).and ancientNortheastAslans,represented byBakalEBA
(about28%)(Supplem entaryData IEand Fig.3a).Tarim _EM BA 2 from

Beifunpcanalsobem odelled asam xtureofTarim EM BAl(about89%)
and Bakal EBA (aboutll%).ForbothTarim groups.adm ixturem odels
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Fig.3|Geneticancestry and admixturedatingofancient populationsfrom
Xinjianganditsvicinity.a . gqpAdm -based cstim alesoftheancestry
proportionotDzungaria EBA and Tarm _EM BA from three ancestry sources
(AG3 Afanasicvo and Bakal EBA ) (Supplem entaryData 1D E).Unlike
Dzungaria FBA md ividuals. Tarm EM BA mdividualsareadequatelym odelled
withoutEBA Eurasian steppepastoralist(forexam ple,A fanasievojancestry.
b Geneticadm Kturcdates forkeyBronzeAgepopulations in nerdsia,
meludmgDzungaria EBAL(M=3),Chem urchek (n=3)Kum say EBA (h=4),

M ereke M BA (n=2).Dali EBA (n=1yand Tarim _EM BA1{(n=12).Thebluc shade
represents the rad ocarbondating runge o [the Yam navu and A fanasievo
mdividuals. Theorange circlesand the associated verticalbarsrepresent the
averagesand standard deviationsofm edian rad iocarbondates,respectively.

unanm ously failw henusing the A fanasicvo or AM C/BM AC groups
asawestern Eurasian source (Supplem entaryData lE), thus reject-
mgawestern BEurasian geneticcontribution from nearby groupsw ith
herding and/orfam ing econom ies.W eestim ate adeep fom ation
date fortheTarm EM BAlgenetic profile,consistentw ith an absence
ofwestern Burasian EBA adm wture,placmg theorigm ofthisgene
poolatl83generationsbefore the sam pled Tarim Basin ndividuals,or
0,1572986 yearsagowhen assum mgan averagegeneration tm co[29
years(Fig.3b).Considering these find ings together.the geneticprofile
oftheTarim Basin individuals ind icates thatthe earliest nd ividualsof
theXiaohechorizonbelong to anancientand 1solated autochthonous
Asian genepoolThisautochthonousANE-related genepoolislikely to
have form ed thegencticsubstratum oftheprepastoralistANE-related
populationsotfCentraldsiaand southern Siberia (Fig.3¢,Extended
DataFig.2 and Supplem entary Text5).

Pastoralism inthe Tarim Basin

Although theharshenvironm entofthe Tarim Basinm ay have served
asastrong barrierto gene flow nto the region,itwasnotabarrier o
the flow ofidcasortechnolbgics,as forcign mnovations,such asdairy
pastoralism andwheatandm illetagriculture,cam eto form thebasisof
theBronzeAgeTarm cconom ies W oollen fabrics . homsand bonesof
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Thecirclesaboveeachorangecirclerepresenttheestm ated adm xturedates
withageneration tm cof29 years,and theverticalbars representthe sum of
standard errorsoltheadm ixturedate and the rad ocarbondate estm ate.

¢ RepresentativeqpAdm hasedadm wrurem odelsofancientBurasian groups
(Supplem entaryData ID=D).ForD zungaria_EBA land G eoksyur EN jwe show
theirthreess ayadm mturem odelsmelidme Tarm _EM BAlasasource Forlater
populations in X injiang ,JAM Cand ncarby regions.weused them assources,
and allocated acolourtoeacholthem (blue [orDzungaria EBA 1im agenta lor
GeoksyurEN ). Thebasem ap in ewasobtamed from theNaturalEarth public
dom ainm apdatasethups/awww natralearthdata com downloads/

10m -raster<ata/l0n gray-earth/).

cattle ,sheep and goats, livestockm anure,andm ik and ke fir-like dairy
productshavebeen recovered from theupperlayersoftheXiaohe and
Gum ugou cem eteries™ ¥ ashavewheatandm illetseedsand bun-
dlesotfEphedra wigs Fam ously,m anyofthem umm iesdating
0 1650—1450 bewere even buried w ith lum psofcheese™ However,
untilnow ithasnotbheen clearwhetherthispastoralist lifestyle also
characterized the earliest layersatXiaohe.

Tobetterunderstand the dietary cconom yolthe carliestarchaco-
logicalperiods,weanalysed thedentalcalculusproteom esofseven
ndividualsatthe siteofX mohe dating to around 2000-1700 be Al
seven ind widualswerestronglypositive forrum mantm ik-specificpro-
teins (ExtendedDataTable2),including B-lactog lobulin ,@-Sl<casein and
a-lactalbum m (Extended DataFig.5),and peptide recoverywassufTicient
toprovide taxonom icallydiagnosticm atchesto cattle (Bos),sheep (OVis)
and goat(Capram ik (Extended DataFig.5.ExtendedDataTable 2 and
Supplem entaryData3).These resultsconfim thatdairyproductswere
consum ed by ind ividualsofautochthonousancestry (Tarm EM BAL)bur-
ed i the bwestlevelsoftheX mohecem ctery (Bxtended DataTable 2).
In portantly.however,and in contrasttoprevioushypotheses” noneot
theTarim mdividualswasgenetically lactase persisten t(Supp lem en tary
Datally.Rather,theTarm m umm icscontributc to agrow mg bodyof
evidence thatprehistoricdairypastoralism in Innerand EastA siasp read
ndependentlyoflactasepersistence geno types™,
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Discussion

Although hum an actwvitics m X mjiang can be traced back to around
40 D00 yearsago™ " theearliestevidence forsustained hum an habi-
tation i the Tarim Basindatesonly o the late third w early second
m illennium bc.There,atthe sitesofXiaohe,Gum vgou and Beifang,
wellpreservedm um m ified hum an rem ainsburied w ithin wooden
coffinsand associated with rich organic grave good assem hlages
representthecarliestknown archaeologicalculturesotfthe region.
Since theirmitiald iscovery in the early twentieth century and sub-
sequent large-scale excavationsbeginning in the 1990 (ref. "), the
Tarim m um m leshavebeen atthecentreofdebatesw ith regard to their
origins,theirrclationship tootherBronzeAge steppe (Afanasicvo),
oas1s BM AC)and m ountain (JAM C and Chem urchek)groups,and
theirpotentialeconnection to the spread ofndoEuropean languages
into this region™*".

The palaeogenom icand proteom icdatawepresenthere suggesta
verydifferentand m ore com plex population history than previousty
proposed Although the AM Cm ayhavebeenavectorfortransm itting
culturaland econom i¢ factors mto the Tarm Basm,theknown sites
from the A Cdonotprovideadirectsourceofancestry fortheX iaohe
populations.mstead ,the Tarm m um m iesbelong to an iso lated gene
poolwhoseAsian originscan be traced to theearlvyHolocene epoch .
Thisgenepoolislkely tohaveoncehad am uchw idergeographicdis-
tribution ,and itlelasubstan tialgenetic lootprmtm the EM BA popula-
tionsoftheDzungarian Basin .[AM C and southern Siberia.The Tarim
mumm s’ so<alledW estem physicalfeaturesare probablydue to their
conncction to thePleistocencANE gene pooland theirextrem ¢ genctic
isolation differs from the EBADzungarian,]AM C and Chem urchek
populations,who experienced substan tialgenetic micractionsw ith
thenearbypopulationsm irroring theirculturallinks.pointing towards
aroleofextrem eenvironm entsasabarriertohum anm igration.

In contrastto theirm arked genctic iso lation .however,thepopula-
tionsofthe Xinohe horizon were culturally cosm ope litan ,inco rpo -
ratmg diverse ccanom icelem ents and technologiesw ith far-flung
origins.Theym ade cheese from rum mantm ik using akefir-lke fer-
m entation”’,perhapsleamed from descendantsoftheA fanasievo,and
theycultivated wheat,barleyandm illet™ ' ,crops thatwercorignally
dom esticated in theNearEastand northernChinaandwhichwere
mtroduced ntoX njiangnoearlierthan 3500 be (refs ##7) probably via
theirIAM Cneighbours™ Thevburied theirdead w ith Bphedra tw igs in
astyle rem miscentofthe BM AC oasisculturesofCentralA sia,and they
alsodevelopeddistinctive culturalelem entsnotfound am ong other
culturesin X injiang orelsewhere,such asboat-shapedwoodencoffins
coveredwith cattlehidesandm arked by tm berpolesoroars,aswellas
anapparentpreference forwoven basketsoverpottery™* Considering
these find mgs Wwgether,itappears that the tightknitpopulition that
founded theXiaohehorizonwerew e llawarcofdifferenttechnologics
and culturesoutside the Tarim Basin and thattheydeveloped their
unigueculture mresponse o theextrem echallengesolthe Tak lam akan
Desertand its lush and fertile riverine oases®.

Thisstudy illum nates ndetailtheorigmsoftheBronze Agehum an
populations n theDzungarian and Tarim basinsofX mjiang Notably,
ourresultssupportnohypothesisinvolving substantialhum anm igra-
tion from steppeorm ountam agropastoralists lortheorigm olthe
BronzeAgeTarim mumm ies,butratherwe find thattheTarim m um m ies
representaculturally cosm opolitan butgenetically isolated autochtho-
nouspopulation.Thisfinding isconsistentw ith carlicrargum cnts that
the 1AM C served asageographiccorridorand vectorforregionalcul-
turalmteraction thatconnected disparate populations from the fourth
to the second m illennium be (refs. )W hile the arrivaland adm ixture
ofAlanasievopopulations m the Dzungarian Basm ofnorthem X nji-
ang around 3000 bem ayhaveplausibly introduccd Indo European
linguages to the region,them aterialculture and geneticprofileof
the Tarim m um m 28 from around 2100 beonwardscallinto guestion
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sm plisticassum ptionsaboutthe linkbetween genetics,.culture and
Tanguage and keave unansw ered the questionofwhethertheBronzeAge
Tarm populationsspokcaform ofprotoTocharian Futre archaco-
bgicaland palacogenom ic researchon subsequentTarm Basipopula-
tions—andm ostm portantly,siudiesoMhe sitesand periodsw here [irst
m illennium ad Tocharian textshavebeen recovered—arenecessary to
understand the laterpopulationhistoryofthe Tarm Basin .Finully,the
palacogenom iccharacterizationoftheTarm mum m eshasunexpect-
edly revealedoneotthe few knownHolocene erageneticdescendant
populationsoftheoncew despread Pleistocene ANEancestryprofile.
TheTarm m umm ygenom esthusprovideacriticalreterencepointfor
geneticallym odellngHolocene-erapopulationsand reconstructing
thepopulation historyofAsia.
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Methods

Sample provenance

The archacologicalhum an rem ains studied in thism anuscriptwere
excavated by the Xmjiang hstitute o [lCulturalRelics and Archacoogy
from 1979 to 20 17.Scien tific mvestigationofthese rem amswasapproved
by theXnjing CulturalRelicsand A rchaeo bgy Institute whichholds the
custodianshipofthe studied rem ams based on thew ritten agreem ents.

Radiocarbondating

(O fthe 18 individuals reported in this study,10 were directly dated
using acceleratorm ass spectrom etry (AM S)atBetaAnalytic,M iam 1,
USA ,and/oratLanzhou Unwersity,Chma.To confim the reliability
ofourAM Sdating results,4outofthel0 mdividualswere AM Sdated
atbothBetaAnalyticand LanzhouUniversity.Consistentdateswere
obtained n allcases (Supplem entaryDatalC). Thecalibration ofthe
dated sam pleswasperform ed on thebasisofthe ntCa0 database™
andusing theOxCalvd 4program **.4 llofthe sam pleswercdated to
tim e periods consistentw ith those estim ated from archaeological
stratigraphic layers and excavated grave goods.

DNAlaboratory procedures

AncicntDNAworkwasconducted mdedicated cleanroom laboratory
facilitiesattheancientDNA laboratoriesoflilinUn iversity nChangchun
and the mstitutcolVertebrate Palcontology and Paloan thropo logy
in Beijing ExtendedDataTable land Supplem entaryData 1A ).For
the 33 mdividuals mitially screened i this study,approxim ately
S0mgofdentincorbonecpowderwasobtaned perindividual from

eitherteethorbones.DNAwasextracted follow ing established proto -
cols¥w ith slightm odifications (https:/idoiorg /10 17504 /protoco s,
io baksicwe).A subsetotDNA extracts (=16 )wassubjected toapartial
uracilspecificexcision reagentrepairfollow me them ethodsdescribed
inref.*" Extended DataTable land Supplem entaryData 14).4 1133DNA
extractswerebuiltintodouble-stranded dual-index Tllum ina lbraries.
Libraries thatwere prepared in Jilim (n=26)weredirectly shotgun
sequencedon an llum naH iSeq X 10 orH iSeq 4000 instrum entushg
2% 150 -basepair (bpychem istry,and thosew ith endogenoushum an
DNAhigherthan 10% (n=12)wcresentfordecperscquencmg .Oncof
the 12 ind ividuals XHBM Dwas laterexcluded from this study ow ing
tohighm odemhum an DNA contam mation (Supplem entaryDatald),
Forlbrariesprepared atthe InstituteofVertebrate Paleontology and
Palcoanthropology,sam plesw ith O .1% orm ore hum an DNA from

the mitialscreening (P=7)were furtherenriched forapproxm ately
12m illion nuclearSNPsand then deepersequenced on an Illum ina
HiSeq4000 mstrum entusing 2x 150 bp chem istry. Together,a total
ofl8 ndividualsyielded sufficienthighqualityancientzenom icdata
fordownsiream analyses Extended DataTable 1),

DNA sequence dataprocessing

Raw read dataw creprocessed w ith BAGER v 192 55 (re[.¥),apipcline
speciallydesigned forprocessing ancientDNA sequencedata.Specifi-
cally,raw readswere trmm ed forlllum maadaptorsequences,and over-
lappmepairswerccollapsed nto single rcadsusing AdapterRem oval
220 (ret.™).M erged readswerem apped to the hum an reference
genom ¢ (hs37d5:GRCh37withdecoysequencesusmg the aln/sam s
program sin BV A v0 7.12 (ref.").PCR duplicateswere rem oved using
DeDupv0 .22 (ref.”). Tom nim ize the effectofpostm ortem DNA
dam agcongenotyping,we trimnm cd BAM filesgencrated from sam -
plestreated (W= 1Dornot(r=T)withuracilDNA glycosylase (UDG by
softm askmgup to 10 bponbothendsofeach read using the trm bam

functionon bam Utilsv.10 13 (ref.””)on the basisoftheDNAm isincor-
porationpatlernperlibrary tabulated usingm apDam agev2 0 9 (ref.*).
ForcachSNP inthc1240kpancl.asinglebasc from ahigh-quality rcad
(baseandm apping quality score 30 orhigher)w as random ly sam p led
torepresentapscudo-diploid senotypeusing thepilupCallerv.140 35
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downloaded trom https://github.com /stschiff/sequenceToolsunder
the random haploid callngm ode (-random Haploid y.For the transition
SNPs(C/Tand G /A ), trm m od BAM fileswercused Forthe transversion
SNPs,BAM filesw ithouttrinm ingwereused.

Ancient DNA authentication

W eassessed the authenticityofourancien tDNA dataas follow s First,
wecom puted the proportion ofC -to-I deam mation crrors athoth
the 5"and 3"endsofthe sequencing reads,and found thatallsam ples
exhibited postm ortem dam agepatlemscharacteristicofancien tDNA
(Supplem entaryDatald).W e thenestim atedm itochondrialDNA con-
tam mation forallind ividualsusing the Schm utziv.l.5.lprogram ™.
Todo this,wem apped adapter-trm m ¢d recads to a 500 -hp<xtended
revised Cam bridee Reference Sequence ((CRS)ofthe hum anm ito -
chondrialgenom e (NC_012920 1) o preserve read spassing through
theorigin,and thenw rapped up thealienm entto the regularfCRSw ith
thecirculam apperv.L.l(ref.™ )W esuccessively ran the con D eam and
schm utzim oduks m theschm utziprogram agamnsttheworldw deallele
frequencydatabase of197 individuals to estim ate them itochondrial
DNAcontam mation rate Last,weestm ated thenuclearcontam mation
rateonm enusing ANGSD v.0 910 (ref.”),on the basisoftheprincip le
thatm enshaveonlyasingle copyoftheX chrom osom e,and thuscon-
tam mationw illmtroducecxtram 1sm atchcsam ong rcads m SNP sites
butnoti the flanking m onom orphic sites.

DNA reference datasets

W ecom pared the genom e sequencesofourancientind ividuals o two
sctsofworldw dcgenotypepancls.oncbased on the A ffym ctrixAxiom

Genom ew deHum anO rigins larray Hum anO rigins;593,124 autoso -
malSNPY ™ and theotheron the 1 240k dataset (1233 013 autosom al
SNPsincliding allofthe Hum an0 rigins SNPs¥".W ¢ augm ented both
datasetsbyudding the Sim onsGenom eD iversity Pane F° and published
ancicntgenom cs(Supplem entaryData2i).

Geneticrelatedness analysis

W cused pairw isem ism atch rate (pm ©)* and IeM Lkin v0 50 (ref.®).t0
determ me thegeneticrelatednessbetweenancentnd viduals W ecal-
culated pm rforallpairsofancicnt ndividuals n thisstudyusing the
autosom alSNPsin the 1240k panelandkeptind vidualpairsw ithatleast
8000 SNPscovered byboth to rem ovenoisyestm ates from low <overage
sam ples.Weused kM Lkin tovalidateourobservation hpm ranalysisand
fodistmguish belw een parent—offspring and fullsibling pairs.

Uniparental haplogroup assignment

Wealgned the adapter-trim m ed reads to the tCRSNC_ 012920 1,
and then generated them itochondrialconsensussequence ofeach
ancientind ividualusing Geneioussoflware v 11,13 (ref. % sh Ups v ww
cencious.com /).W cassigned cach consensussequence into aspecific
haplogroupusingHap loG rep2 (ref.).FortheY chrom osom e,weused
Imeage-mlom ative SNPg from the mtemationalSocietyolGenetic
Genealogy 2016 tree (https:/isogg org ftree 2016 /index16 htm 1).For
these SNPs,wecalled each ndividuals genotype using befoolsv.1.7
(ref."ym pileup and callm odules.afterrem oving read sw ithm apping
quality score <30 (<9 30 yand basesw ith quality score <30 (4 30).
W e subsequently rem oved allheterozygous genotype calls. Thenwe
assigned each individualto aspecificYhaplogroup bym anually com -
parmg the genotype callsw ith the IntemationalSociety ofGenetic
GenecalogySNPs Beforevariantcallng we filtered alisnm entdatausing
the pysam libraryv0.152 (https//pysam read thedocs.o/en/latest/)to
reduce falsepositive variantsduc topostm ortem dam agcandm odem
hum an contam nation.W ekeptanobserved baseonlyifitwas from a
read shorterthan 100 bpand thebasew asm ore than 10 bp aw av from

the read ends.Fortransition SNPs,we furtherrem oved aligncd bascs
iftheywere from aread w ithno postm ortem dam age pattern (thatis,
noC-lod o1l -lo4 substitution).W edeterm med each individual'sY



Axtide

haplgroup prin arilvon the basisofthe transversion SNPsand addi-
tionally considered transitions if transversionsw ere msufficient.

Population genetic analysis

Weperlom edprincipalcom ponentanalysisas m plem enled nsm art-
pcav.16000 (ref."yusihgasetof2 077 present-dayBurasian ind ividu -
alsfrom theHum anOrismsdataset{Supplem entaryData2B)w ith the
options‘lsgproicct:YES and “shrinkm odc:YES . The unsupcrviscd
adm Xture analysiswasperform ed w ith ADM KXTURE v.130 (ref.”).
ForADM XTURE,we rem oved geneticm arkersw ithm norallele Ire-
quency lowerthan 1% and pruned for linkage disequilib rium using
the -indep painw ise 200 250 2option n PLINK v.190 (ref.*).W e used
outgroup f; statistics™ to obtain am casurem cntofgenctic relation -
shipofthe targetpopulation toasetoftheEurasian populationssince
theirdiverzence from an A frican outgroup W e calculated fy statistics
with the'f4m ode:YES function in the ADM T{TO OLSpackage“.f_; and
fystatisticswere calculated using qp3Pop v435and gpDstatv.755 n
the ADM XTOOLS package.

Runs of homozygosity

W e characterized whether the Bronze Age Xinjlang individuals
descended from genetically related parentsbyestim ating the runsof
hom ozygosity (RO ).ROM refersto scem entsofthe genom ewhere the
two chiom osom esin an ndividualare identicalto each otherow ing
o recentcomm onancestry. Therelore,thepresenceollongROH seg-
mentsstrongly suggests thatan nd vidualsparentsare related .W e
app lied the hapROH m ethod using the Python library hapROH v 0 3ud
withdefaultparam cters.Them ethod wasdeveloped o dentifyROH
from low <overage genotypedata typicalofancientDNA and is still
robustenough to identily ROH formdividualsw ith a coverage down
100 5x (ref.*).W ¢ reported the totalsum ofROH bngerthan4,8,12
and 20 ¢M ,and visualized the resultsusing DataG raphv4 5.1,

Geneticadmixture modellingwith qpAdm

Wemodelled ourancientX injiang populationsusing the gpW ave/
gpAdm program s(qpW ave v410 (ref.™)yand gpAddm v310 (ref.”* ).
Weused the follow ing eightpopulations in the 1240k datasetas the
bascsctofoutgroups (basciun lesscxp licitly stated o therw isc:M buti
(n=5),Natuflan (n=6),0nge (n=2),Iran N (n=5),Villabruna (n= 1),
Mixe (m=3)Am i(n=2).Anatolia N (n=23).Thisset mcludesan A lri-
canoutgroup (M buti),earlyHolocene Levantine hunter-gatherers
(MNatufian)Andam anese islanders(Onge),earlyNeolithic Iran ians from

the TepeGanjDarch site (Tran N ), late Pleistocene W estern European
huntergatherers (Villabruna),CentralNative Am ericans (M ixe),an
mndigenousgroup native to Taiw an (Am i)and Neolithic fam ers from

AnatoliaAnatoliaN ).Tocom parecom petmgm odels.wealso tooka
‘rotating approach,wherewe reciprocally added asource from am odel
woutzroups foracom petingm odelLW e specified which outgrouns
areused forallgpAdm m odels.

Admixturedatingwith DATES

Weused DATES v.753 (ref.*yforthe dating o fadm X tureeventsofthe
ancientpopulationswith thepseudo-haplboid genotypedataunderthe
sim plitied assum ption thatgene flow occurred asasihgle event,and
assum ing a generation Uim co 29 years (re %) The DATES so lw are
m easuresthedecayofancestrycovariance to nfertheadm xture tim e
and estim ates jackkn ife standard errors.In the param eter file forrun-
nmgDATES weused theoptionsbhingsize:0 001 m axdis:0 5, runm ode:l,
qbin:10 and ovalfit:0 45 nevery runon thepseudo-haploid genotype
data.Forcach targetpopulation,wechoscapairofreference popula-
tions thatwe identified asgood sources in thegpAdm analysis.Incases
mwhich theqpAdm sourcehad Iim ited sam ple size orSNP coverage,
wechoscanalemative thathad asim ilargencticprofile to thegpAdm

sourcebutw ithbetterdataquality to enhance the statisticalpowerof
the DATES analysis (Supplem entaryData ID=G).ForDzungaria EBA |

and Chem urchek,we used the Afanasievo (n=20)and Baikal EBA
(n=9)ay the references.ForKum sav_EBA and M ereke M BA ,we used
the A fanasicvo (M=20)and Baikal EN (n=15).ForDaliEBA .wcuscd
Tarm EMBALl(n=12)and Bakal EBA (n=9).ForTarm EM BAl,we
used W est SheriaN (n=3)and DevilsCave N (n=4),

Protein extraction, digestion and liquid chromatography with
tandem mass spectrometry

Totalprotemextractionswereperform edondentalcalculusobtamed
from seven X iaohe individualsexcavated rom layers4and 5 (Hxlended
DataTable2).Onlyindividualsw ithcalculisdeposits>Sm gwereana-
lysed,and 5-10m gofdentalcalculuswasprocessed foreach sam -
ple.Sam pleswerc extracted and digested usme a filter-aded sam ple
preparation,follow ing decaleification m 0 SM EDTA (ref. ™). Extracted
peptideswereanalysed by liguid chrom atographyw ith tandem m ass
spectrom etry (M SAM S)usingaQ Exactivem assspectrom eter{Them o
Scientific)coupled to an ACQUITY UPLC M € lass system (W atersAG )
accord g topreviouslydescribed protoco Is™ . Poten tialcon tam mation
and sam ple carrvoverwerem onitored through the use ofextraction
blanksaswellas injection blanksbetween each sam ple.

Protein databasesearching

Tandem m assspectrawereconverted toM ascotgeneric fileshyM SCon -
vertversion 30 .11781using the 100 m ostintense M SAM Speaks All
MSM Ssam pleswereanalysedusmgM ascot(M atrix Science;v260).
M ascotwassetup to search the SwissProtRelease 2019 08 database
(360 823 entries)assum ng thedigestion enzym e trypsin .M ascotwas
scarched w ith a fragm entionm asstoleranceof0 050 Daand aparent
ion toleranceof10 0 ppm .Carbam idom ethylation ofcysteine w as
specified mM ascotasa lixedm odification .Deam idationofasparagine
and glutam ineandoxidationofm ethionine and prolinew ere specified
nMascotasvariablem od ifications.A subsetofsam pleswere analysed
mduplicate (Supp km entaryData3),and the resultswerc com bined
usimgm ultidim ensionalprotein dentification technology (M udPIT)
before analysis.

Criteria for proteinidentification

MSM Shascdprotemand peptide identificationswercvalidated using
Scatfold (version Scaftold_ 490 Proteom e Software) Peptide denti-
ficationswere accepted ilthey could be established atgreaterthan
86 0% probability to achieve a falsed iscovery rate (FDR)lessthan 10%
by thePeptideProphetalgo rithm w ith Scaffold deltam asscorrection.
Protein dentificationswercaccepted iftheycould beestab lished atan
FDRoflessthan 50% and contained atleasttwouniquepeptides.Final
protein and peptide FDRswere [ 8% and 0 99% ,respectively.Protem
probabilitieswere assigned by the Protein Prophetalsorithm ™ A fter
eslablishing the presenceafthem ik proteinsB-lactoglobuln and
a-Sl-cascin using these criteria,we expanded ouranalysis to accept
furtherm ik protemns identified on the basisofsingle peptides for
high scoring PSM s (>60)w hich resulted m the add itionaliden tification
ofa-lactalbum n .Proteinsthatcontamed sim ilarpeptidesthatcould
notbedifferentiated on thebasiso M SM Sanalysisaloneweregrouped
to satisfy theprinciplesofparsim ony . Allsam plesyiclded protecom es
typicalofadentalcalculusoralm icrobiom e,and dam age-associated
m odifications (N and Q) deam idation)ycharacieristico fancicniproleins
werecobserved (Supplem entaryData 3).

Reportingsummary
Furtherinform ation on research design is available in the Nature
RescarchReporting Summ ary Inked to thispaper.

Dataavailability
TheDNA sequences reported in thispaperhavebeendeposited in the
European Nucleotide Archiveundertheaccessionnum berPRJEB46875.
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Haplod genotypedataofancientind vidualsin thisstudyon the 1 240k
panelare available m the EIGENSTRAT form atathttps:fedm ondm pdL
mpegde/m cjifcollection/OM m 2fpul R38aqnY.Theprotein spectra
havebeendeposited in theProteom eXchangeConsortium via the
PRIDEparmerrepository underthe accession num berPDX027706.
Thepubliclyavailabledatabase Sw 1ssProtrelease 2019_08 isaccessible
through theUniProtKnow ledgeBuse (https:/www uniprotorg).The
basem apsuscd mFigs.1,3arc in thepublicdom am and accessible
through theNaturalEarth website (https:/fwww naturalearthdata.
com /downloads/I0m -raster<latal).

Code availability

Alloftheanalysesperfomm ed in thisstudyarebased on publicly avail-
ablesofwareprogram s.Specific version mfom ation and non <default
argum entsaredescribed in thelM ethods.
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Extended DataFig. 1|Burial goodsexcavated from the Xiaohe cemetery.
A awoodensculptureexcavated from theupperlayerofadouble-laverm ud
coffinofXHM 75.B,anoarplankplaced n frontofam aleburial.C.awooden
polepliced m frontolafem aleburiaLD BuriaIXIIM 66 [rom layerdolthe
Xiuohecen eteryillustrating typicalfeaturesofearlyburials.mchidmg

boatshaped coffinsundm um m ficd rem ainsdresscd mwoollen gamm ents,
Thisburialsiyleiscom m onatBronzeAge cem eteries throughoutthe Tarim
Basin.including Beifang and Gum ngou .E.Side view ofthe X jaohe cem etery
show ngwooden gravem arkersand fencing .
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Extended DataFig. 2 |F-statisticsfor theancient Xinjiangandthe Eurasian
steppe populations. A w ¢ show top Soutgroup f3-statisticso Fthe fom
f3(Target,X M buttorthe3olworldw idepopulationsascontrastpopulations
X.,and 8 populations from thisstudyand theEurasian Steppeastarget:
Dzungaria EBA1.Dzungaria FBA2 .Chem urchek Dzungaria EIA .Okunevo_

EM BA Kazakhstan _EM BA ,BotailCA W est_StheriaN.horizontalhars
representt Istandard errorm cusure (sem Jealeulated by Se block
jackknifing .B.f4 statisticsefthe form # (M buti,X ;Dzuncaria EBA 1. Tarin _
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EM BA l)borizontalbarsrepresentt 3(thinjand I(thick)sem .calculated by
S¢M block juckknifing,and € fd statisticsofthe form M buti,X :Dzungaria_
EBAZ,Tarm EM BAl)whereX is30lworldw depopulations.¥ e show the top
and thebottom 1574 statistics Horizonalbars representthepoint

estimatet 3 ¢(thm)and £ 1(thick)sem .,respectively.asestim ated using 5cM
bhlock jackknifing A4statisticsdeviating threes.em .orm ore from zeroare

m arked inred .
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Extended DataFig.3|Unsupervised ADMIXTUREplot for the Bronze Age EBA mdividualsshow anancestryputtern close w A flanasievo and Yum naya
whileTarm _EM BA ind ividualsshow apattern sim ilarto AG3W ect_ Siberia N

Xinjiangindividuals. W eplotancestrycom ponentestim ates forK =8 using
“AncestryPamter (https:/fwww pich.ac.en/PGG fresource php).Dzungaria_ and BotaiCA from theEurasiasteppe.
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Extended DataFig. 4 |Reduced geneticdiversity of the Tarim_EMBA
individuals. A acom parisonofindividualoutgroup f3-statistics for the
ancicntX injiang populationsand theirneighboring populations from Inner
Asia,mcludmg Tarim _EM BA1(m=12)Tarm EM BA2 m =1 ANE@m=3),
Dzungaria FBAI(n=3)Dzungaria FRA2 (n=2),W est_Siheria N (n=3)and
BotaiCA m=3)whichTarim Busm ind ividuals show thehighestaffinity tocach
other.Tneachboxplot,theboxm arksthe 25" and 75" quartilesofthe
distribution,respectively.and thehorizontallmew ithin theboxm arks the
median.Thewhiskerdelneates them axm um and them mim um .B,the

cum ulativedistribution o fROH tractsshow s thatTarim _EM BA individualsdid
notdescend from closcrelated parents .Copairw iscm ism atch rate (pm )
between mdividuals m theancientpopulationsofX milang and itsneigchbormg
regions,includ ing allpairsofindividualsw ithin the & fanasicvo (0 =27),ANE
(m=3).Bakal EBA n=9)BakalEN tn=15).BolaiCa (m=3)Dzungaria EBA
(n=5)Dzungaria BT (n=10)Smnrtashta M LBA (n=351)Tarim EM BA (n=13},
West Siberia N (n=3)aswellaspresent<day isolated populations such as

58

PapuanandKaritna. Tarm LM BA ndwvidualsuniform ly show am uch reduced
pmrvalue thatisequivalentto the first-degree relatives m A fanasievoor
Sintashta M LBA . Thereddotted lincsm ark theexpected pm rvalue forthe
givencoellicientolrelationship (M, rangmyg from 0 (unrelated yand 14 (second
degreerelatives)to 1/2 (firstdegree relatves).based on them ean valueotpm
am ong thescpopulations,respectively.ncachboxplot,thcbhox represents
the interquartile range (the 25" and 75" quartiles),and the horizon linew ithin
thebox representsthem ed ian Blackfilled and apen circles representoutlicrs
(15tmesbeyond the YR )and extrem eoutliers (3 tm esbeyond the DRy,
respectively.Thewhiskerdelineatesthe sm allestand the largestnon-outher
obscrvations.DY chrom osom cphylbgenyoftheBronzeAge X injiangm ale
ndividuals Xiaohem ale ndividualsfallmtoabranchdistinctfrom western
BronzcAgesteppepastoralists,such asA fanasicvo and Yam naya.One
ndividuallrom Beifang [alls maposition thatism ore basalthanXiaohe butils
phylogeneticposition cannotbe fixed due to low coverage ,and itsproxim ate
position(syare instead ndicated w ith an asterisk.
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Extended Data Table 1| A summary of the Bronze Age Xinjiang individuals reported in this study

Sample ID Group ID I(:f(‘;l) ig:i::‘i:’tt :II:::::S :Il::menl ES ]c\::z:age :;el: togtcal ::3:];““]1 :l’:;]fl]:);roup
AYIM22BY Dzungaria EBAl 2843-2811 Ayituohan Tooth no 495853 07010 M USalal Qlbl
AYIM22BN  Drzungaria EBAL 2800-2600  Ayituohan 55;‘:“5 no 524334 08990 F T2d1a

SSGM16 Dzungaria_EBAl  2863-2801 Songshugou  Tooth no 785354 14379 F H2b

G218M5-2 Dzungana_ EBA2  2907-2851 Nileke Tooth no 790831 1.3523 M I15b1 Rlblala2a2
G218M5-3N  Dzungaria EBA2  3005-2987 Nileke Tooth no 415959 0.5992 M Usa’d Qlbl
GMGM1 Tarim_EMBAIL 2135-2074 Gumugou Radius no 269355  0.3696 F c4

XHMI100 Tarim_EMBAI1 1884-1740 Xiaohe Tooth half 356623 04014 F c4 —
XHMI110 Tarim EMBAI 2000-1800 Xiaohe Tooth half 514292 0.6378 F c4

XHMI135 Tarim_EMBALI 1936-1860 Xiaohe Tooth half 781191  0.6301 F c4 —

XHM75 Tarim_EMBALI 2000-1800 Xiaohe Tooth half 227235 0.2471 F Cc4 —

15209 Tarim_EMBAL 2000-1800 Xiaohe Tooth half 767789 12160 M Cc4 Rible
L5213 Tarim_EMBA1 2000-1800 Xiaohe Tooth half 808182 1.2051 M R1bl Rlble
L4964 Tarim EMBA1 2000-1800 Xiaohe Tooth half 60893 0.0632 F c4 e

L6101 Tarim EMBAL 1767-1623 Xiaohe Tooth half 160220 0.1813 F c4 —

L6103 Tarim EMBAIL 1785-1664 Xiaohe Tooth half 536220 1.0811 F c4

L6105 Tarim EMBAI 2000-1800 Xiaohe Tooth half 490934  0.5782 F c4 —

L6106 Tarim EMBAI 2000-1800 Xiaohe Tooth half 247447 03530 F c4 —

11KBM1 Tarim_EMBA2 1876-1839 Beifang Tooth half 131030 0.1943 M Cc4 Rl

(xR1a, xR1b1)

I the™Date BCEY colum n, mdividuals dirctly deted by AM S arem arked mbold (calbraed datesw th 95 A% conlidence nnlemval)w hik the rem ainhyg dates are based on the archaecobgical
contexls. The "SNPs” colum n show s the num beroISNPs = the 1240k peneleovered i each ndwvilual.Genom e ie data olseven ndwviluals L5209,1L5213, L4964 ,L6101,1.610 316105,
Lolawer generated fom NPEPbyentiching endogenous DNA forthe 1240k panc1SNPs.

Axtidle

Extended Data Table 2 | Dietary proteins identified in the dental calculus of individuals analyzed from the Tarim Basin Xiache
cemetery

Sample ID Date Archaeological Milk Proteins Total Livestock
(BCE) layer PSMs

XHM100 1884-1740 5 B-lactoglobulin 50 Cattle or sheep

XHM109 2000-1800 4 B-lactoglobulin 29 Cattle or sheep

XHM112 2000-1800 5 B-lactoglobulin 23 Cattle

XHMI115 2000-1800 5 B-lactoglobulin, a-S1- 98 Caltle, goat, sheep
casein, a-lactalbumin

XHM117 2000-1800 5 -lactoglobulin, a-S1- 132 Cattle or sheep
casein, a-lactalbumin

XHM125 2000-1800 4 B-lactoglobulin 41 Cattle

XHM135 1936-1860 5 B-lactoglobulin 10 Cattle or sheep

hke™Dawe BCEY colum n,nd viluals divotly dewd by AN Serem arked mbold walbmted dulesw $h 95 4% confdence mlervallw bile the nem ey datesar based on the uichavologival
contexts.The "Livesmek” calum n show s consensus taxonam i assignm enthazed on obzerved am o acil varants inm Tk peptides.



Extended Data Table 3 | Robustness of key gqpAdm admixture models

A. No BMACAAMC-related ancestry component in Dzungaria_EBA

Target Refl Ref2 Ref3 Pval Coef(Refl) Coef(Ref2) Coef(Ref3) Extra outgroups
Dzungaria EBA1 Afanasievo Tarim_EMBALI Baikal EBA 2.90E-01 0.717 £ 0.024 0.192 +0.044 0.091 +£0.026
Afanasievo Tarim EMBAI1 Baikal EBA 3.06E-01 0.710 + 0.022 0.212£0.036 0.078 £ 0.020 Geoksyur EN
Afanasievo Tarim_EMBAIT Baikal_EBA 3.61E-01 0.712 + 0.022 0.205 £ 0.036 0.083 +0.020 BMAC
Afanasievo Tarim EMBAI1 Baikal EBA 1.41E-01 0.754 £ 0.022 0.169 +0.026 0.078 £0.018 Geoksyur EN+AG3
Dzungaria EBA2 Afanasievo Tarim_EMBA1 Baikal EBA 1.48E-02 0.532 + 0.030 0.359 +0.057 0.109 +0.034
Afanasievo Tarim_EMBAI Baikal EBA 1.60E-02 0.545 £0.027 0.325+0.044 0.130 +£0.025 Geoksyur EN
Afanasievo Tarim EMBA1 Baikal EBA 2.16E-02 0.540 + 0.027 0.336 £ 0.044 0.125 £0.025 BMAC
Afanasievo Tarim_EMBAI Baikal EBA 5.08E-01 0.527 + 0.026 0.349 £ 0.033 0.125 +0.023 Geoksyur_ EN+AG3
B. Comparison of D: ia_EBA1 and Afanasievo as a source for Chemurchek and IAMC p
Target Refl Ref2 Ref3 Pval Coef(Refl) Coef(Ref2) Coef(Ref3) Extra outgroups

Chemurchek_merged Tarim_EMBA1 Dzungaria EBA1 Geoksuyr EN 4.92E-01 0.241 + 0.044 0.673 + 0.081 0.087 + 0.046
Tarim_EMBALI Drungaria_EBA1 Geoksuyr_EN 4.74E-01 0.260 + 0.038 0.618 £ 0.057 0.122 +0.029 Afanasievo

Tarim_EMBAI Afanasievo Geoksuyr EN 4.29E-03 0.466 + 0.021 0.440+0.045  0.094 £ 0.039

Tarim EMBA1 Afanasievo Geoksuyr_ EN 5.24E-04 0.454 £0.021 0.403 £ 0.044 0.143 £0.036 Dzungaria EBA1
Dali EBA Tarim_EMBAL Dzungaria_EBA1 Geoksuyr EN 6.03E-01 0.537 + 0.053 0.30340.096  0.159 +0.055

Tarim_EMBALI Dznngaria_EBAL Geoksuyr_EN 7.05E-01 0.529 £ 0.049 0.326 £0.073 0.145 £0.036 Afanasievo

Tarim_EMBAL Afanasievo Geoksuyr_EN 7.58E-01 0.634 400290 024840065  0.118 +0.055

Tarim_EMBAL Afanasievo Geoksuyr_EN 8.18E-01 0.633 +0.029 0.245 = 0.060 0.122 +0.047 Dzungaria EBA1
Aigyrzhal BA Tannm EMBAIL Dzungaria EBA1 Geoksuyr EN 1.69E-01 0.140 £ 0.042 0.377+£0.079 0.483 £0.045

Tarim_EMBAL Dzungaria_EBA1 Geoksuyr EN 1.93E-01 0.160 + 0.035 0.32640.054 051440029  Afanasievo

Tarim_EMBAL Afanasievo Geoksuyr_EN 1.29E-02 0.278 £ 0.020 0.211£0.050 0.512=0.043

Tarim EMBAL Alfanasievo Geoksuyr EN 1.60E-02 027340020  0203+0.046  0.3525+0.038  Dzungaria EBAL
Kanai_MBA Tarim_EMBA1 Daungaria_EBA1 Baikal EBA 8.74E-01 0.324 +0.118 0.38040.076  0.296 + 0.058

Tannm EMBAL Dzungaria EBA1 Baikal EBA 6.89E-01 0.211 £ 0.092 0.427 £0.071 0.363 +£0.037 Afanasievo

Tarim_EMBA1 Afanasievo Baikal EBA 7.65E-01 0.316+0.102 0316+ 0.054  0.368 + 0.060

Tarim_EMBALI Afanasievo Baikal_EBA 8.93E-01 0.371 £ 0.075 0.293 = 0.047 0.336 = 0.043 Dzungaria_EBA1
Kumsay EBA Tarim EMBA1 Dzungaria EBA1 Geoksuyr EN 5.95E-04 0.317 = 0.043 0.561=0.079 0.122 £0.043

Tarim_EMBAL Dzungaria_EBA1 Geoksuyr_EN 1.18E-03 0.304 0,036 0.592+0.054  0.104+0.027  Afanasievo

Tanm EMBA1 Afanasievo Geoksuyr EN T.97E-02 0.488 £ 0.018 0.416 £0.041 0.097 £ 0.034

Tarim_EMBA1 Afanasievo Geoksuyr EN 9.14E-02 0.488 + 0.018 0.388 + 0.040 0.124 + 0.031 Dzungaria EBA1
Mereke MBA Tarim_EMBAL Dzungaria_EBA1 Geoksuyr EN 1.60E-01 0.195+ 0048  0.810+0.087  -0.005+0.048

Tarim EMBA1 Dzungaria EBA1 Geoksuyr EN 9.55E-02 0.229 £ 0.039 0.718 £ 0.058 0.052 +£0.028 Afanasievo

Tarim_EMBAL Afanasievo Geoksuyr_EN 1.84E-01 0.455 + 0,021 0.566 +0.047  -0.021 +0.039

Tarim EMBA1 Afanasievo Geoksuyr EN 2.29E-03 0.443 £ 0.021 0.503 £0.044 0.055 £0.034 Dzungaria EBA1

C. Modeling of ANE-rich pre-Bronze Age populations in Central Asia

Target Refl Ref2 Ref3 Pval Coef(Refl) Coef(Ref2) Coef(Ref3) Extra outgroups
Botai CA Tarim_EMBAI Baikal FBA EHG 2.57E-01 0.695 +0.057 0.056 +0.029 0.249 +0.034
Tarim_EMBA1 Baikal EBA EHG 1.39E-01 0.554+ 0036  0.133+0.019 031240028 AG3
Tarim_EMBALI Baikal EBA EHG 1.90E-02 0.581 £0.039 0.121£0.017 0.298 £0.029 Afanasievo
Tarim EMBA1 Baikal EBA EHG 1.78E-01 0.639 +0.039 0.084 £ 0.020 0.277 £0.027 Geoksyur EN
West_Siberia_N Tarim_EMBAL = EHG 3.92E-01 0.671+0.030 - 0.329 +£0.030
Tarim_EMBAL - EHG 2.22E-01 0.674 £0.033 o 0.326 =0.033 AG3
Tarim_EMBA1 - EHG 2.81E-01 0.669 +0.030 - 0.331+0.030  Afanasievo
Tarim_EMBAI - EHG 4.10E-01 0.680 = 0.029 - 0.320 = 0.029 Geoksyur_EN

WepresentdetailsofkeyqpAdm adm kmrem odels reported in this study w ith aliematic oute mup scts inchiding sources from com petng adm xmrem odels."Cocf colum nsshow the
ancesty proportion and its standad cror,calenlaed by 5 el block jackknifng Fxtmoutg oup show soute oupsadded 1o the base ser.(A)Adm xmrem odels forDzungaria_FBA do notchanze
when BM AC /MM C-related populatione arc added o the outg oup_supportiig no contrbution from them .B)ForChem urchek and B C populations. we com parcm odels nelid ng Dzungaria_
FBAlarAfanasicvo asacom peting source .Dzunga
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Emergence and intensification of dairying in the
Caucasus and Eurasian steppes

Ashley Scott®'23, Sabine Reinhold @4, Taylor Hermes ©'2, Alexey A. Kalmykov®?>,

Andrey Belinskiy®, Alexandra Buzhilova®, Natalia Berezina®©¢, Anatoliy R. Kantorovich’,
Vladimir E. Maslov®, Farhad Guliyev®?, Bertille Lyonnet', Parviz Gasimov©°, Bakhtiyar Jalilov®,
Jeyhun Eminli®, Emil Iskandarov®, Emily Hammer™, Selin E. Nugent®%, Richard Hagan'?,

Kerttu Majander®', P3ivi Onkamo™'¢, Kerkko Nordqvist®'", Natalia Shishlina®%1,

Elena Kaverzneva®™, Arkadiy . Korolev?®, Aleksandr A. Khokhlov?®, Roman V. Smolyaninov®?,
Svetlana V. Sharapova ©%, Riidiger Krause®®, Marina Karapetian®, Eliza Stolarczyk?®,

Johannes Krause®'?, Svend Hansen®? = Wolfgang Haak®'? *“and Christina Warinner ©'224 =

A rchaeobgicaland archaeogeneticevidence ponts to the PonticCaspian steppe zone between the Caucasus and the Black Sea
as the crucible from which the earliest steppe pastoralist societies arose and spread,ultm ately mfluencing populations from
Europe to nnerA sia.However, little is known about their econom i foundations and the factors thatm ay have contributed to
theirextensivem obility.Here ,we mvestigate dietary protens w ithin the dentalcalculus proteom es 0f45 ndividuals spanning
the Neolithic to Greco-Rom an periods m the PonticCaspian Steppe and neighbourmg South Caucasus,Oka—~VolgaDon and
EastUrals regions.W e find thatsheep dairying accom panies the earliest form s ofEneolithic pastoralism m theNorth Caucasus.
During the fourth m illennium ve,M aykop and early Yam naya populations also focused dairying exclusively on sheep while
reserving cattle for traction and otherpurposes.W ¢ observe a breakdown in livestock specialization and an econom ic d versi-
fication ofdairy herds coinciding w ith aridification during the subsequent late Yam nava and North Caucasus Culture phascs,
follow cd by scvere clim ate deterioration during the Catacom b and Lola periods. The nced for additional pasturcs to support
these herds m ay have driven the heightened m obility of the M iddle and Late Bronze A ge periods. Follow ing a hiatus ofm ore
than 500 years, the North Caucasian steppe was repopulated by Early Tron A ge societies w ith a broad m obile dairy econom y,
ncluding anew tocus on horsem iking.

ago (kya)),dairying played a vitalrole n the developm entol

hum an food system s acrossEurope, A fricaand A sia"* Early
agropastoral societies raised livestock anm als that could provide
them withm ilk,m eat,wool, keather and traction”,and m ik 1wse to
prom mence as an especially m portant, nutrient-rich food source.
M ilk is rich in protein, fat, sugar (lactose), vitam ins and m nerals,
sich as caleum ¥, and the water content in m ik can be relied on
mn tm es of drought or scarcity''*. A lthough m ik itself is highly
perishable, it can be transform ed through m icrobial fom entation

D uring heearly tom id-Hobcene (ca.9.0-3 5 thousand years

and other fom sofm anipulation nto m ore stable products, such as
yogurt,butter, ghee,cheese and cunds, that can be stored lor onger
periods m surpls,

Firstattested m Anatoliadurmg the seventh and sixthm illenn ia
be's, mum mant dairying subsequently spread o both Europe and
A frica by the late sixth m illennfum be*'®, but less is known about
its mitialdispersals into A sia"™.0 nem ajor vector by which dairy-
ing spread w as the Burasian steppe, an enom ous expanse of grass-
lands stretching 6 000km from the Carpathian Basin to M ongola.
Recentstudics have traced the mtroduction ofdairying in M ongolia
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o ¢a.3000 be with the appearance ofm obike steppe herders associ-
ated with the Early Bronze A ge A fanasievo culture’, a group with
close genetic and cultural ties to pastoralists on the Pontic—C aspian
steppe, m ost notably the Yam naya culture (ca. 33002500 be ¥ .
Populations from the Pontic=Caspian steppe arc also Iinked to
Late N colithic and Bronze A ge w estw ard expansions, includng the
em ergence of the Corded W are (2900-2200 bc) and Bell Beaker
(2750~1800 bc) phenomena nn Europe’™. Understanding the
population and econom ic history of the Pontic—Caspian steppe,
the source region lor these contnental-scale expansions during the
third m illennium be, is critical or revealng the m ain factors that
drove the heightened m obility of Eneolithic and Early Bronze A ge
pastoralists m Eurasia.

% hen Pontic—Caspian steppe populations first began dairying
and how theiranm alm anagem ent strategies m ay have mfluenced
their m obility and subsequent m fgrations rem ain poorly known.
From the M esolithic through the Eneolithic, populations living
the southern Russian plam and Caucasus region prm arily hun ted
local wild gam ¢, which inclided aurochs (Bos primigenius), saiga
antclope (Saiga tatarica), red deer (Cervus daphus), tarpan (Equus
ferus), onager (Equus hemionus) and wild boar (Sus srdfa), as
well as birds, fish and m olluses™™ . Anm al husband ry of dom es-
ticated sheep (Ovis aries), coats (Capra hircus), cattle (Bos taurus)
and pigs (s sorofa) spread 1o the North Caucasian steppe from
Anatolia durig the fifth m illennium be by either a circum -Pon tic
oute™ or by crossing the Caucasusm ountams from the south™™,
By them id-fifth m illennivm bc,agropastoralists of the Cucutent
Trypillia culure n Ukrame were regularly mteracting w ith steppe
populations north of the Black Sea™, and Eneolithic populations
genetically related t© South Caucasian and Anatolian agropas-
toralist groups had becom e established m the North Caucasus
piedm ont steppe™~7 and were part of a broader M esopotam ian
interaction sphere™-.

A fter the introduction ofanim alhusbandry © the region Bronze
A ge steppe popu lations mnovated anew cconom ic system ofm obile
pastoralism focused on sheep and cattle™, and scttlem ents becam ¢
effectively absenton the steppe for the next two m illenn ™. This
new ,m orem obile fom ofpastoralism is firstevidentam ong Steppe
Late M aykop groups (35002900 be),who fallbroadly within the
Late M aykop cultural sphere but are genetically distinet from their
higher-elevation counterparts™,and fullym obile pasworalism subse-
quen tly becam e the predom mant subsistence strategy on the steppe
with the Yam naya culmre (3,300-2,500 be)'. Horse dom estica-
tion occurred durng the third m illenniim on the Pontic—C aspian
steppe™ ™, and, by the late third and early second m illennium bc,
dom estic horseswere increasingly partof the steppe m obile pasto-
ralisteconom ¥** and had even spread to Anatolia and M esopotam ia
through Pon tic—=C aspian—T ran scaucasian interaction networks™.
M obile pastoralism continued am ong the Catacom b (28002200
bc) and North Caucasus Culure (NCC ;28002400 bc) groups in
the steppe untilworsening clim atic conditions and arid ification ca.
2300—2200 be, in association w ith the 4 2kya clin ate event™7, u lti-
m ately led © an abandonm entof the steppe region by 1700 be'77,
Despite their cullural differences, recent palseogenom ic analysis
has shown thal these Bronze A ¢ge sleppe populations were geneli-
cally highly sm ilar”,which m ay, n part, reflect theirm obile life-
styles and persistentm ulticulural interactions overm illennia™.

Throughout the Pontic—Caspian steppe, sheep, goat and cattle
dom mate m ost studied steppe archacofaunal collections from the
furth to second m illennia be*' #** W heeled transport in the fom
of wagons first appears i kurgans (burialm ounds) of the Steppe
Latc M aykop i the sccond halfof the fourth m illennium be™, and
such technolbgy sargued to be cssential forenabling the houschold
m obility required form obile pastoralism ™.0 xen team s dated to the
sam e period and, lter, horses and chariots in the second m illen-
nium be, further facilitated m obility” . Sheep woolw as present in
theNorth C aucasus by the early thirdm illennium be ,possibly hav-
mgorigmated m Anatolia,and the use ofwoolsubsequen tly spread
across the steppe and mto Inner Asia durimg the second m illen-
nium be”.Among the region’sm ajor secondary products,dairying
is argued 1 have possibly em erged first”, in part because dairy-
ng was already well established in both Anatolia and surrounding
regions by the sixth m illennmum bt

2 whereasevidence for trac-
tion and woolarcon Iy attested m 1llennia later.N evertheless,current
evidence for early dairymg m the Pontic—C aspian steppe 13, until
now ,only attested on its eastern fringes’. Previous isotopic studies
havcheen unable to iden tify clear ind icationsofdairy consum ption,,
find ing instead non -specific evidence for high consum ption of an i-
malprotein and ahighly com plex 1soscape, reflecting both ecologi-
caldiversity and tem poralclm atic shifts" 7 .H ow ever, the sotopic
dala suggesta stronger con tribu tion of sheep or goat products o the
hum an diel than those from caltle” .Few zooarchaeobgical studies
have syslem atically mvestigated herd m anagem ent and m ortalily
profiles mn the region, but the earliest agropastoralist com m un ities
n the North Caucasus piedm ont steppe were not thought to have
engaged n dairying® . Likew ise, there are few mndicationsofanim al
m anagem ent for m ik production am ong Neolithic agropastoral-
ist comm unities m the South Caucasus”, Rather, it s only m the
second m illennum be that zooarchaeological studies from Late
Bronze A ge settlem ents in the C aucasus have found clear evidence
for the deliberate keeping of sheep form ik production™-, and it
isonly laterduring the Tron A ge that cattle show m ortality profiles
consistentw ith dairying™.

The absence of settlem ents on the steppe and the near-exclusive
archaeological focus on mortwary contexts have m ade it diffi-
cult o reconstruct the nawre and extent of dairying in the w der
North Caucasian pastoralist econom y. In this article, we apply
high-resolition tandem m ass spectrom etry (© hum an dental cal-
culus from 45 ndividuals at29 sites m theNorth C aucasus (n= 27)
and the neighbourmg South Caucasus (7= 9), Oka—Volga—D on
(n="7) and East Urals (n=2) regions (Fig. lab, Supplem entary
Data | and Supplem entary Infom ation) to identify evidence of
consum ed dairy proteins in populations spanning the N eolithic to
the G reco-Rom an periods (ca. 65000 be to 200 ad). W e find that
dairy productswere consum ed n the N orth Caucasus from the late
fifth m illennum bc onw ards and thata dairy-mchisive subsistence
characterizes even the Encolithic populations in the piedm ont and
steppe zones. D airy consum ption was prevalent for all analysed
periods and ecotones in the North Caucasus, w ith m ik proteins
dentified m 26 of 27 tested ndividuals. W e dentify an mitial,
near-exclusive dairying focuson sheep am ong the M aykop,Steppe
M aykop and early Yam naya, olowed by diversification w it
the late Yam naya,NCC and Catacom b culiures during the M iddle
Bronze Age to additionally mcorporate goat and cattle m iking.

-
>

Fiz.1 | Map and timeline of sites and individuals in the study and milk protein results. a M ap ofstudy area and m ajpreultural regions m entioned n the
text;:0ka~YokaTDon,EastU rals North Caucasus,South Caucasus and Anatolia, Extentot the Pontic=Caspian steppe & shown n grey. hset:enhanced
view ofNorth Caucasus sites. b, Tm elne ofsites and nd v duals analysed n this study. hd vduals are organ ved by reeon,w ith archaeobgicalcultue
orperbd ndicated by coburcorrespondng o the kzend W hite cicles ndicale m ed un calbrated radiocarbon dates,and erorbars are 2sd.Cobured
bars display the tm ¢ spans convenlionally associaled w ith the archacobgicalculures and tm e peripds.c.M ik polen evidence by ndividual,displuyed
as o1alPSM count to them ik proens BLG .alpha-kctabum i and alpha-Sl-casen.Consensus livestock assignm cnlw as deicm ned by parsi ony.
Tyodentalcakulus sam ples were analysed fom Z0 2002 .Basem ap is fom hips//www nalumlkarthdatacom /.
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Later, during the Early Iron Age, we cbserve direct evidence of  Caucasus, we identify evidence of cattle m ikmng (ca. 3700 be)
horse m ik consum ption in association w ith pre-Scythian groups nearly 1 000 years before we first observe it in the North C aucasus
repopulating the steppe after a centiries-long hiats. In the South  (ca. 2700 be), and, in the O ka—Volga—Don region, we observe
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Fiz.2 | Representative tandem mass spectrometry spectra of selected BLG peptides with differing levels of taxonomic resolution observed in this study.
a,0verallm ostBLO sequences weme highly conserved am ong bovids (left) butdstinct from equids (right).Spectia oriemate fiom AY2005 and M K5018 .

b,Among bovils, the BLG C-tem mus peptile distmguishes caprmes (keft) and bovnes (right).Spectra orgnate from VS2001and VS2001.¢

JThemost

frequently observed peptile reliably disthguishes Ovis (upper kft), Capra (ow er kft) and Euus (bw er right) but cannotdistiguish OWsand Bovinae
due to the am biguity of the sixth esiue,which m ay be aspartic acid (Bovinae)ordeam fated asparagie (OVS)" (upper right).Spectra orighate from
KUGOO7,RE4002,¥S2001and M K5018 .The b-and y-ion series 13 show n at the top keftofeach spectrum ,and taxonom ically nfom ative resiluesw ithin
the peptide sequence are highlighted in pink.A com prehensive listofall dentified PSM s and taxonom ic assienm ents & povided h Supplem entary Data 3.

Im ited evidence of dairvmg, begmning only during the second
m illennum be.

Results

M ik proteins were dentified m 34 of 45 analysed mdiwiduals
actoss all tm e periods (Fig. lc and Supplem entary D ata 1).Protemn
recovery in 31 mdividuals was sufficient o albw the dentifica-
tion of m ajor rum mant livestock m iks from sheep (Ovis), goat
(Capra) and/or cattle (BosBovinace), whercas the m ik proteins

816

of three mdividuals were represented by non-specific bovid pep-
tides, ndicating either sheep or cattle. Additionally,one mdividual
had taxonom ically distinctive peptide spectral m atches (PSM s)
to Fquus m ik proteins. Beta-lactoglbbulin (BLG ), which was
detected for alldairy livestock (Fig.2),was them ostprevalentand
abundant m ik protem detected, a pattern consistent w ith previ-
ous studics of dental calculus’™ . In addition to BLG ,which was
identificd i all 34 m ik-positive individuals, we also identified
the whey protein alpha-lactalbum n in two individuals and the
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Fig.3 | Changing dairy patterns through time in the North Caucasus region. a,.Durng the Eneolithi and nitinlBonze A ge daving feused on sheep

1 the North Caucasus fiom 4200 be onw ards.b,Sheep daitying continued during the Early Bronze A ge am ong the M aykop,Steppe M aykop and early

Yam naya.c, A frer2800 ve ,goatand cattle dairyng appeared for the fisttin e n the steppe.and diversified dairy econom ies ofsheep.goats and cattle
churcterze the te Yam naya NCC and Catacom b cultures.d,D versified dairy econom ies persisted um ong the post-Catacom b and Lok cultures,but

w ith an mereased focus on sheep and goats as envionm entalconditions declined e .Durng the Late Bronze A ge, the North Caucasus steppe w s largely
depopulated ,and ca. 1700 »e a cenuries-bng hialus began that corresponded 10 a perod ofextiem e aridity.D ashed Iine show s the southem extent
oldepopulation. [A fer 1000 be ,post-hutus groups repopuliled the steppe m the Early on A ge |, esum ng sheep,goatand cattle m itkmg and also
ntoducng horsem ikng.Site coburs and anm alsym bols correspond to those nFig.1.A lested nd wduals n them ap extentare shown, nclid ng those

withoutevidencc ofm ik protchn.

curd protem alpha-Sl-casein i wo ndividuals. A 1l dental caleu-
s sam ples yielded proteom es consistentw ith an oralm icrobiom e
profile, and age-associated N ) deam dation was a top m odifi-
cation across the dataset (Supplem entary Data 2). M ik protenn
peptide-leveldeam dation 1s reported m Supplem entary D ata 3 .No
dictary proteins were detected in non-tem plate cxtraction contmols
(Supplem entary D ata 3).

North Caucasus North of the Caucasus m ountains,w ithin a geo-
graphically and culturally contiguous region that encom passes the
piedm ont zone, steppe and southem Russian plain, we analysed
dietary proteins within the dental calculus proteom es ol 27 mdi-
viduals, mchiding three Eneolithic, 23 Bronze A ge and one Early
Iron A ge ndividual.O verall,we dentified m ik proteins n 96% of
mdividuals (n= 26) (Fig. 1¢) and observed high kvels ofm ik pro-
tem PSM s per mdwvidual (m ean 47% 27; Supplem entary D ata 3),
with m ik peptides often being am ong the m ost abundantpeptides
identified n thedentalcalculus proteom es.Am ong Eneolithic indi-
viduals,wo of threew cre positive form ik proteins. Theoldest ind i-
vidualfrom this region in our smdy,PG 2001 from thepicdm ontsitc
ofProgress 2 and dated to 4338—4074 be, ind icates thatdairying has
been a featurcof the region’s cconom v since at least the late fifth m il
lennium be.During the thurth and third m illennia be ,we observed
a contnued reliance on dairying am ong all analysed M aykop and
Steppe M avkop individuals (ca. 39002900 be;n=7),both I the
piedm ontland steppe zonesaswellas m allYam naya nd viduals (ca.
3300~2500 be ;n=3).Notably,we detected only Ovism ik protems
atEneolithic,EarlyM aykop,Latel aykop,Steppe Late M aykop and
early Yam naya sites,suggesting thatdairyngw asa specialized activ-
ity focused on sheep durmng the fourth and fifth m illennia be (Fig.
3ap). At the startof the early third m illennium be,we identified a
broad shift in pastoralist practices tow ardsm ore diversified dairy-
ing based on sheep, goat and cattlem ik (Fig.3cd).M ik proteins
from these three rum mant species w ere dentified am ong nd widu-
alsassociated w ith the late Yam naya (ca.2850-2500bc ;n= 1), NCC
(ca. 28002400 bc; n=4), Catacom b (ca. 2800-2400 bc:; n=1),
late NCC (ca. 2200-1650 bc,n=1) and Lola/post-C atacom b (ca.

22001650 be;n=6) cultures, w ith m ost ndwviduals having con-
sum ed the dairy products of wo or three different anim alm iks
i the form ofsheep and goatm ik, sheep and cattlem ik or sheep,
goat and cattle m ik (Fig. | and Supplem entary D ata 3). Finally,
durmng the Early Iron A ge (cigh th—fifth centuries be),w e observed
the mcorporation of horse (Bquus) m ik into the dairy cconom y
(Fig.3¢),with Ovis, Capra, Bosund Equusm ik proteins iden tified
in thedentalcakulisof nd ividualM K5018.

South Caucasus In the South Caucasus, we analysed dietary
proteins within the dental calculus proteom es of nine ndividuals
dalmg [rom the Neolithic o G recoRom an periods and identi-
fied m ik protems m half of the analysed mdividuals (Fig. 1c and
Supplem entaryD ata3).Nom ik proteinswere detected in the earli-
estindividual,M TTOOI,dated to 5879-5562 be from the N eolithic
site of M entesh Tepe associated with the Shom utepe—Shulaveri
Culture H owever,m 1k protemsw ere detected from the fourth m il-
lennium bc onwards m mdividuals dating to the Chalcolithic at
A khantepe (n=1), the M iddle Bronze Age at Qlzgala (1= 2), the
Iron A ge atG oytepe (n= 1)and the G reco-Rom an period atQ abala
(n=1).Unlkc in thcNorth Caucasus,wc did not obscrve an carly
focus on sheep dairying; rather, the carliest detected m ik pro-
tein, dentified in ndividual ALX 002 dating to 37763651 be,was
assigned to cattle Bovinae).O verall,we dentified cattle Bovinae),
goat (Capra) and sheep (Ovis)m ik proten I the South Caucasus
buino horse (Bquus)m ik in any period there (Fig.3).

Oka-Volga—Don region. In the O ka—Volsa—D on region ,we anal-
ysed dietary protemsw ithin the dentalcalculus proteom esof seven
ndwiduals dating from the Eneolithic through the M iddle Bronze
Age (Fig.lcand Supplem entary D ata 3).D espite excellent protem
recovery,no m ilk proteins were detected in an ndividual from the
Neolithic-Bronze A ge site of K sizovo 6, dating o 5837-5670 be,
nor from mdividuals associated w ith the Sredny Stog culture (n=2)
at the Encolithic-Bronzc A ge sitc of Vasilevsky Kordon 27, dating
to ca.3600-3100bc M ik protcinsw crc also absent from ind ividual
RAV0OO02, dating to 3514-3356 be, and from two M iddle Bronze
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Age mdviduals from the Shagara cem etery, dating 1o 2572—-1893
be.Only an individual at the site of Rovenka tested positive for
m ik proteins. This individual, RVKO0L ,was associated with a late
Catacom b culture site, dating to 2339=2148 be, and w as positive
for sheep (OVIS), goat (Capra) and cattle Bovinac) m ik proteins
(Fig.1c).

East Uralsregion. W e analysed two nd ividuals from theEastU rals
region at the site of N eplyuyevka associated w ith the Lale Bronze
Age Srubnaya—A lakulculiural variant and dating to ca. 1900—1600
be (Fig. le). W edetecled m ik protems orboth mdividuals, den-
tifying sheep (OWs) and cattle (Bovinae) peptide sequences lor
N EPOO8 and non-specific bovid peptide sequences ndicatmg either
sheep or cattle forN EPCL3 (Supplem entary D ata 3).

Discussion

Enedlithic populations practiced dairy pastoralism. O ur results
provide robust evidence that sheep dairying was practiced am ong
fifth m illennum bc Encolithic groups in the N orth Caucasus pied -
montand steppe zones. This finding resolves bne-stand ing ques-
tions about the antiguity of dairying in the North Caucasus™, as
wellas the species focus ofearly dairy herds, and it contrbutes o a
grow mg body ofevidence thatdairying was hkely mtroduced w 1th
dom esticated livestock nto the North Caucasus from the south.
Recentpalacogenom ic studies identified a genelic clme connecting
Neolithic populations i eastem Anatolia and the South Caucasus
that lkely fom ed as early as 6500 be?, and continued population
mteraction nto the Chalcolithic and Early Bionze A ge periods
(55003000 be) suggests that these regions m antamed clse con-
tact,with anm al husbandry focused on pigs and rum mants also
spreadmg via this corridor™ #*, Early agropastoralists living m the
northem C aucasus foothills associated w ith the D arkvettM eshoko
Eneolithic culture (ca.4500—4000 be) have a clear genetic connec-
tion to populations south of the Caucasus cxhibiting A nato lian
ancestry™, suggesting a trans-C aucasian population cxpansion .

A Ithough it has been specu lated that dairying m ay have spread
to the North Caucasus via these southemn connections”, few sys-
tem atic zooarchaeobgeical studies have been conducted, and the
Eneolithic/Chaleolithic layers at the piedm ont site of M eshoko
Cave,which are am ong the best studied Ior the period™, have
yielded lm ited faunal rem ams, prim arily of pigs, sheep, goats and
caltle slaughtered at various ages. Subsequent attem pts to clarify
the agropastoralist econom y usmg stabk isotope analysis'* have
vielded equivocal results as to whether dairying was an Eneolithic
or Bronze Age mnovation i the North Caucasus. H ere, through
the identification of taxonom ically infom ative peptides from the
m ik-specific protein BLG ,we confim ed sheep m 1k consum ption
by Eneolithic ndwviduals at the sites of Progress 2 and Kurganny 1.
N otably,wc found thatdairy consum ption w as cvidentam ong indi-
viduals lacking A natolian ancestry, such as PG 2001%, dem onstrat-
ing that the adoption of dairying by North Caucasian transitional
foragerswas already underw ay during the late fifth m illennium be,
which precedes Yam naya expansions by am illennum .

Maykop and Steppe Maykop dairy focused on sheep not cattle.
W ith the startof the ourth m illennium be,we bund a contnued
reliance on dairy pastoralism revealed by ubiguiious evidence of
m ik consum ption am ong all tested M aykop and Steppe M aykop
ndividuals, further clarifying the high dependence of these groups
on anim al products*#'. Surprismgly, how ever, the dairy econom y
retamed an apparent focus on sheep. A lthough sheep are known
1o have been i portant livestock for these groups™ ', cattle feature
more prom inently at M aykop m ormary sites. They are m odelled
nto gold and silver fizurines”, and an cm phasis on the pow cr and
m obility of cattle is visible in funcrary offcrings of cattle crania,
yokes and nose rings representing oxen team . C attle also appear
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in bone assem blages at M aykop settlem ents” . The perishability of
them ajor sheep secondary products ofm ik and wool, in con trast
to the high visibility of cattle-associated m aterial culure and skel-
ctal rem ains, m ay have contributed to a biased understanding of
the relative m portance and roks of these hvestock atEarly Bronze
Age sites™ .0 ur tosu lts suggest that cattle w cre not i portant dairy
livestock during this period and that there was probably a shamp
division I livestock use am ong the M avkop and Steppe M aykop
groups’,w ith sheep being the prim ary targetsolfdairying and cattle
mainly bemg used for traction and as a sign ilier of social iden tity
and slalus.

Dairy livestock diversified during Middle Bronze Age. A change
In dairying strategy o focus on m ore livestock species comcides
with the Yam naya horizon. Follow ing the M aykop period,m obil-
ity expanded ever further w ith Yam naya groups,who becam ¢ the
first pem anently m obile pastoralists'™#4* A lthough two early
Yam naya ndwviduals analysed here yielded evidence of only sheep
m ik product consum ption, a m ore diversified profile com prising
sheep, goat and cattle m ik was observed for a late Yam naya ind i-
vidualat the sitc of Zobtarcvka (Z0 2002). This trend tow ards reli-
ance on a broader range ofdairy livestock continued and intensified
durme the M ddle Bronze A ge,when we observed a generald ver-
sification of pastoralist diets o mclude sheep, goat and cattle m il
routinely. M ost mdividuals of the M iddle Bronze A ge Catacom b,
NCC,LaleNCC and Lolaculiurestested in this study consum ed the
dairy products of wo or three livestock species. Palacoecological
studies have ndicated that clim ate began w© shift during the late
Yam naya phase,which also comcided w ith the first appearance of
the Catacom b and NCC groups®. Before this, the clim ate experi-
enced by the M avkop,Steppe M aykop and early Yam nayawasm ore
favourable* and conducive to regular, short-distance annual
m obility*’* . Subsequent arid ification encouraged increased m obil-
ity, resu lting in the exploitation of a w ider range of steppe environ -
m cnts beyond the traditional Yam naya culural sphere to support
livestock herds™*. The shift to m orc diverse dairy heds i the
North Caucasus ako overlaps in tim e w ith Yam naya expansions
nto southeastern Europe, as well as the paralle]l rise and expan-
sion of the Conded W are com plex across northeastem and central
Eumwpe’, suggesting thal these evenls m ay be relaled 1o bwoader
changes occurring w ithin steppe and brest-steppe pastoralist soci-
eties at the tm e. 0 ur results suggest that an mitial d iversification
ofproduction strategies to mchide sheep, goat and cattlem ik m ay
have functioned as an adaptation to an mcreasmgly wrbulent eco-
logical setting,but this subsequently kd to overgrazing and lasting
dam age to pastures due to ground com paction, soil nutrient loss
and decreasing plantbiom ass™ A ttheend of the third m illenn um

bc,comcidmg with the em ergence of the Lola culure, an ntensi-
fied drought caused deflation and salinization of the soils in the
alrcady dw ind ling regionalw atersheds™ . During the Lola period,
water-dem anding cattlem ay have decreased in dairying im portance
from the preceding C atacom b and NCC periods,asonly one of six
Lol mdwiduals vieded evidence forcattlem 1k consum ption .A fter
1700 be, the sleppe and piedm ont zones of the Northem C aucasus
appear lo have been largely depopulated until the ninth or eighth
century be™ ™', whereas pastoralist groups contmued to occupy
the high plateaus of the C aucasusM ountains™.

Post-Bronze Age adoption of horse milking. In our dataset, we
found no evidence of horse m ik consum ption until the ninth
century be, when Early Iron Age groups repopulated the North
Caucasus steppe and piedm ont zones™** . H orses arew elladapted to
steppe environm ents, and recent palacogenom ic research has iden-
tificd the low erD on—Volea region ,possibly ascarly as them id-sixth
m illennium bc, as the dom estication centre of the DOM 2 horscs
thatcharacterize present-day lincages™* .From thePleistocenc until
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the Bronze A ge,horseswere hunted on the Pontic—C aspian steppe
and have long been sym bolically represented n figurines and ritual
deposits™ . Horses are also useful for steppe pastoralists because
of their digging (tebenevka) reflex, which allows them to graze
through thick snow deposits, thereby opening up winter pasture
for rum nantw™* . In the North Caucasus, skeletal rem ains of the
ancestorsofDOM 2 horses are sporadically found in steppe kurgans
from the Late M aykop period onw ards™, but the ol of horses in
these pastoralist societies is unclear. The first undisputed evidence
ofhorse traction dates o ca.2000 be al the sile of Smtash la east of
the Urals, where elaborale horse chariot burials have been found
mn M ddle and Late Bronze A ge kurgans™**". Earlier Bronze A ge
wagons, such as those associated w ith the Late M aykop, Yam naya
and Catacom b cultures, had been pulled by oxen team 5. H erdng
on horseback,which m ay have begun ca. 2200 bc with the selec-
tion of traits suitable for ridmg”, woul have enabled ndividual
pastoralists to con trolm ore livestock atone tm e and 1o access pas-
mresacross aw iderarca’™ . Later,horses becam e particu larly prom i-
nent in the archacological record of Early Tron A ge Seythians and
Sam atians,who uscd horses for cavalry™”. In addition to traction
and riding,horscs can also be exploited form ilk ,which 18 trad ition -
ally fom ented to produce an aleoholic beverage in contem porary
Eurasian steppe cultures™' . However, the origh othorse m iking
is not known. Isotopic evidence from lipids I pottery suggests
that Przew alskfs horses, reflecting a separale dom estication lin-
eage (DOM 1Y%, m ay have been m iked as early as them id-lourth
m illennium be at the site of Botai n northem K azakhstan®#, It
isunclear what, if any, mfluence early m kg at Botaihad on the
m anagem ent of DOM 2 lineages, the ancestors ofm odem dom es-
tic horses. Currently, the earliest proteom ic evidence ofhorsem ik
consum ption com es from wo indwidualsw ith problem atic dates at
theBronze A ge site ofK rivivansky IX in the LowerD on region” and ,
later, at the Late Bronze A ge site of U liastaiD ood D enzh bcated in
M ongolia,where the dental caleulus of an ndiwvidual dated to ca.
1200 be with Sintashta-related ancestry yicked cvidence of horse
m ik proteins’.D espite an apparent carly presence ofhorsem ik-
ing atK rivivansky IX ,dating to the third ,orpossbly ourth,m illen-
num be,we ound no otherevidence othorsem ikmg n theN orth
Caucasus region durme the Early, M ddlk or Late Bronze Age.
Rather, ils late appearance in ourdatasel suggests thathorsem iking
wasahighly Im ited activity while d verse dom estication pathw ays
unfoled ,and horseswere used forvariouspurposes.Horsem iking
m ay have been pem anently established i the northem C aucasus
only after a later reintroduction by pre-Seythian groups during the
firstm illennum be . reek texts, such as Thelliad, later referred to
these pre-Scythian steppe nom adsashorsem ik drinkers™,

Macroregional perspectives on the spread of dairying The
Pon ticC aspian stcppe hag bong been recognized as am ajor centre
for pastoralist mnovation .H crew ¢ show thatdairying w as an carly
and cnduring fecatre of the pastoralist cconom y not only in the
Northemn Caucasus,butalso in the South Caucasus. In ourdataset,
weobserved the earliestevidence otm ik consum ption in the South
Caucasus at A khantepe, a Late Chaleolithic site with Leilalepe
ceram ics™'. The conlem porancous Leilatepe and Early M aykop
culures share m any [awres” ™, butwe bund that the agropasto-
ralists atA khantepewerem 1k ng cattle,whereaswe observed only
sheep m iking at Early and Late M avkop sites m the north. Sheep
and cattle have different ecologicalneeds, and, m particular, sheep
require less water and can survive harsher w mters than cattle. As
such,environm ental factors m ay have plaved a role n influencing
the selection of dairy livestock in these wo regions. During the
third m illennum be, it is known that the econom 1c m portance of
pastoralism mecrcased m the South Caucasus,cspecially during the
Kura—A raxcsperiod™ ,butwedid nothave corresponding sam ples
o cxam e this.A Ithough steppe culturalelem ents,such askurgans

(burialm ounds), had been present in the South C aucasus since the
Late Chalcolithic®, kurgans greatly mcreased during the M iddle
Bronze Age”, and we next observed dairy product consum ption
at the M iddle Bronze A ge fortified agropastoral site of Qlzqala,
with rum nantdairy protcing present in both individuals analysed
for this study. A Ithough M iddle Bronze Age cultures in both the
North and South Caucasus lareely becam ¢ fully m obik to support
their herds”, the inhabitants of Q1zgala relied on a more fexible
subsistence stralegy that mclided both settlem ent occupation and
seasonalm ovem ent of livestock™”" .0 ur resulls show a reliance on
dairy technology for subsistence lor thesem obile pastoralisis.Next,
we found evidence of sheep m 1k consum ption by one mdividual
from an mtrusive Late Bronze/Early Iron A ge burialassociated w ith
the K hojaly—=G adabay culture at the N eolith ic site of G Hytepe. This
1s the earliest unequivocal evidence of sheep m ik mg m our South
Caucasus dataset, Later,during the G reco-Rom an era,we observe
evidence of sheep, goat and cattle m ik at( abala, a site associated
w ith com plex and intensive agricu lure aswellasw ith localherding.

Despite cultural interaction with adjaccnt com m unitics of the
Pontic—Caspian steppe, com m unitics in the O ka—VoleaTDon for-
csted regions m amtamned cconom ics based on hunting, gathering
and fishing that were particularly suited to local ecozones. Stable
isotope studies suggest that this was the prevailing econom ic strat-
egy until the end of the third m illennium be during the M ddle
Bronze A g¢™** when O ka—Volga—D on com m unities transitioned
o agropastoralist subsistence® A lthough populations lurther o the
east, beween the Volga R iver and the UralM ountams, practiced
rum mant dairying from ca, 3000 be onw ards’, the near-com plete
lack of evidence for rum mant m ik consum ption from the seven
individuals representing the O ka—Volga—D on region i our study is
consistentw ith a late introduction of ram mnantdairying westof the
Volea, despite the fact that dom esticated anm als were ntroduced
in sm all quantities during the late fourth m illennum be. Here,
only onc Catacom b-associated mdwidualw ith cultural nks to the
steppe zone, recovered from  the sitc of Rovenka, yickded rum nant
m ik proteins,which were sourced from sheep,goats and cattle.

In parallel to the expansion of pastoralism to the forest=steppe
zone, contact and adm wture with late fam ne groups m east-
em Europe, such as CucutenrTrypillia and G bbular Am phora,
resulled n am ixed fom ofagropastoralism w ith heavy reliance on
pastoralism ™, ollowed by a subsequent eastw ard expansion of the
Corded W are com plex during the third and early second m illennia
be,which is also attested by archaeogenetic data** . This sphere of
nflience nchides Fatyanovo/Balanovo and subsequent A bashevo,
Smtashta, Andronovo, and Srubnaya groups”, and mdividuals
associated with these culmires share very sm ilar genetic profiles.
W eanalysed two mdividuals Iinked to the Srubnaya culture at the
M idd ke to Late Bronze A ge site ofN ep lyuyevka in the region castof
the U ralM ountains and identificd cvidence of rum nantm ik con-
sum ption . Futurc work com bining palacogenom i and palacodi-
ctary rescarch could help to better clarify the relationships betw cen
these popu lations and the nature and spatio-tem poral patteming of
dairy technologies n this region.

Conclusion

Proteom icanalysisofhum an dentalcalculushas revealed adynam ic
trajectory of dairy pastoralism m the North Caucasus steppe and
adjacent regions from the Eneolithic to the G reco-Rom an periods.
Dairyingwas mtegral for the spread ofan m alhusbandry by groups
crossing the Caucasusm ountamns from south to north durmg the
Eneolithic,and itwasquick Iy adopted and furtherdevelped into an
effective and sustainabk technolbgy—dairy pastoralisn —byneigh-
bourmg steppe com m un ities. This mnovation fomm s the basisofthe
Eurasian steppe hicstyle that contmucs un til today, Initial pastoral-
ist strategics focused on sheep dairying and cattle traction ,w hereas
fillym obile pastoralism arose for the first tin eduring the Yam naya
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period. D eterioratmg ¢lm atic conditions challenged steppe herd-
ers during the M iddk and Late Bronze A ges, who responded by
diversifying their set of dairying livestock and expanding their
herding range, until the steppe was ultin ately abandoned in the
m id-sccond m illennum be. Later, follow mg a centurics-long hia-
s, the steppe w as repopu lated by Early Tron A ge pastoralists who
practised horsem iking.The turbulent thirdd m illennium be,during
which vast stretches ofEurasia experienced socialand dem ographic
upheaval, isnow com ng into sharper focus.C lm atic pressures and
the needs of dairy herds allered how pastoralists used the North
Caucasus steppe and m ay have contributed to the heightened
m obility of third-n illennum -be steppe herders, whose descen-
dants spread acrossEurasiaw ithm the span ofonly a few centuries.
Future research on the genom es of ancient dairymg livestock and
additionaldental caloulus proteom es from adjacent steppe popula-
tionsnorth of the Black Sea and eastofthe U ralsw illhelp to further
clarify the origins and dispersals of dairying breeds and practices
that prom oted the lasting cultural and subsistence traditions that
reshaped the Eurasian steppe zone and profound ly transfom ed the
Bronze A gc Eurasian workld .

Methods

Sampling. D entalcaleulus sam pling w as perform ed on site at archaeo bgical
instimtions and m useum s and in adedicated ancientbiom olecules laboratory
atthe M ax Planck Instintte for the Science of Hum an H istory (4 PI-SHH ).

D isposable nitrike gloves were w am durmg collection ,and caleulus w as

sam pled usmg den talcureues thatw ere replaced or cleaned w ith isopropano]l
betwcen sam ples.C aleuluswas collected onto welghme paper and stored In

m icrocen trifige tubes, Sam pleswere further unalysed at theM PI-SSHH ancient
proteom ics laboratory,w here they wereweighed and subsam pled before
profein extraction . Approxin ately 5—13m gofdentalcalculiswas used for
each protein analysis.

Radiocarbon dating. A 01alol24 new radiocarbon daleswerc oblamed

by acceleratorm ass spectom etry olbone and woth m aterialat: the
Curt-Envehom Zentrum A rchiiom etrie in M annheim G em any; the Finnish

M useum ofNamralH istory (Hela) in H elsinki,Fin land ; the O xford R ad iocarbon
Accelerator Unit in O xford,United K inedom ;and the Russian A cadem y of
Sciences m M oscow ,Russia.lncalibrated dateswere snceesstu v obtamed for
allbutone tested sam ple (Supplem entary D ata 1).An additonal 21 previously
published radiocarbon dates or ndividuals n this swdy were also com piled and
analysed ,m ak g the otalnum berofdirectly dated mdividuals o this study

38 (45 wtaldates). D ateswere calibrated using O xCalv4 4™ w ith the IniCalR0
am ospheric curve®’.

Liquid chromatography—tandem mass spectrometry and data analysis

A rchacobgicaldentalcalonlus sam ples from 45 mdwiduals and 5 extraction
non-lem plate controls were processed usmg a flier-aided sam ple-preparation
polocol.m odificd orancientprotens (hitps/fdolore/10.17504 /potocols.

0 7vwhnTe). In brief, dental cakuliswasdem meralized m 05M EDTA Land
proeinswere solbilized and reduced using SD' S Iysis buffer (4% SDS,0.1M
DTT,0IM TrisHCIy.Bufferexchange m 8M urea and totalprotein isolation
were perform ed usmg aM icrocon 30 kD a centrifugal filer unitw ith an

U ltrace1-30m em brane (M 1llpore), kallow ed by akylaton usmg wdoacetam de.
Tollow ng buller replacem entw il tricthylam m onium bicarbonale (TEAB;
005M ), the protemswere digested ovem igh tw ith scquencing-gradem od ified
trypsin (Prom ega) at 37 C . Peptides w ere recovered by centrifugation in TEAB
and acid ified w ith trifiomoacetic acid to pH <3 and desaled using C 18 stage
tips (Pierce). Peptideswere analysed by liquid chrom atography—tandem m ass
spectrom etry using a Q) -Exactive m ass spectrom eter (Them o Fisher Scien fic)
coupled to an ACQU ITY UPLC M € lass system (W aters AG Yat the Functional
Genom jesCenler Zurich of the Un iversily/BTH Zurich. Spectra were acquired
from 3001 J00m/zw ith an autom atic gain contol tgetof3 x 10°,4 resolution
of 70000 (at 200m/zy and am axim um injection tm ¢ of110m 5. The quadrupole
isolated precursor onsw ith a 2 0m/zw ndow ,a 5 x 10* autom ated gain control
valieand am axim um filltm e of 110m s.Twelve of them ost intense precursor
ions foreach M S, scan were fragm ented via high collision dissociation with a
nom alized collision energy of 25, scanned w ith a resolution of 35000 (a1 200m/z)
and a fixed firstm ags 0l200m/Z. 40 ntensity hreshold of9.1x 107w as applicd
forM S, sclection ,and sngly charged onswere excluded Filter criteria forM S,
selection were an intensity threshold 0f91x 10°,and unassigned, singly chareed
ionswere exclided. Selected precursor ionswere putonto adynam ic exchision list
for30s.For liguid chrom atography, the solvent com position at the tvo channels
was (L% fom icacid i water for channeld and 0.1% fom ic acid i aceton itrike
lorchannelB.Next,4uloleach peptide sam plew as oaded on o a trap colum n

820

(Symm etry C 18,1004 Spm , 180um x 20mm W aters AG yw ith a fow rateof
I5ulm ™" ol99% solventA lor60saloom tem perature. Peplides eluting from
the lrap colum now ere relocused and separaled on a C18 column A SST3IC18,
100A 18um ,75um x 250m m ;W atersAG ). The colim n tem peratre was 50°C .
Peptideswere separated over 73m in w ith the ollow ng pradient:8-22% sokentB
n49m n,22-32% sokentB in 1lm i and 32-95% solentB in Sm in.The colim n
was cleaned with 95% solventB forSm in after the separation and re-equilibrated
atloadmg condition or8m i before mitializing the next run . Poten tial
contam mation wasm oniored using extraction blanks.

Tandem m ass spectra were converled oM ascot generic files by M SC onvert
version 3011781 using the 100 m ost intense peaks in cach spectra. A Ll tanden
m ass spectrom etry sam pleswere analysed using M ascot (M atrix Science,version
260).M ascotwas setup to search the Sw issProtRelease 2019_08 database
(560823 entriesyassum ing the digestion enzym e trypsin,w ith autom atic decoy
option .M ascotw as searched w ith a fragm ention m ass olerance of0 050D a and a
parentlion wlranceol 100 ppm . The num berolm issed cleavagesw as speeilied as
one.Carbam Hom cthylofcysicine was specified m M ascotas a fixed m od ification .
D eun idation of asparagine and ghitam ne and oxidation ofm ethionine and proline
were specified in M ascotas variable m odifications.

Scaffold version 490 (Proteom e Softw are Inc.)wasused to validate
potein and peptde dentifications foreach sam ple.Peptide iden tification s
were accepled il they could be established at greater than a 90% probability
by the PeptideProphetalgorithm (Prolem identificationsw ere accepted if
they could be established ata arcater than 95% probability and contamed at
least two unigue peptides. Pobabilities for proteinsw ere assigned using the
ProteinProphetalorithm . Proteins that contained sin ilar peptides thatcould
notbe differen tiated based on tandem m ass spectrom etry analysisalonewere
gouped to satisty the principles ofparsm ony,and protens that shared significant
peplide evidence were grouped mio clusters, Peptide iden tilication sw ere
accepled il they could be established aLa greater han 90% probability using the
PeptideP mophet aleorithm ' w ith Scaffold delta-m ass correction . Ind ividual proten
and peptide false discovery rates are listed in Supplem entarvData 3.

Reporting Summary. Further infom ation on research desien is available in the
N atwre Research Reporting Sum m ary lnked to thisarticle.

Data availability

Raw data files are available through the Proteom eX change Consortium via the
PRIDE parmer repasitory under accession PDX027728. Source data are provided
wilh this paper,
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Although the key role of long-distance trade in the transformation
of cuisines worldwide has been well-documented since at least the
Roman era, the prehistory of the Eurasian food trade s less visible.
In order to shed light on the transformation of Eastern Mediterra-
nean cuisines during the Bronze Age and Early Iron Age, we ana-
lyzed microremains and proteins preserved in the dental calculus
of individuak who lived during the second millennium BCE in the
Southern Levant. Our results provide dear evidence for the con-
sumption of expected staple foods, such as cereals (Triticeae), ses-
ame (Sesamum), and dates (Phoenix). We additionally report
evidence for the consumption of soybean (Glydne), probable ba-
nana (Musa), and turmeric (Curcuma), which pushes back the ear-
liest evidence of these foods in the Mediterranean by centuries
(turmeric) or even millennia (soybean). We find that, from the
early second millennium onwards, at least some people in the
Eastern Mediterranean had access to food from distant locations,
induding South Asia, and such goods were likely consumed as oils,
dried fruits, and spices. These insights force us to rethink the com-
plexity and intensity of Indo-Mediterranean trade during the
Bronze Age as well as the degree of globalization in early Eastern
Mediterranean cuisine.

proteomics | Bronze Age | Eastern Mediterranean | spike trade |
early globalization

ong-distance trade across Eurasia has played a major role in
nnecting distant societies throughout recorded history, with

the silk and spice trade being emblematic for early globalization
(1-3). Recent decades of archaeological research have demon-
strated the deep prehistory of these trans-Eurasian exchange
networks and support a much earlier onset of globalization,
known as “Bronzization” (4), which traces its roots to the Bronze
Age during the third millennium BCE. The increasing impor-
tance of bronze served as a major impetus for the establishment
of extensive trade contacts (5), which were largely driven by the
uneven distribution of highly valued raw materials, such as tin,
camelian, and lapis lazuli (6-8). In addition to these raw mate-
rials, finished objects—as well as technologies, practices, and
knowledge—were also conveyed over unprecedented distances.
The major corridors of exchange connected Eurasia both by land
across the Eurasian steppes and Iranian Plateau and by sea from
India to the Near East via both the Persian Gulf and the Red Sea
(9, 10). These networks served fo link the major Bronze Age
river valley societies of Egypt, Mesopotamia, the Indus Valley,
and Central China to neighboring cultures in the Levant, the
Arabian Peninsula, the Iranian Plateay, and the Central Asian
oases (11-13). Such trade networks also further extended into
Anatolia, the Aegean, and throughout South and East Asia
Despite periodic disruptions of some trade routes (14), the

Www.pnas.or gkgidod10.1073/pnes 20149561 17

intensity of exchange gained momentum during the Middle and
Late Bronze Ages of the second millennium BCE (15-17).
During this period, bronze was produced on a large scale across
Eurasia (4, 5, 18), and urban societies and early states linked by
these trade routes developed a rapidly growing interest in exotic
goods, including plant and animal products. In the early first
millennium BCE, such trade networks had effectively linked
West and East Asia, and several economically important crops
had become widely dispersed throughout the continent (Fig 1,
and S1 Appendix, Fig. S1).

Evidence for Long-Distance Trade of Material Goods and Animals.
During the second millennium BCE, textual evidence in the
Near East attests to a large amount of goods being transported
over great distances. For example, cuneiform tablets from the
Assyrian trade post of Kane$ (Kanesh) in Anatolia record car-
avans of hundreds of donkeys regularly transporting goods be-
tween the Mesopotamian city of AfSur (Assur) and Central
Anatolia during the 19%th andl18th centuries BCE (19, 20).
Starting with the expansion policy of Thutmosis I11 (15th century
BCE) into the Levant, the flow of goods and people in West Asia

Significance

Here we report the identification of staple and exotic food
remains in Bronze and Early Iron Age dental calculus from the
Southern Levant. The analysis of dietary plant microremains
and proteins sheds new light on consumed exotic foods from
South and East Asia during the second millennium BCE. We
provide the earliest direct evidence in the Mediterranean to
date for the consumption of sesame, soybean, probable ba-
nana, and turmeric. The recovery and identification of diverse
foodstuffs using molecular and microscopic techniques enables
a new understanding of the complexity of early trade routes
and nascent globalization in the ancient Near East and raises
questions about the long-term maintenance and continuity of
this trade system into later periods.
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Fig. 1. Map of representative archaeobotanical evidence for the spread and trade of food crops priar to 500 BCE. See 5 Appendlx for data sources. Map inset
shiows the location of the sites of Megiddo and Tel Erani on the southern Levantine coast; new dietary finds reported in this study are indicated for each site.

intensified, which is documented most prominently in the fa-
mous Amarna letters (21). Ancient literary sources and illus-
trations also reference long-distance journeys to foreign lands to
obtain exotic goods, such as ivory, ostrich eggshells, ebony, and
frankincense. Among the most well-known of these accounts is
an expedition initiated by the Egyptian queen Hatshepsut to the
land of Punt {probably located in the Horn of Africa region) in
the 15th cenmry BCE (22, 23). In addition, evidence for long-
distance trade between the Near East and the Indian suboonti-
nent is growing for the second and third millenninm BCE (8 24),
and includes written accounts (25-27), seals and stone weights
{8, 28-30), shell, lapis lazuli, and carnelian jewelry (8, 24, 31, 32),
and timber and ivory (33, 34).

Live animals were also transported long distances. Zooarch-
aeological and isotopic analyses have identified the movement of
donkeys from Egypt to the Southern Levant during the third
millennium BCE (35), and ancient DNA analysis has docu-
mented the transport of pigs from [taly to the southern Greek
mainland (36) and from the Aegean to the Southern Levant
during the second millennium BCE (37). In addition, depictions
of zebu {Bos tawrus indicus ), a humped subspecies of catile native
to South Asia (38), kave been found in Mesopotamia as early as
the third millennium BCE (39), and a clear depiction of a zebu
(Fig. 2) appears on a bichrome ceramic vessel from the southern
Levant dating to 16th century BCE, the same period when de-
pictions of zebu also become common in Egypt (39). Zooarch-
seological study of faunal remains and genetic data further
confirm the presence of zebu cattle in the Levant during the
second millennium BCE (37, 40), and genetic evidence suggests
possible taurine-zebu hybridization at the site of Megiddo at
approximately 900 BCE (37). Monkeys depicted in 18th and 17th
century BCE frescoes at Akrotiri on the Aegean island of Thera
were recently identified as South Asian gray langurs (Senmopi-
theeus sp.), with a probable origin in the Indus valley (41), and
the identification of dermestid khapra beetles (Trogoderme
gmnariunt) that had infested a wheat deposit from a Middle
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Kingdom (2050 to 1710 BCE) Egyptian tomb at the site of el-
Gebelein points in the same direction (42). At the same time,
other animals, such as domestic chicken (Gallus gallus domes-
ticus ) were brought from East Asia to the Near East (possibly via
South Asia) and displayed a exotic curiosities and used for
cockfighting. Sporadic evidence of chicken occurs in Anatolia,
Iran, Syria, and Egypt as early as the third millennium BCE, and
by the late first millennium BCE some sites in the Levant appear
to have economically specialized in chicken husbandry (43)

Evidence for Long-Distance Trade of Culinary and Economic Plamts.
Although evidence for the movement of durable goods and an-
imals is richly attested by historical and archaeological evidence,
direct evidence for culinary and economic plants is more limited,
Plant remains are highly perishable, and only certain conditions
lead to macrobotanical preservation, which may be biased with
respect to plant type or part (44). Nevertheless, plant remains,
such as charred seeds, have documented the eastward spread of
wheat and barley across Eurasia during and afier the late fourth
millennium BCE (45), as well as the westward spread of millet
cultivation from East Asia during the third millennium BCE (9,
46, 47). Macrobotanical and microbotanical evidence also con-
firm the establishment of citron (Citries medica), a fruit tree of
South/Southeast Asian origin (48, 49), as an important crop in
the Levant and Egypt by the first millenmium BCE (50-52), al-
though it may have been first introduced into the Eastern
Mediterranean as early as the fourth millennium BCE (53, 54).
Melon (Cucumis melo), another important crop of South Asian
origin (55), was also culiivated in the MNear East during the
Bronze Age. Textual references to melons appear in third mil-
lennium BCE Sumerian texts, and melons and cucurbits are
depicted in Egyptian tombs from the Old Kingdom onwards (54,
56, 57). Cucurbit seeds have been reported in Near Eastern ar-
chaeological contexts as early as the sixth century BCE (54), but
finds prior to the first millennivm BCE are less secure in their
taxonomic assignment (56).

Scoft et al.
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Fig. 2. konographic representation of a zebu an a bichrome ceramic vessel from Tel Gerisa, brael, 16th century BCE (photo courtesy of Zeev Herzog).

Beyond grains and fruits, there is also growing evidence for a
spmtndabetween South Asia and the Eastern Mediterranean.
This is supported by recent findings from organic residue anal-
ysis, including evidence for vanillin (58) and possibly also cin-
namon (59), mitmeg, and jasmine { 60), although evidence for the
latter three spices requires further confirmation. Whereas many
aspects of this early trade remain unknown, some extraordinary
finds leave no doubt that an Indo-Mediterranean spice trade
already existed during the Bronze Age (6, 9, 59). Peppercoms
used in the mummification of Ramses II in 1213 BCE, for ex-
ample, are native to southern India (61-63), and cloves, origi-
nally from Indonesia, were found at Terga, Syria dating to 1720
BCE (64, 65), having likely followed an indirect route to Mes-
opotamia via South Asian trade routes (30, 66). Both of these
examples highlight the extent of Indian Ocean trade during this
period, despite the declining influence of the Indus Valley and the
restructuring of political networks throughout the region (33).

Emerging Picture of a Dynamic and Complex Exchange Network.
While the details of Bronze Age trade remain patchy, the
overall evidence points toward the existence of a dynamic and
complex exchange network connecting the Mediterranean with
South Asia and beyond during the Middle Bronze Age (ap-
proximately 2000 to 1550 BCE), Late Bronze Age (approxi-
mately 1550 to 1200/1150 BCE), and Early Iron Age/lron Age [
{approximately 12001150 1o 1000 BCE). Here we aim to explore
the transformation of eastern Mediterranean cuisine as a con-
sequence of Bronze Age globalization by analyzing microscopic
and maolecular traces of food remains in human dental calculus, a
calcified form of dental plaque, from the Southern Levant during
the second millennium BCE (Table 1). We focus on two sites,
the Middle to Late Bronze Age urban center of Megiddo (17th
to 15th centuries BCE) and the Early Iron Age site of Tel Erani
{11th century BCE) (Fig 1). In total, we analyze dental calculus
from 16 individuals: 13 from Megiddo (81 Appendix, Fig. 52) and
3 from Tel Erani (8] Appendix, Fig. 53).

Scott et al.

During the Middle and Late Bronze Age, Megiddo was a
major urban center in the Southern Levant, and it was embedded
within long-distance networks and ruled by local kings. We se-
lected Megiddo because it had already yielded supgestive evi-
dence for exchange with South Asia in the form of both zebu
genetic evidence (37) and vanillin residues (58). In this study,
we analyze individuals from a variety of mortuary contexts,
including pit burials, brick-lined pit burials, pithos burials,
masonry-constructed collective tombs, and a recently excavated
Middle Bronze Age royal tomb containing the so-called “king”
(MGD001) and “queen” (MGDO002) of Megiddo (51 4Appendix).

Dating to ~500 y later in time, the Tel Erani cemetery is one
of the few Early [ron Age cemeteries excavated to date in Israel
(81 Appendix). Although the related settlement is less under-
stood, the cemetery has been associated with the “Philistine”
occupation at the Southern Levant from the 12th century BCE
onwards. In contrast to Megiddo, where several individuals
sampled by us derived from high- or highest-status burial con-
texts, the individuals from Tel Erani instead appear to represent
the rural general population of the Early Iron Age in this region.

By analyzing the two sites, we aim to gain a broader perspective
on Levantine cuisines during the second millennium BCE, a pe-
riod that witnessed the blossoming of Middle Bronze Age city
states, periods of Egyptian domination and retreat during the Late
Bronze Age, and the emergence of the so-called Philistines at the
onset of the Early Iron Age during the 12th century BCE

Results

Plant remains were abundant in the Megiddo and Tel Erani
dental calculus, and plant microremains and proteins were ob-
served in all 16 dental calculus samples, Of these, probable di-
etary microremains were identified in all 16 analyzed samples (51
Appendix, Table 81), and included phytoliths consistent with
wheat (Triticmn), panicoid/millet (Panicoideae), and date palm
(Phoenix sp.). Dietary proteins were observed in 5 of 14 analyzed
specimens (81 Appendix, Table 52), and consisted of 19 dietary
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Table 1. Overview of dietary findings
Individual Burial Context* Microremains Dietary proteins
Megidda, Middle Bronze Age Ill to Late Bronze Agel, n= 13
MGD001 Tomb 50 "King"; elite masonry chamber tomb Poaceae, cf. Triticum, Phoenix (date palm), None
(triple burial); ca. 1650-1550 BCE Arecaceae urspecific (paim), bark, eudicot
MGD002 Tomb 50 "Queen"; elite masonry chamber tomb Poaceae, eudicot None
(triple burial); ca. 1650-1550 BCE
MGD006 Tomb 16/HAS Double pit burial; ca. 1550-1450 BCE Poaceae, eudicot None
MGD007 Tomb 16/HMS Double pit buriat ca. 1550-1450 BCE Poaceae None
MGDO08 Tomb 12/K/89 Pit burial; 1496-1320 BCE Poaceae, eudicot None
MGD009 Tomb 12/K/9%6 Double pit burial; ca. 1650-1400 BCE Poaceae, cf. Triticum, Triticeae, eudicot None
MGDO010  Tomb 12/K/96 Double pit burial; 1638-1413 BCE Poaceae, Triticeae, eudicot None
MGDO11 Tomb 14K/ Stone-lined cist, exotic grave goods; Poaceae, cf. Triticum, Phoenix (date palm), Sesamum,
119, lower 1688-1535 BCE eudicot Triticum/Aegilops
MGDO013 Tomb 10K/118 Triple pithos burial; ca. 1650-1400 BCE Poaceae, Phoenix (date palm), eudicot, bark Not analyzed
MGDO16  Tomb 14/K/49 Double brick-lined pit Burial; 1509-1432 BCE Poaceae, eudicot None
MGDO17 Tomb 100  Masonry chamber tomb with corbelled roof,  Poaceae, Cyperaceae, Phoenix (date paim), None
many commingled individuals; exotic grave Arecaceae (palm), eudicot
goods; ca. 1650-1400 BCE
MGDO18 Tomb 100  Masonry chamber tomb with corbelled roof, Poaceae, eudicot, Triticeae Curcuma, Glycine
many commingled individuals; exotic grave
goods; ca. 1630-1550 BCE
MGDO021 Tomb 50  Elite masonry chamber tomb (triple burial); ca.  Poaceae, Triticeae, Phoenix (date palm), Not analyzed
1650-1550 BCE eudicot
Tel Erani, Early ron Age, n =3
ERAQOS Burial L2091 Burial offering of one juglet; ca. 1100-1000 BCE Poaceae Sesamum
ERAO17 Burial L2160 Burial offering of one Flask; ca. 1100-1000 BCE  Poaceae, Cyperaceae, eudicot, panicoid cf. Mus
millet
ERAD23 Burial L2181 No burial offerings; ca. 1100-1000 BCE Poaceae, eudicot Sesamum

*Dates are provided as relative dates (marked with “ca.”) or alibrated radiocarbon dates (24). See Dataset S1.

proteins from cereals (TriticumiAegilops), oilseeds (Sesamum,
Glycine), fruits (Musa), and spices (Curcuma).

Microremains. Microremains were analyzed from all 16 individ-
uals, including 2 individuals (MGDO013 and MGD021) with in-
sufficient calculus to conduct proteomic analysis (S/ Appendix,
Table S1 and Datasets S2 and S3). Representative examples of
the dietary microremains observed in the Megiddo and Tel Erani
dental calculus are provided in Fig. 3. Both the Megiddo and Tel
Erani individuals produced microremains assemblages consisting
of three main components: 1) Dietary microremains, most no-
tably phytoliths (84 total morphotypes, 4,983 phytoliths), but also
starches (333 granul&c). 2) nondnewy remains, such as fibers;
and 3) ambiguous microremains, such as fungal particles, char-
coal particles, and other remains of unknown or ambiguous or-
igin (Dataset §2). The abundance of microremains observed
across individuals was highly variable (SI Appendix, Fig. S$4),
ranging from 9 (MGD007) to 1,795 (MGDO0O1).

Phytoliths, a robust and abundant type of plant microfossil,
allow the identification of vascular plants, and among angio-
sperns (flowering seed plants), they primarily form in monocots,
particularly in members of the plant family Poaceae (grasses,
including cereals). In contrast, magnoliids, eudicots, and other
angiosperms (which include most fruits and vegetables) tend to
form few phytoliths, while gymnosperms (nonflowering seed
plants) produce even fewer (67). The dental calculus phytoliths
observed in this study corresponded to these expected propor-
tions (51 Appendix, Figs. 54 and S5) and were predominantly
derived from the leaves, stems, and husks of wild or domestic
Poaceae (SI Appendix, Fig. $6), totaling 2,551 phytoliths, plus an
additional 916 unspecific Poaceae phytoliths (S/ Appendix, Table
S1). Smaller numbers of morphotypes from other monocots
such as Cyperaceae (sedges) and Arecaceae (palms), as well as
eudicot fruitleaf phytoliths and nondiagnostic bark (angiosperm
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or gymnosperm), were identified in 13 individuals (5! Appendix,
Fig. §7), totaling 245 phytoliths (S/ Appendix, Table S1). Starch
granules were rare in all samples, except ERA23 (S] Appendix,
Fig. 54), even in samples not exposed to heat during protein
extraction, and few could be identified. However, individual
starch granules consistent with Triticeae were found in ERA023,
MGDO18, and MGD021 (S7 Appendix, Table S1). In addition, we
found 26 other types of microremains whose origins are either
ambiguous (pollen, fungal particles, diatoms, foraminifera, sponge
spicules, charcoal, fibers, insect fragments) or possible contami-
nants (skin scales) (Datasets S2 and S3). These microremains were
not further analyzed.

Among phytoliths assigned to Poaceae, all morphotypes that
form in grasses were represented, including those forming in
epidermal short cells, long cells, bulliforms, hairs, papilla, and
stoma (Dataset 52), in both single-cell and articulated forms.
Grass phytoliths predominantly belonged to the pooid group
(n = 432), but a smaller number of single-cell short cells could be
assigned to the chloridoid (n =51) and panicoid (n = 10) grass

(Sfdmmdu. Fig. $8). Although most phytoliths could not be

1o spedific wild or domesticated sources, the assemblage is

consistent with grain consumption, and 105 articulated dendritic types

were identified in 8 individuak (ERAD17, MGDO001, MGD002,

MGD009, MGDO010 and MGDO11, MGDO017, and MGD021).

Among these, 10 articulated husk phytoliths consistent with

Triticum (wheat) were identified in MGD001, MGD009, and

MGDO11, and 5 short cells (wide lobed bilobates) deriving from

Panicoideae grasses (e.g, millets) were found in ERA017 (87
Appendix, Table S1 and Dataset S2).

Cones representing sedge (Cyperaceae) leaf were found in
MGD001, MGDO017, MGD(21, and ERA017 (S Appendix, Fig
§7 and Table S1). Such cones form in a variety of sedge cells, in-
cluding sedge achenes and achene bracts cells. Palm (Arecaceae)
phytoliths were identified in five individuals (S/ Appendix, Table SI).

Scott et al.



A total of 12 globular rugulate/echinate phytoliths of date palm
(Phoenix) were observed in MGD001, MGDO11, MGDO13,
MGDO017, and MGDO021, and phytoliths from another unknown
species of palm were also detected in MGD001 and MGD017
(Datasets S1 and S2). Globular echinate palm leaf phytoliths are
known to be a particularly resilient morphotype (68). Finally, 217
plate, jigsaw, sclereid, tracheid, and related phytoliths from
eudicot epidermal tissue were identified in 14 individuals, in-
cluding a single Megiddo individual (MGDO001) with 3 jigsaw
morphotypes displaying protuberance decorations thought to
originate from the eudicot epidermal tissue of fruit and seeds (S/
Appendix, Fig. $7 and Datasets S2 and S3) (69).

Proteomics. Total protein was extracted from the dental calculus
of 14 individuals. Protein recovery was variable, but all samples
yielded proteins typical of an oral microbiome (57 Appendix, Fig
S9 and Dataset S4) and contained damage-associated modifi-
cations (N,Q deamidation) (S/ Appendix, Table S3) consistent
with ancient samples. Dietary proteins were identified in 5 in-
dividuals and consisted of 19 proteins from 5 plants of known
dietary importance: wheat (Triticum/Aegilops), sesame (Ses-
amum), soybean (Glycine), banana (probable Musa), and tur-
meric (Curcuma) (Fig. 4 and SI Appendix, Fig. S10 and Table
$2). Detailed information regarding the identified peptides and
peptide spectral matches (PSMs) for each protein is provided in
Dataset S5.

‘Wheat proteins were identified in a single individual from
Megiddo (MGDO011) and consisted of two major seed proteins:
a-amylase inhibitor (AAI) and low molecular weight (LMW)
glutenin, AAI makes up ~4% of the protein content of wheat
and is highly resistant to heat or proteolytic digestion (7). The
identification of AAI was supported by three PSMs, with two
PSMs matching specifically to either Triticum aestivum or Aeg-
lops rauschii (a wild progenitor of T. aestivum), while the third
peptide was less specific and is also found in Hondeum (barley).
LMW glutenin, a major gluten protein, was identified with the
support of 3 peptides and 13 PSMs. Gluten proteins make up

~80% of the total proteins in whole wheat flour, and LMW
ghutenin accounts for 20 to 35% of the gluten protein content (7).

Sesame proteins were identified in one individual from
Megiddo (MGD011) and two from Tel Erani ,ERA023)
mdmmedonpumemmppmedWamlalofmpephdesand
78 PSMs: 11S globulin and 2S albumin seed storage proteins.
These two seed storage proteins are tissue-specific and expressed
during seed maturation. Together, they make up most of the
protein in sesame seeds, accounting for 60 to 70% and 15 to 25%
of total seed protein, respectively (72).

Soybean was identified in a single Megiddo individual (MGD018)
and is supported by 30 PSMs specific to the proteins glycinin, an
11S storage protein, and p-conglycinin, a 7S storage protein. These
two proteins are the primary storage proteins in soybean seeds,
and together they make up ~65% of the total soybean protein
content (73). In addition to these two seed storage proteins, we
also identified two peptides supported by two PSMs specific to
soybean sucrose-binding protein, another member of the seed
storage protein super

We identified endo-l}-ﬂ-ghmnase. an enzyme important in
fruit ripening, in a single individual from Tel Erani (ERAD17).
This protein was supported by two peptides, of which one is
highly specific to banana (Musa or Ensete), while the second is
found in Musa and a number of other flowering plants, but not
Ensete. Of the two plants, only members of Musa produce edible
fruits, while Ensete (Abyssinian banana) is consumed for its
starchy pseudostem and corm. The fruit of ripe bananas contains
few proteins but relatively high concentrations of p-glucanases
(74), which are highly resistant to heat and proteolytic degra-
dation (75). Because this protein is expressed in fruit and peel
and increases in abundance as the fruit ripens (76, 77), we ten-
tatively identify this enzyme as originating from Musa. However,
the enzyme is also expressed in generalized stress response, and
thus is also present in diseased and injured plant tissues. Taken
together, the identification of Musa is most strongly supported,
but Ensete cannot be fully excluded.

Fig. 3. Microremains in Megiddo and Tel Erani dental calculus. (A) Articulated Poaceae husk phytolith, identified as wheat (MGDO001). (B) Poaceae stemdeaf
phytolith (MGD001). (C) Poaceae short cell rondel (MGD0O1). (D) Wide-lobed bilobate short cell identified as panicoid (ERAD17). (E) Poaceae polylobate short
cell (MGDO0O01). (F) Cone phytolith identified as sedge leaf (MGDO18). (G) Spheroid echinate identified as date palm (MGDO0O1). (H) Spheroid echinate phy-
tolith, identified as nondiagnostic palm (MGD001). (/) Polyhedral plate phytolith, identified as eudicot (MGD011). (/) Decorated jigsaw phytolith, likely from
fruit (MGDO001). (K) Spheroid psilate phytolith, ide ntified as bark type (MGDO001). (L) Damaged Triticeae starch in brightfield, with Inset showing an absence of

birefringence in cross-polarized light (MGD010). (Scale bars, 20 pm.)
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Finally, we identified the turmeric protein furmerin, supported
by three peptides and four PSMs, in a single individual from
Megiddo (MGDO18). Turmerin is an a-amylase/trypsin inhibitor
that belongs to the leguminous kunitz-type serine inhibitor
family of proteases. It has known antioxidant activity (78) and
also plays a role in plant defense. Although making up only (L1%
of the dry-weight of turmeric, it is one of the most stable tur-
meric proteins, being resistant to heat, digestive enzymes, and
UV irradiation {78).

Discussion

Among the identified dietary taxa, wheat and date palm were
expected finds, as wheat has been a staple crop in the Levant
since the seventh millennium BCE (79) and date palm fruits have
been comsumed and traded since at least the fifth millennium
BCE (54, 57, #0). Moreover, date palm seeds and leaves have
been previously recovered from Late Bronze I burials at
Megidpda {81). Microfossil remains of both crops have been
previously identified in the Bronze Age Levant (§2-84), and here
we identified both wheat and date palm phytoliths, as well as
wheat proteins, including a major wheat gluten.

Sesame and millet, although not unexpected, are important
new finds, These nonlocal domesticates from South and East
Asia, respectively, spread to West Asia during the Bronze Age
(85), but their arrival in the Levant is less well understood. To
date, the oldest remains of sesame seeds (Sesamum indicum)
have been found at Harappan sites in the Indus Valley (2500 to
2000 BCE), but charred and desiccated seeds have also been
sporadically recovered at sites in the Near East since the late
third millennium BCE (86, 87). The Akkadian word “Zamas-
Sammil,” which refers to an oil plant (possibly sesame), appears
in cuneiform texts from 2400 BCE onwards (B7-8Y), and al-
though questioned in the past, the identification of sesame seeds
in the tomb of Tutankhamun (14th century BCE) is now con-
sidered credible (90). We found robust evidence for mmltiple
Sesamum proteins in individuals at both Megiddo and Tel Erani,
suggesting that by the second millennium BCE, sesame had be-
come a staple oil-bearing crop in the Levant.

We identified Panicoideae phytoliths consistent with dietary
millets in a single individual at Tel Erani. Although not identi-
fiable below the taxomomic level of subfamily, the Eurasian
grasses Setaria and Panicurn and the African grasses Sorghum
and Pennisetum are possible candidates, Among these, Sorghum
and Pennisetrn are unlikely, as there is no evidence for the
dispersal of sorghum into the Levant prior to the medieval pe-
riod (54), and although African pear] millet (Pennisetum glau-
curt) had spread from East Africa o South Asia by the mid-
second millennium BCE (91, 92), there is no evidence for its
cultivation in the MNear East. In contrast, Asian broomcorn
(Panicum miliscenm) and foxtail (Seteria ftafica) millets are
known to have reached western Eurasia via Central Asia (93, 94)
by the second or possibly third millennium BCE (54, 95), al-
though likely no earlier based on recent radiocarbon dating and
collagen stable isotope studies (96). Within the Near East, cur-
rent macrobotanical evidence supggests that §. irafica and P.
miliaceum millets fonctioned as minor crops from the first mil-
lennium onwards (54, 97-100), and this is consistent with our
identification of the panicoid phytoliths at Iron Age Tel Erani.

In contrast 1o the crops above, the consumption of soybean
(Glyeine), probable banana (Musa), and turmeric (Curcuintg
longa) were unexpected finds. Soybean cultivation was unknown
in this region before the 20th century CE and, like millet, its
domestication center was near the Yellow River in Central
China, where it was cultivated as early as 7000 to 6500 BCE
{101). However, soybean, like sesame, is a major oil plant, and its
oil could have been transported over long distances, Exotic oils
are frequently mentioned in Old Babylonian, Akkadian, and
Egyptian texts (102-104). However, many of the plants from
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which they derive remain untranslated or unknown; for example,
it is still disputed whether Egyptian “bag oil” refers to olive oil,
moringa oil, or to the oil of another plant (103). There was high
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Fig. 4. Representative MSMS spectra of selected dietary peptides. (&)
Sesamum, 115 globulin protein (MGDO11 ) (B) Faticumidegilops, LMW glu-
tenin (MGDO11). (C) Musa, f-1.3 glucanase (ERADTT). (D) Curcuma, turmerin
(MGDO18). (E) Glycine, sucrose-binding protein (MGDO18).
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demand for oils of different flavor and origin in ancient Meso-
potamia and Egypt, where such oils played vital roles in cuisine,
medication, bodycare, and illomination. Furthermore, they were
part of a broad spectrum of daily and ritual practices, where
they were used, for example, to anoint objects and embalm the
dead (103-106). Recent X-ray computed tomography imaging
of archaeological soybeans indicates that oil content was a
major target of selection during domestication, and cultivars
with high oil content were prevalent in China by approximately
2000 BCE (107). The relative scarcity of evidence for soybean
in the archaeological record might be explained by its pre-
dominant use as an oil combined with a lack of organic residue
analysis on relevant material and/or the difficulty of differen-
tiating plant oils through lipid analysis. Proteomics has been
previously shown to be a powerful tool for identifying archae-
ological oils and fats (108), as plant oils and rendered animal
fats produced using preindustrial techniques generally contain
resi:Fm] proteins. %E identifying suangq:vicfmne f}ysaﬁ:ea.n
seed proteins in dental calohs, we confirm that Megiddo indi
vidual MGDO18, who was also baried with other exotic grave goods
{Table 1 and 87 Appendix), likely had access to soybean oil, and we
further demonstrate the utility of proteomics as a method for
identifying exotic oils in the Near East that otherwise leave few
ical fraces.

Banana (Musa) was domesticated during the fifth millenninm
BCE in New Guinea (109) and by the first millennium BCE had
dispersed under human cultivation as far west as Cameroon in
West Africa (110, 111). However, reconstructing the intervening
cultivation and trade of bananas has proven particularly difficult
to trace through the archaeological record. Banana fruit is highly
perishable and domesticated bananas are seedless (reproducing
instead by cuttings), and thus there is a strong bias against the
recovery of banana macrobotanical remains, Phytoliths represent
the principle method employed to trace early banana use, but
banana phytolith recovery from archacological contexts is gen-
erally low, perhaps due to the limited number of phytoliths
produced by the plant, the lack of liths in the consumed
mesocarp, and other taphonomic factors (112, 113). Direct evi-
dence of banana, in the form of phytoliths, kas been found at
three Indus sites dating to the late third millennium {114-117),
placing the crop in South Asia by that date. The earliest
reported archacobotanical evidence for banana in the Near
East is desiccated fruit pulp recovered from a vessel in an
Egyptian 18th Dynasty tomb (15th ct. BCE), but the identifi-
cation is highly contested (118, 119). Other scholars have ar-
gued for an introduction of banana in the Arabian peninsula
prior to the ninth century BCE (120), but the first secure
identification of Musa in the Near East consists of a banana leaf
found in an Egyptian tomb at Antinoé dating to the fifth cen-
tury CE (121), long after the crop had already spread further
west to become a staple in West Africa (110, 111). The pre-
historic spread and use of banana in South and West Asia re-
mains poorly known, in large part due 1o preservation biases.
Our identification of a major banana fruit-ripening protein in
the dental calculus of individual ERAOLT at Tel Erani lends
support for either the banama being present in the Levant by the
first millennium BCE or a mobile individual (e.g., a merchant or
seafarer) who comsumed banana during his lifetime in South or
East Asia before being buried at Tel Erani. This identification,
although only supported by two peptides, is nevertheless specific,
and within the broader banana family Musaceae the peptides are
consistent only with Asian bananas (Musz), to the exclusion of
other related plants, such as the African enset (Enusete), also
known as the Abyssinian banana, The protein itself, which is
abundant in ripening fruits, is also supportive of a Musa froit
identification, as the fruits of the Abyssinian banana are inedible
and only the starchy portions of the psendostem and corm
are consumed.

Seott et al.

The Asian tropical plant family Zingiberaceae contains mumerols
economically useful plants used for food, spices, medicines, dyes,
and perfumes (122, 123). Among these, the rhizomes of the genus
Curcuma are consumed as foods in South and Southeast Asia,
of which domesticated mrmeric (C. fonga) is among the most
important and widely used. Turmeric starch grains have been
identified in both cattle dental caleulus and pottery at the
Harappan site of Farmana, dating to between 2600 and 22(0)
BCE ({124-126). Turmeric has multiple uses as both a spice and
a cloth dye (72), and early medical texts in China and Indiaalso
report its use as a medicinal (127). Within the Near East, the
earliest references to turmeric appear during the seventh cen-
tury BCE in Assyrian cuneiform medical texts from Ashurba-
nipal’s library at Nineveh { 128), but no archaeological evidence
has been found prior to the [slamic period during the 11th to
13th centuries CE (1). Our identification of Curctona protein at
the site of Megiddo suggests that it was already present or ac-
cessible to individuals in the Levant as early as the mid-second
millennium BCE. Interestingly, turmeric protein was identified
at Megiddo in the same individual (MGDO18) whose dental
calculus contained soybean protein, This individual was buried
in a wealthy collective tomb containing exotic goods (Table 1
and S Appendix), suggesting that this individual was either well
connected with trading activities or may have even been a
merchant or trader themself. As such, the individual may have
consumed foods seasoned with turmeric or prepared with soy
oil in the Levant, in South Asia, or elsewhere.

Owerall, the plant microremains and proteins identified in
dental caleulus from Megiddo and Tel Erani point toward the
existence of a dynamic and complex exchange network connecting
the Mediterranean with South Asia during the second millennium
BCE that outlived the dramatic socio-political transformation and
associated shift from centrally organized trade during the Bronze
Age to diverse smallscale trade entrepreneurship from the Early
Iron Age onwards. Historically, archaeologists and historians in the
Mear East have relied on texts, iconography, and macrobotanical
remains as their primary sources of information in reconstructing
the region’s cuisine and trade conmections. However, these ap-
proaches alone can be limiting Although the text base is rich,
including both cuneiform texts and papyri, many of the attested
plant-related terms cannot yet be translated or fully understood,
despite being transliterated. Iconography, while providing vivid
images of the past, can lack the botanical detail necessary to make
conchisive identifications, and macrobotanical remains are gener-
ally strongly biased toward grains and other seeds, especially those
that have been carbonized. While important, these methods can
miss oils, fruits, and spices that are unlikely to carbonize and which
may have been traded in small quantities or in already processed
powdered or liquid forms,

Here we demonstrate the utility of combining microscopic and
molecular techniques to reveal a broader range of foodstuffs that
include both staple grains, as well as oils, fruits, and spices that
otherwise leave behind little macrobotanical evidence. In par-
ticular, we found that plant phytoliths primarily reflected bulk
dietary items, and were dominated by high levels of grass phy-
toliths, most likely deriving from wheat, but alko including
probable millets. We also identified palm phytoliths, almost
certainly from date fruit. All of these resources are monocots,
reflecting their tendency to be well represented by phytoliths, In
contrast, protein analysis revealed a wider diversity of foods and
is better at identifying plants with low levels of silicification and
therefore few phytoliths, especially if they are protein-rich. Al-
though the modes of protein preservation and incorporation in
ancient dental calculus are still under study, most of the proteins
we identified were either protease inhibitors or belonged to the
seed storage protein superfamily. Both types of proteins are
highly stable against proteolysis and thermal processing, traits
that may increase their likelihood of survival in archaeological
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caleulus. These same traits can also contribute to their potential
allergenicity (129), and many of the identified proteins are also
known allergens. In addition to being resilient, several of the
proteins we identified, especially seed proteins, are also highly
abundant in the foods from which they originate, and similar
seed siorage proteins have been previously identified in Neo-
lithic pottery residues (130) and in dental calculus from the
medieval and postmedieval periods (131-133).

The identification of sesame, soybean, banana, and mrmeric
proteins in Megiddo and Tel Erani dental calculus points 1o the
need to reevaluate the current evidence for the second millen-
nium BCE Indo-Mediterranean trade, Previous suggestions of
such a trade network between India and Egypt were largely ig-
nored due to the limited physical evidence (119, 134). However,
such evidence is now growing, and thus earlier identifications of
plants {eg., jasmine, nutmeg, cinnamon ), both from archasologi-
cal remains and from texts, should be reconsidered. The broader
body of evidence for exotic goods, which also inchudes zebu cattle,
chickens, citron, melon, cloves, millet, vanillin, peppercorns,
monkeys, and beetles, points to a pattern of established trade. The
individuals from Megiddo, tomb 100 {(MGD017, MGDO18) not
only had access to exotic food, but were also buried with precious
grave goods (Dataset 52), which might indicate a higherstatus
position or the collective burial of members of a trading house.
Such traders and travelers may have transported cargoes of ani-
mals, spices, dried fruits, oils, and perfumes via different routes,
either overland through Iran and the Central Asian oases or by sea
across the Indian Ocean to either the Red Sea or Persian Gulf
or both.

This study highlights the potential of microscopic and molecular
methods to reveal elements of trade and cuisine that otherwise
leave few archaeological traces. As detection methods continue to
improve, there will likely need to be a fundamental reconsidera-
tion of the dimensions and complexities of Bronze Age trans-
Eurasian trade. Although named for a metal that is highly visible
in the archasological record, the process of Bronzization was likely
a much broader phepomenon that also linked cuisines and econ-
omies across Borasia,

Materials and Methods

Excavation. All individuak analyzed in this study were excavated and docu-
mented in their anchaeological context fraom the sites of Megiddo and Tel
Erani within the last decade {Dataset 51). An archasological and anthropo-
lagical averview of each burial is provided in 51 Appendix. Buriak have been
dated using radiometric methods andfor associated grave goods.

Sampling. Dental caloculus sampling was performed in a clean laboratory at
the Tel Aviv University Megiddo excavation anchives and at the Tel Erani
excavation storage facility of the krael Antiquity Autharities. Nitrile glowves
were warn during collection, and caloulus was sampled using dental cure ttes
that were replaced or cleaned with sopropanal between samples. Cakoulus
was collected onto weighing paper or aluminum fall and packaged indi-
vidually, Samples wene received at the Max Planck Institute for the Science of
Human History ancient proteomics laboratary, where they were weighed and
subsampled prior to protein extraction. Approximately 5 to 10 mg of dental
caloulus was used for protein analysis, and 05 to 2 mg of caloulus was
subsampled and transferred into 1.5mg Eppendorf tubes for analysks by
microscopy. These samples, along with nine pellets remaining after protein
extraction were trarsported to the Max Plandk Institute for Evolutionary
Anthropology for analysis of microremains.

Microremains. Prior 1o analysis, we first tested for the presence of surface
contaminants in a subset of samples (n = 2; MGDO02, MGDD1E) by per-
forming a staged decalcification to compare the relative abundance and
compasition of surface and interior microremains (135, 136). We found
surface contamination to be negligible (5 Appendix, Fig. 511), and so pro-
ceeded to process the remaining samples.

Ta extract the microremains we added ~1 mL of 0.5 M EDTA to decalcify
our preweighed dental caloulus samples that were in 1.5-ml Eppendorf
tubes under a Bio Alr Aura Mini laminar flow in the Department of
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Primatology at the Max Flanck Institute for Evolutionary Anthropology,
Lelpzig. Sampleswere left in EDTA until decalcification was complete, which
varied from a few hours to a few days. In two samples (MGDOO2 and
MGDO16) we performed a predecalcification to separate microremains on
the outside of the caloulus pieces from the interior (staged decalcification)
(& Appendix). The samples were then centrifuged at 2,000 x g for 10 min
(Roth Minicentrifuge) and EDTA was removed from the samples by pipetting
the supematant. This process was repeated three times. Then 25% glycerine
for mounting was added to the tube. In addition to analyzing whale caloulus
plems, cellular debris pellets left over after protein extraction (see next sec-
tion) were ako analyzed for ERADDS, ERAD1T, ERAD23, MGDOO1, MGDODZ,
hAG DS, MGDOTY MGDO11, and MGDO1T. For these pellets, 100 pl of 25%
ghycerine salution was slowly added to the tubes 1o avaid spillage loss due to
foaming of residual 505 from protein extradion. For all samples, 20 pL of each
sample were mounted on glass slides with 18 = 18 or 22 = 22mm coverslips
depending on wolume The mounting was performed in a laminar flow hood
and examined under brightfield and cross-polarized light on a Zelss Axioscope
microscope at 400 magnifiation (Num. Aperture = 0L95). Microremains wene
analyzed by examining the whaole slide and any encountered microremains
were photographed, desoribed, and documented using the procedures de-
scribed in S1Appendix, Ewidence of Long-Distance Trade in the Ancient Worid,
and Procedures for Micoremalns Analysis.

Proteomics. Protein extractions were performed on 14 dental caloulus samples
uwsing a filter-aided sample preparation protocol modified for ancient pro-
teins (see publshed protocol at hitpsyews protocolsiofiewiancient-
proteinsextraction-protocol-Fvwhn 7e). Samples were extracted and diges-
ted alongside negative extraction blanks in order to monitor for potential
labaratory contamination. Cellular debris pellets left over after protein ex-
traction were set aside for microscopic examination of microremains (see
abowve section). Extracted peptides were analyzed by LC-MSMS wsing a
Q-Exactive mass spectrometer (Thermo Scentific) coupled to an ACQUITY
UPLC M-Class system (Waters) at the Functional Genomics Center Zurich of
the UniversitywEidgendssiche Technische Hochschule Zurich (51 Appendix).
Injection blanks were ako run between e ach sample in onder to identify and
reduce potential carmyover acros samples. MS/MS spectra were converted to
Masmot generic files by MSConvert v3.001 1781 wsing the 100 mostdintense
peaks in each spedra, All MSAS samples were analyzed wsing Mascot (M atrix
Science v2.6.00. Mascot was set up to search the SwissProt Release 2019 08
database (560823 entries) and Uniprot Trembl 2017 07 (88032926 se-
quences) asuming the digestion erzyme trypsin, with an automatic decoy
option, Mascot was searched with a fragment lon mass talerance of 0050 Da
and a parent jon tolerance of 100 PPM. Carbamidomethyl of cysteine was
spedfied in Masot as a fixed modification. Deamidation of asparagine and
glutamine and oxidation of methionine and proline were specified in Mascot
as variable modifications. All protein identifications wene established at a
protein fabe-dscovery rate of less than 3.0% and peptide fabe-dboovery rate
of less than 1.0% wsing the Protein Prophet algorithm (137) implemented in
the software program Scaffold (version Scaffold_48% Proteome Software).
Dietary proteins were filtered at a minimum of 95% protein identification
probability, Additionally, only proteins with a minimum of two unique
peptides with at least one specdes-specific peptide were accepted (Dataset
55). Proteins that contained similar peptides that could not be differenti-
ated on the bask of M5MS analysk alone were grouped to satisfy the
principles of parsimony. Proteins sharing significant peptide evidence
werne grouped into clusters. Mo dietary proteins were found in the ex-
traction blanks, which contained only reagents, such as porcine trypsin,
and known laboratory contaminants, such as collagen, keratin, orbacterial
proteins. Representative MS'MS spectra of selected dietary proteins are
provided in 5/ Appendix, Fig. 510. A complete list of all identified dietary
spectra s provided in Dataset 55,

Data Availability. Protein spectra have been deposited to the ProteomeXdhange
Comsortium via the PRIDE partner repository (hitpsyfsswebl sculdpride)
under the dataset identifier PXD0O2 1458,
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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 archaecological 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, AS;-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 (-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
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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 7™ and 6™ 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 (Martinez et al. 2015; Sanchez 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 AS;-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
141 TPEVDDEALEKFD153 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
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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, tarmerin (II) Musa, B-1,3 glucanase (I1I) Gallus, Ovalbumin (IV)
Glycine, sucrose-binding protein (SBP) (V) Glycine, 7S globulin (VI) Sesamum, 2S albumin (VII)
Sesamum, 11S globulin (VIIl) Triticum/Aegilops, low molecular weight (LMW) glutenin (IX)
Triticum/Aegilops, a-amylase/trypsin inhibitor (AAI). (X) Bovine, a-lactalbumin (A-LAC) (XI)
Equus, B-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
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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 B-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-f} scaffold pattern formed from intermolecular
B-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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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 B-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.
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8.2.1.b. Amyloid fibrils are extremely stable and highly resistant to degradation

Although morphology is variable, all amyloid fibrils share a cross-f sheet motif and
structural repetitiveness where PB-sheets lay parallel to the fibril axis and B-strands within
individual sheets are arranged perpendicular to the central fibril axis (Cao and Mezzenga
2019). A dual B-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-B 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 P-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
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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 B-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-§
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 B-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
B-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 AS;-CN can form AFs even at
physiological pH, purified AS;-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 B-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
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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 B-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 B-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 (Sanchez 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 B-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, 141 TPEVDDEALEKFD;s3, 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 '® VLVLDTDYK !¢, 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, B-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, B-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
AS-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 B-barrel domain contains an abundance of amyloidogenic regions in
most plant species

8.2.3.b. Amyloidogenic regions
Amyloidogenic regions promote the B-sheet structure formation required for fibrillation '*8,
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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 B-sheet secondary structures and asterisk (*) corresponds to aggregation
prone segments, predicted using AMYLPRED?2 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 B-barrel
structures, formed from B-sheets, are particularly rigid and stable. In fact, many plant lectin
proteins form the same compact B-barrel structure. Interestingly, proteins belonging to the
lipocalin protein family, including [B-lactoglobulin, also contain a similarly conserved
antiparallel B-barrel structure (Crowther et al. 2016). This may explain the frequency of
recovered peptides that correspond to B-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 B-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 [-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 -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 B-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 (Sanchez 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 B-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 B-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 -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 o-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 -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 AS;-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 -
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 1SEVLTPLKWYQSIy 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 HCI 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 3-
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 B-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 [-sheet structures that provide structural support for
biomineralization (Liu et al. 2017a). Both MSI60 and silkmapin proteins display [B-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 a-helical native structure, it is converted into
the B-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 B 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 AMYLPRED?2
(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 B-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 Ist
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 Fahigkeit, Biomolekiile auf der Oberfliche der
Ziahne alter Menschen zu binden und zu konservieren, wodurch ein direkter Nachweis fiir den
Verzehr bestimmter Nahrungsbestandteile erbracht werden kann. Zu den Zielen dieser Arbeit
gehoren die Gewinnung und Identifizierung von Nahrungsproteinen sowie die Erlangung
eines tieferen Verstindnisses der Faktoren, die die potenzielle Konservierung und
Gewinnung alter Proteine aus Zahnstein beeinflussen. Wahrend Milchproteine hdufig aus
altem Zahnstein geborgen wurden, ist die Gewinnung von Nicht-Milchproteinen aus
Nahrungsmitteln extrem selten gewesen. Ein besseres Verstindnis der Faktoren, die den
Einbau, die Wiedergewinnung und die Identifizierung alter Proteine aus Zahnstein
beeinflussen, ist notwendig, um das Potenzial von paldoproteomischen Studien iiber alte
Erndhrung zu erhdhen.

In Manuskript A wurde menschlicher Zahnstein von Personen, die wihrend der irischen
Hungersnot im Kilkenny Union Workhouse starben, mittels Mikrorest- und Proteomanalysen
untersucht. Die Proteinanalyse wurde im Rahmen dieser Arbeit durchgefiihrt, wahrend andere
Forscher die Mikrospurenanalyse durchfithrten. Wir haben unsere Ergebnisse mit diesen
Aufzeichnungen verglichen, um festzustellen, inwieweit unsere Ergebnisse die schriftlichen
Quellen iiber die Nahrungsmittel, die den Menschen zur Verfiigung standen, die im
Arbeitshaus lebten und sich vollstindig auf die ihnen zur Verfiigung gestellte Hilfsnahrung
verlieBen, bestitigen oder ergéinzen konnten. Unsere Ergebnisse lieferten Beweise fiir den
Verzehr verschiedener Lebensmittel, darunter Hafer, Kartoffeln, Mais, Weizen, Eier und
Milch. Mikropartikel, die fiir Pflanzen wie Mais, Gerste, Weizen, Hafer und Kartoffeln
spezifisch sind, wurden ebenso gefunden wie das Milchprotein B-Lactoglobulin und das
Hiihnerei-Protein Ovalbumin. Diese Ergebnisse stimmen mit historischen Berichten iiberein.
Obwohl Hiihnereier in den historischen Berichten iiber die verfligbaren Nahrungsmittel nicht
oft erwdhnt 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 Uberreste der frithesten bisher entdeckten Bewohner
von Xinjiang, die aus der Zeit zwischen 3000 und 1700 v. Chr. stammen. Wir prisentierten
sowohl genomische als auch proteomische Ergebnisse. Die Proteinanalyse wurde im Rahmen
dieser Arbeit durchgefiihrt, wihrend der genomische Teil von anderen Forschern
iibernommen 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 iibereinstimmt, mit einem zusdtzlichen lokalen Beitrag, wihrend die
Individuen aus dem Tarimbecken nur eine lokale Abstammung haben. Unsere proteomischen
Daten des Zahnsteins von sieben Individuen aus den frithesten 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 Griindung auf die
Milchwirtschaft angewiesen war. Unsere Ergebnisse konnten frithere Hypothesen {iber die
Herkunft der Mumien aus dem Tarimbecken nicht bestitigen. Stattdessen deuten sie darauf
hin, dass die friihesten Kulturen des Tarimbeckens aus einer genetisch isolierten lokalen
Bevdlkerung hervorgingen, die trotz ihrer genetischen Isolation bereits Technologien der
benachbarten Hirtenvolker iibernommen hatte.

In Manuskript C untersuchten wir mit proteomischen Methoden die Lebensgrundlage von

119



Individuen, die im Nordkaukasus und den umliegenden Regionen des Siidkaukasus, der Oka-
Don-Wolga und des Uralgebirges vom Eneolithikum bis in die Romerzeit bestattet wurden,
indem wir Milchproteine aus ihrem Zahnstein identifizierten. Frithere archdologische und
archdogenetische Beweise deuten darauf hin, dass die pontisch-kaspische Steppenzone die
Region ist, in der sich die ersten mobilen Hirtenvilker zusammenschlossen und ausbreiteten
und schlieBlich die Bevolkerungen in ganz Eurasien beeinflussten. Uber ihre wirtschaftlichen
Grundlagen und die Faktoren, die zu ihrer erhohten Mobilitdt beitrugen, ist jedoch wenig
bekannt. Unsere Proteinergebnisse zeigen, dass das Melken von Schafen schon bei den
frithesten Formen des eneolithischen Pastoralismus im Nordkaukasus vorkam. Spiter, im 4.
Jahrtausend v. Chr., konzentrierten sich auch die Maykop- und frithen Yamnaya-
Bevolkerungen ausschlieflich auf Schafsmilch. Wir beobachten eine wirtschaftliche
Diversifizierung der Milchviehherden, die mit der Aridifizierung wihrend der nachfolgenden
spaten Yamnaya- und Nordkaukasus-Kulturphasen zusammenfillt, gefolgt von einer
schweren Klimaverschlechterung wéhrend der Katakomben- und Lola-Periode. Die hohe
Mobilitdt in der mittleren und spédten Bronzezeit konnte auf den Bedarf an zusitzlichem
Weideland zur Fiitterung der Herden zuriickzufiihren sein. Spéter, in der Eisenzeit, wurde die
nordkaukasische Steppe wieder besiedelt, und wir finden Belege fiir die Haltung von
Schafen, Ziegen und Rindern sowie fiir die Einfiihrung der Pferdemast.

In Manuskript D untersuchten wir den Zahnstein von Individuen, die an den bronze- und
eisenzeitlichen Fundstitten Megiddo und Tel Erani in der siidlichen 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 durchgefiihrt,
wihrend andere Forscher die Mikrorestanalyse durchfiihrten. Wir konnten das Vorhandensein
von Grundnahrungsmitteln wie Weizen, Hirse und Dattelpalme bestdtigen. Auflerdem fanden
wir eindeutige Beweise flir Sesamsamenproteine, die bestédtigen, dass Sesam in der Levante
im 2. Jahrtausend v. Chr. zu einer wesentlichen Olpflanze geworden war. Wir haben auch die
frithesten direkten Belege fiir das Gewiirz Kurkuma gefunden, die den frithesten schriftlichen
Aufzeichnungen iiber dieses Gewiirz in der Region um etwa 900 Jahre vorausgehen. Wir
haben auch Belege fiir den Verzehr von Sojaproteinen gefunden. Wir haben glaubwiirdige
Belege fiir die Banane in der eisenzeitlichen Levante gefunden, die eine wichtige
geografische Verbindung zwischen den Urspriingen der Pflanze in Neuguinea (5. Jahrtausend
v. Chr.) und ihrem Auftauchen in Westafrika (Kamerun) im ersten Jahrhundert v. Chr.
herstellen.

SchlieBlich 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 moglichen Mechanismen der Proteinkonservierung
in archdologischen Kontexten vorgestellt.
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study with input from CW AS and JH. AS provided the analysis of the proteomic portion of
the study.

Contribution of the doctoral student to figures reflecting experimental data (only for
original articles): Proteomic figures in the Supplemental data were generated from the
analysis provided by AS. JG, MT, and AS composed the manuscript with contributions from
JH and CW. Figure 1 in the manuscript was an historical illustration provided courtesy of the
National Library of Ireland. Figure 2 of the manuscript depicted data generated and analyzed
by MT.

Unterschrift Kandidat/-in Unterschrift Betreuer/-in (Mitglied der Fakultét)
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Short reference : Zhang et al. (2021), Nature

Contribution of the doctoral student: AS contributed the proteomic component of the
study, with feedback from CW.

Contribution of the doctoral student to figures reflecting experimental data (only for
original articles):

The final three figures in the manuscript represented the genomic data generated for the
manuscript, and therefore, AS did not contribute to these figures. Extended Figure 5. was
generated using data from the analysis provided by AS.
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manuscript.
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co-author. Figure 3 was made using the data generated from co-author RP. Figure 4 was
made using original data generated by AS. AS and CW designed the figure. CW illustrated
the figure with feedback from AS.
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