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A N T H R O P O L O G Y

Ancient protein analysis in archaeology

Jessica Hendy1,2

The analysis of ancient proteins from paleontological, archeological, and historic materials is revealing insights 
into past subsistence practices, patterns of health and disease, evolution and phylogeny, and past environments. 
This review tracks the development of this field, discusses some of the major methodological strategies used, and 
synthesizes recent developments in archeological applications of ancient protein analysis. Moreover, this review 
highlights some of the challenges faced by the field and potential future directions, arguing that the development 
of minimally invasive or nondestructive techniques, strategies for protein authentication, and the integration of 
ancient protein analysis with other biomolecular techniques are important research strategies as this field grows.

INTRODUCTION

Ancient protein analysis can be defined as the identification and 
study of proteins from archeological, historical, and paleontological 
remains and materials. Although work in the field stretches back to 
the 1950s, methodological advances in the field of mass spectrome-
try (MS) since the 2000s have revolutionized the scope and diversity 
of applications. In particular, techniques based on MS, generating 
protein sequence information, as well as insights into ancient pro-
teomes (paleoproteomics) and metaproteomes are being applied to 
a diversity of paleontological and archeological materials in history 
and prehistory. While the analysis of proteins has somewhat lagged 
behind that of ancient DNA (aDNA), recent applications to arche-
ological and paleontological samples beyond the limit of DNA pres-
ervation as well as more nuanced insights into cultural heritage and 
ancient lifeways are increasingly revealing the utility of ancient protein 
analysis.

Reviews of potential best practices (1), the application of ancient 
protein analysis to evolutionary studies (2, 3), art and cultural heritage 
objects (4), and MS approaches in paleoproteomics (5) have recently 
been presented. In contrast, this review will highlight the diversity 
of applications of ancient protein analysis in the field of archaeology 
and, after outlining some of the identification strategies used for 
ancient protein identification, will focus on the application of this 
technique to distinct themes: subsistence practices and ecologies, 
osteobiographies and individual lifeways, material culture analysis, 
as well as studies of human evolution. Additionally, this review will 
highlight some of the challenges and potential future directions of 
this growing field, arguing that key areas for future research include 
investigations of protein survival and degradation, the development 
of minimally destructive or noninvasive techniques, and the integra-
tion of multiple biomolecular techniques in archeological science.

APPROACHES IN ANCIENT PROTEIN IDENTIFICATION

There is a diversity of methodologies used for the identification of 
ancient proteomes, metaproteomes, peptides, and amino acids. While 
there are multiple techniques for identifying the general presence of 
protein (or a proxy for protein), such as Fourier transform infrared 
(FTIR) [e.g., (6)], total organic content [e.g., (7)], and nitrogen con-
tent [e.g., (8)], this review will discuss some of the main analytical 

techniques used in protein identification, including the identifica-
tion of individual amino acids (the building blocks of protein), 
individual target proteins by immunoassay analyses, techniques in 
proteomics (the analysis of a suite of proteins in a biological unit), 
and metaproteomics (the analysis of proteins from multiple taxa). 
While all of these techniques continue to be applied in studies of 
ancient proteins to varying degrees, the invention and adoption of 
MS markedly altered protein identification approaches in archaeology 
and paleontology.

Amino acid analysis
The survival of proteins in archeological and paleontological mate-
rial has been explored since the discovery that amino acids can be 
detected in fossils, where Abelson (9, 10) estimated total protein 
and amino acid content from Pleistocene mollusk shells and other 
fossils. The survival of amino acids continues to be explored to the 
present day, in particular, in investigations of amino acid racemiza-
tion (AAR) dating, as well as bulk amino acid analysis to investigate 
the biological origin of particular artifacts and objects [e.g., (11–13)]. 
For example, proteins entrapped in shells have been extensively 
studied for their role in AAR [e.g., (14, 15)] and their bulk composition 
has been analyzed as a taxonomic indicator (16, 17). High-performance 
liquid chromatography (HPLC) is commonly used to identify ancient 
amino acids, but gas chromatography–MS (GC-MS) has also been 
used [e.g., (18)].

By looking at overall proportions of amino acids in different bi-
ological tissues, it can be possible to identify their taxonomic origin, 
because the overall composition of amino acids can differ between 
taxa. Mollusk shell artifacts are abundant in the archeological re-
cord as objects of adornment or food processing objects and often 
survive over long archeological time scales. However, they usually 
lose diagnostic features when worked into different forms or become 
fragmented, preventing the identification of their taxonomic origin, 
a feature that enables an understanding of local resource use, or 
nonlocal trade and exchange. Applying bulk amino acid analysis to 
an archeological context, Demarchi et al. (12) examined the bulk 
composition of amino acids in archeological shell beads found in a 
funerary context from the Early Bronze Age site of Great Cornard, 
Suffolk. This revealed that the most likely taxonomic origin for the 
beads was Nucella or Antalis, both found locally, suggesting a local 
manufacturing, rather than long-distance trade of these precious 
personal ornaments. More recently, MS approaches have additional-
ly been applied to the analysis of avian eggshells (19–22) and marine 
and freshwater mollusk shells (23) to reveal insight into the use, 
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manufacturing practices, and trade of local or exotic shell raw 
material and ornaments.

In addition to serving as indicators of taxonomic origin, amino 
acids are also used for dating. AAR is a dating methodology whereby 
the relative proportion of D- and L-amino acid enantiomers is a measure 
of the time elapsed since an organism’s death. In living tissues, the L- 
configuration of amino acids is typically present, but after death, L-amino 
acids are altered (racemized) to the nonbiological D-configuration. 
Therefore, the relative degree of these two forms is an indicator of 
postmortem time elapse (24). Complexities to AAR arise in the 
varying influence of environmental factors affecting rates of racem-
ization, such as temperature, pH, and humidity, and at times, AAR 
has been subject to criticism and skepticism (25). However, AAR 
has seen particular success in highly mineralized substrates that act 
as closed systems (26). Such substrates for analyses include mollusk 
and avian shell (11, 26, 27) as well as tooth enamel (13, 28), which 
are substrates where intracrystalline amino acids should remain en-
dogenous and predictable. AAR has been extensively applied to un-
derstanding quaternary chronologies, for example, in identifying 
the presence of early human activity in Europe (29), the formation 
of terrestrial deposits in the British Isles (30), as well as the speed of 
local shell midden accumulations (31) and improved dating cover-
age in shell midden sites (11).

Immunoassays
Ancient proteins can be identified by immunoassay approaches. These 
assays are based on the identification of a reaction between a specific 
antibody and an antigen (a target protein) and are routine approaches 
used for detecting the presence or absence of particular target pro-
teins of interest across the medical and food sciences (32, 33). Multiple 
immunological approaches have been applied to archeological samples, 
including radioimmunoassays; gel-based separation immunoassays, 
such as crossover immunoelectrophoresis (CIEP); and enzyme- linked 
and immunofluorescence approaches [reviewed in (4, 34)].

Immunoassay-based approaches have been extensively applied 
to understanding the use of artifacts for food acquisition, especially 
stone (lithic) tools and particularly in North American contexts. 
Examples include the reported identification of human, deer, and 
bovid protein residues from stone tools at the Boreal site of Cummins 
near Thunder Bay [7500 to 9000 before the present (B.P.)] (35), buf-
falo and elk proteins from the buffalo kill site, Head-Smashed-In 
Buffalo Jump in Alberta, Canada (36), and horse protein residues 
from Clovis points from Wally’s Beach, southwestern Alberta, dating 
to 11,000 and 11,300 B.P. (37). A further controversial discovery 
was the reported identification of human myoglobin in ceramic 
vessels and a coprolite as evidence of cannibalism (38), an archeo-
logical interpretation that was met with criticisms (39) and response 
(40). Outside North American contexts, this approach has been 
used to understand food acquisition and processing at the Neolithic 
site of Çayönü Tepesi (41) in southeast Turkey, where evidence of 
Bos primigenius, sheep, goat, and even human blood were reported 
from stone objects using Labstix tests (dip-stick tests used for the 
presence of hemoglobin in urine) and patterns of hemoglobin crys-
tallization. In a more recent example, analysis of flint artifacts in 
combination with use-wear analysis at the early Neolithic site of 
Almhov near Malmo, southern Sweden, has suggested evidence of 
fish consumption (42).

However, some of these approaches have been substantially criti-
cized for their lack of reliability in archeological contexts. The main 

criticisms include the potential of false positives and negatives due 
to protein degradation, problems with the performance of kits or 
assays developed for the medical or food sciences, lack of blind 
testing and replication, and cross-reactions both within and beyond 
the family level. For example, Eisele et al. (43) performed tests on 54 
modern stone tools with simulated archeological conditions, find-
ing that evidence of protein residues were absent within 1 year of 
manufacturing. Additionally, tests on modern stone tools deliber-
ately processed with different animals (44) found that a commercial 
laboratory performing CIEP analysis could make correct identifica-
tions in only 37% of samples and observed cross-reactions both 
within and beyond the family level. A lack of blind testing and rep-
lication has also been noted (45) [with a response (46)], and negative 
results in studies focusing on ancient (47) and modern experiment 
datasets (48) have also been presented. As such, research has tended 
to move away from studies of protein preservation on stone tools; 
moreover, many of these studies were performed before the inven-
tion and application of MS technologies.

Peptide mass fingerprinting
Approaches to identifying ancient proteins fundamentally changed 
with the invention and adoption of MS-based approaches. In con-
trast to immunological approaches, which are based on detecting 
the presence or absence of particular target proteins, MS involves 
the ionization of molecules, whose mass and charge are precisely 
detected. In contrast to techniques based on immunoassays, this 
means that it is possible to study ancient proteomes (paleoproteom-
ics) rather than just individual target proteins of interest. In one of 
the first studies to apply MS-based techniques to archeological material, 
Ostrom et al. (49) applied matrix-assisted laser desorption/ionization 
MS (MALDI-MS), alongside other approaches, to investigate the 
survival of bone proteins. The authors generated purified extracts 
and used MALDI-MS to identify peptides (protein fragments) from 
the bone protein osteocalcin in 53,000-year-old bison bone.

Peptide mass fingerprinting using MALDI–time-of-flight (TOF) 
MS is the basis of zooarchaeology by MS (ZooMS) (50). Peptide 
mass fingerprinting involves the analysis of extracted peptides us-
ing MALDI-TOF MS, whereby a “fingerprint” consisting of masses 
of individual, diagnostic peptides is generated. These masses are 
then matched against reference fingerprints, which are generated 
from samples with known taxonomies. ZooMS uses peptide mass 
fingerprinting to identify the taxonomic origin of archeological and 
historic material. The degree of taxonomic specificity is variable and 
depends on the evolutionary distance between taxa. It is typically 
possible to distinguish between family or even genera- level taxa, 
but differentiating between species can be challenging due to in-
sufficient sequence variability between protein sequences of different 
taxa. The approach was built upon work that examined the taxonomic 
origin of pelts, furs, feathers, and other animal products to aid in the 
identification of animal product trade and import/export (51). For ar-
cheological questions, this analysis not only is typically applied to 
fragmented or morphologically nondiagnostic bone fragments but 
also has been applied to a range of other archeological material 
culture, including parchments (52–54), ivory (55), eggshell (19, 22), 
combs (56), and leather objects (57).

Tandem MS (LC-MS/MS)
In contrast to the peptide fingerprinting approach described above, which 
relies on fingerprints of mass spectra, liquid chromatography–tandem 
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mass spectrometry (LC-MS/MS)–based approaches result in the 
identification of peptide or protein sequences. This identification is 
achieved through two or more fragmentation steps, whereby the mass 
of a peptide (parent ion) is detected in one mass analyzer, before 
further fragmentation into smaller peptides or amino acids ahead of 
detection of these smaller masses in a second mass analyzer. The 
peptide sequence of the parent ion can then be identified through the 
reconstruction of unique mass fragments. Like peptide mass finger-
printing, LC-MS/MS approaches have been applied to a diversity of 
substrates and archeological inquiries, including human and animal 
skeletal tissues, artifacts and artifact residues, and well-preserved 
organic remains, which are highlighted in sections below.

Top-down LC-MS/MS
Typically, LC-MS/MS approaches in paleoproteomics are “bottom-up” 
protein identifications. In this approach, proteins are fragmented 
into peptides during the extraction process, and these peptides are 
identified using LC-MS/MS, enabling protein identification of com-
plex mixtures of extracted peptides. In contrast, top-down–based 
proteomics involves protein identification while the protein is still 
in its unbroken (native) state. Some advantages of such a strategy 
are that the data produced can inform on protein fragmentation and 
posttranslational modifications (PTMs) (alterations to amino acid 
side chains). However, this emerging approach has so far seen 
limited application to ancient protein archeological contexts but 
offers great potential for understanding protein survival and degra-
dation (4).

Quantification
Bottom-up approaches used by LC-MS/MS analyses in ancient pro-
teomics have typically not been quantitative, meaning it is challenging 
to make reasonable comparisons of protein abundance between sam-
ples. However, recent studies have adopted stable isotope labeling 
and label-free approaches to assess differences in protein expression 
in ancient samples. Isobaric tags for relative and absolute quantitation 
approaches (58) have been applied in the examination of animal age 
of parchments, by looking at the expression of particular proteins in 
uterine and nonuterine parchment (53), to understand animal-use 
and manufacturing practices of these key historic objects. While el-
evated expression levels of four proteins were observed in uterine 
parchments, none of these proteins were detected in archeological 
samples, limiting the application of this approach in this case. For 
bone, label-free quantification (59), whereby counts of spectra or signal 
intensity can be used to estimate protein abundance, was applied to 
bone to examine age dependence of these abundances (60). Jersie- 
Christensen (61) applied a quantitative analysis to metaproteomic 
(analysis of proteins from a substrate containing multiple taxa) sam-
ples of ancient dental calculus to identify oral disease and health states in 
medieval individuals. Using label-free quantification and tandem mass 
tag labeling, this analysis of protein expression revealed that cer-
tain individuals had notable contributions from bacteria known to 
be associated with periodontitis, and human immune protein expres-
sion could also be classified into healthy or diseased oral health 
states. This study demonstrates that rich and more refined insights 
can be gained into identifying disease processes using quantitative pro-
teomic approaches, although there is still much to explore with un-
derstanding differential degradation rates of different proteins and 
whether protein abundance in archeological remains is an accu-
rate reflection of biological processes occurring during life.

PROTEIN PRESERVATION AND AUTHENTICATION

Protein survival
Studies of protein survival and degradation, grounded in the field of 
organic geochemistry, represent some of the earliest research agendas 
in the field of paleoproteomics (62). Early studies provided import-
ant insight into the survival and degradation of ancient biomolecules, 
revealing that proteins undergo diagenesis into shorter, fragmented 
peptides—generating challenges for downstream analysis. These 
studies demonstrate the importance of strategies discriminating 
endogenous and modern sources of protein in archeological 
investigation—a major research strategy and concern that remains 
in present-day research (1).

Proteins can survive in archeological and paleontological mate-
rials for over 1 million years (16). While the survival of proteins in 
dinosaur remains has been reported (63–66), but has also received 
previous criticisms (67–69), what is known is that the survival of 
ancient proteins in deep time has been linked to mineralized sub-
strates. Biological substrates composed of a mineral component, 
such as bone, shell, and dental calculus, have been targeted as sources 
of ancient proteins, although rare, well-preserved organic remains 
sometimes found in cold or frozen, arid, or oxygen-deprived envi-
ronments have also been targeted. For example, the survival of the 
bone protein collagen is associated with hydroxyapatite, the main 
mineral comprising bone structure (70). Similarly, the survival of 
proteins or peptides in eggshell has been linked to the binding of 
uterine proteins to the calcium mineral of egg shell, facilitating its 
long-term survival in the paleontological record (21). Recently, 
enamel has been explored as a well-preserved source of ancient pro-
teins that can be analyzed to enable the phylogenetic analysis of 
extinct animals and humans (71, 72), as well as the identification of 
sex based on sequence differences in the enamel protein amelogenin 
(73–75). While not as protein-rich as other skeletal tissues, enamel 
is the densest mineral in the human body, a trait that enables it to 
preserve well in archeological and even paleontological contexts. As 
these studies have made clear, different archeological substrates be-
come subject to different degradation histories.

Authentication: Markers of degradation
In the field of aDNA, detecting markers of DNA degradation is in-
tegral for discriminating modern contamination from authentically 
old endogenous aDNA. Similarly, ancient proteins have been studied 
for their patterns of degradation and how these patterns can be used 
as markers for endogenous, ancient proteins as opposed to poten-
tial modern contaminants. Proteins undergo damage via bond 
cleavage through hydrolysis or enzymatic attack (particularly from 
the burial environment), resulting in protein fragmentation. As well 
as these patterns of fragmentation, MS-based protein identification 
is able to detect patterns of degradation owing to the detection of 
mass shifts that are the result of chemical changes to amino acid 
side chains. In biological protein synthesis, these changes are termed 
PTMs and include, for example, the addition of a phosphoryl group 
(phosphorylation) or the addition of a carbohydrate (glycosylation).

While PTMs can be the result of biological processes integral to 
protein function, modifications to amino acid side chains have also 
been linked to age-induced degradation, which may be a useful 
indicator of protein degradation or even authentically ancient pro-
teins, although other factors, such as heat, may also induce modifica-
tions (76). The most well studied of these modifications is deamidation 
(the removal of an amide group) of glutamine and asparagine (a 
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process that transforms these amino acids into glutamic acid and 
aspartic acid, respectively), with glutamine deamidation more com-
monly applied as asparagine is subject to more influence from a 
protein’s tertiary structure (77). While rates of deamidation vary with 
temperature, pH, secondary and tertiary structures, and laboratory 
procedures (78, 79), deamidation can be a useful indicator of pro-
tein degradation, although still more work is needed to untangle 
contributing factors to these rates. Deamidation patterns have there-
fore been explored in multiple archeological substrates, such as col-
lagen degradation in bone (80, 81), keratin degradation in textiles 
(82), and food proteins from ancient dental calculus (83).

Deamidation rates are also influenced by the presence of adja-
cent amino acids, through steric hindrance and the presence of charged 
amino acids, with some amino acids adjacent to glutamine causing 
slower deamidation rates. On the basis of the previous work by van 
Doorn et al. (84) exploring deamidation rates based on the presence 
of other amino acids adjacent to glutamine (site-specific deamida-
tion), Ramsøe et al. (83) developed a novel software tool (deamiDATE) 
to measure these site-specific deamidation rates. Such approaches 
help to discriminate authentically ancient proteins from potential 
modern contaminants. Other PTMs have also been detected and 
studied in relation to ancient protein degradation. For example, 
Hill et al. (85) identified hydroxylysine glucosyl galactosylation in 
120,000-year-old bison bone remains, indicating the persistence of 
this biological modification involved in bone mineralization, as well 
as other modifications that may be the result of bone collagen ta-
phonomy such as the loss of hydroxylation/glutamic semialdehyde 
and carboxymethyllysine (86).

APPLICATIONS OF ANCIENT PROTEIN ANALYSIS 

IN ARCHAEOLOGY

A diversity of methodologies, described above, has been developed 
and applied to archeological materials, including a focus on devel-
oping strategies of ancient protein authentication. After outlining 
these methodological approaches, this review will focus on outlin-
ing recent applications across four key themes in archeological re-
search: understanding past subsistence strategies, human evolution, 
osteobiographies and past lifeways, and insights into historic and 
prehistoric material culture. Such applications touch on multiple 
fields in archeological research and demonstrate the diverse and 
ever-growing nature of ancient protein analysis.

Subsistence practices
Ecologies, environments, and animal-human interactions

ZooMS has been extensively applied to identifying and expanding 
faunal assemblages pertaining to ancient animal husbandry practices, 
in particular in the identification of taxa that can be morphologically 
challenging to discriminate, such as sheep and goat remains (87, 88), 
as well as the expansion of zooarcheological datasets through the 
analysis of fragmented, unidentifiable remains. For example, ZooMS 
analysis has been developed and used to identify sheep and goat 
remains based on mass differences in collagen peptides between 
these two taxa (89). Following the identification of this differentia-
tion by Buckley et al. (89), this approach has now been applied to 
understanding farming practices in Neolithic Turkey (90), Greece 
(91), the Chalcolithic Southern Levant (92), as well as differences in 
the use of sheep and goats in early pastoral Tanzania (93) and the 
relative importance of ruminant species in mixed-herd economies 

of Central Asia (94). The ability to distinguish between these two 
taxa enables greater insight into the choices made by farmers and 
pastoralists with regard to mixed-herd economies, variations in herd 
management strategies (such as culling, breeding, mobility patterns, 
and foddering), as well as differences in these animal’s responses to 
environmental stress and vulnerability to disease.

ZooMS has also been applied to understanding past ecologies 
and environments through the expansion of zooarcheological iden-
tifications in archeological assemblages, an approach that can be 
particularly useful when examining highly fragmented bone as-
semblages (95–97). For example, Hofman et al. (98) applied to 
ZooMS to shell midden assemblages in the Californian Channel 
Islands, identifying the predation of at least three marine mammalian 
taxa and supporting the idea that the hunting of these animals sup-
ported the peopling of the Americas.

Through the analysis of another substrate, ZooMS is also reveal-
ing temporal and geographic differences in the use of animals in 
medieval economies (52–54). Parchments, animal skins used for 
manuscript production until the invention and adoption of paper, 
can be viewed as biomolecular archives with tight chronologies of 
animal use and geographic specificity (99). For example, by exam-
ining 72 pocket bibles from Europe, Fiddyment et al. (53) were able 
to identify differences in animal exploitation for these objects in 
different regions, reflecting potentially available livestock and pref-
erences over the use of certain animals for parchment production, 
for example, sheep in England, goat in Italy, and calf in France.
Food and cuisine

While ZooMS has been extensively applied to enriching zooarchaeo-
logical datasets on subsistence practices and the environment, 
LC-MS/MS–based approaches have yielded insight into ancient 
foods and culinary practices. Where environmental contexts have 
enabled good organic preservation, proteins have been extracted 
and identified from whole foodstuffs to identify their constituents, for 
example, from food remains found at cemetery sites in the Tarim 
Basin, China, including whole cheese curds (100–102) and bread 
(103), and in Egyptian tombs (104), where dry conditions may have 
slowed biomolecular deterioration. Similarly, artifacts found in frozen 
and cold contexts also harbor protein preservation that enables a 
detailed insight into food remains. For example, Colonese et al. (105) 
identified proteins from wheat from a residue sticking to the surface 
of a well-preserved wooden box in the Swiss Alps. Proteomic analysis 
has also been applied to the stomach contents of “Ötzi the Iceman,” 
in combination with aDNA, reconstructing Ötzi’s “last meal,” re-
vealing evidence of meat and cereals (106).

As well as identifying taxa and particular plant or animal tissues 
used for food, ancient proteins are also being used to study food 
processing and culinary techniques, owing to the fact that the pro-
teins differ in the abundance, type, and chemical modifications when 
subject to different culinary processes. For example, Yang et al. 
(101) examined preserved remains of putative cheese curds associ-
ated with mummified individuals from Bronze Age Xinjiang. After 
identifying that proteins in the substrate derived from milk, the authors 
examined one specific protein identified in detail, kappa- casein, 
which plays a key role in cheese curd formation. Kappa- casein un-
dergoes specific cleavage of the protein chain when subjected to co-
agulation by the enzyme rennet. The team observed that such a 
cleavage pattern was absent, suggesting that these cheese curds were 
not formed as a result of rennet coagulation but were likely created 
by using acid or microbial-based dairy processing. This example 
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demonstrates the level of insight possible with the analysis of pro-
teins, generating insight into the taxa identified (cow), the specific 
food product (dairy), and its potential processing technique (acid/
microbial coagulation).

Beyond these exceptional examples, dietary analysis using pro-
teomics has been applied to ancient dental calculus to identify food 
consumption practices directly from past human mouths. Dental 
calculus is mineralized tooth plaque, also known as dental tartar, 
which accumulates on teeth during life and is often preserved on 
skeletal teeth. Ancient proteins derived from dietary sources have 
been extracted from this reservoir, revealing evidence of a range of 
consumed foods. While informative on the consumption of partic-
ular foodstuffs, it is clear that this approach may not capture the 
diversity of foods consumed by that individual, and there is a bias 
toward certain food groups (107). Where this technique has been 
particularly informative is in exploring past patterns of dairy con-
sumption (108–112). In contrast to other biomolecular approaches 
to study past dairying, ancient protein analysis is able to identify the 
taxa consumed, acting as a “zooarchaeology by proxy,” enabling the 
identification of animal taxa that may have been important in local 
economies, environments, and cuisines. In addition, this technique 
enables an exploration of individual dietary patterns that may be 
tied to other information gained from osteological or archeological 
analyses, such as indications of status and health.

Ceramics have also been turned to understand food preparation 
practices. While the analysis of fats, oils, and waxes is typically ap-
plied to this ceramic material culture [e.g., (113–116)], the analysis 
of proteins has the potential to yield further insights into the taxa 
used, as well as insights into food mixing (116). While some success 
from extracting proteins from ceramics has been reported (117–120), 
challenges have arisen in the removal of protein from the silica ma-
trix and protein preservation in this context is not fully understood 
(7, 121, 122).

Paleoproteomics has also been applied to understanding animal 
subsistence. For example, Tsutaya et al. (123) examined the rib bones 
of a neonate dog, revealing the preservation of dog milk proteins 
and suggesting that food proteins derived from the animal’s stom-
ach contents have the potential to be preserved in adjacent tissues. 
Investigations of animal foddering strategies have long been exam-
ined by stable isotope analysis and other approaches, e.g., (124–126), 
and with the development of proteomic strategies, this is a likely 
avenue of future research.

Future work in the analysis of ancient proteins to understand 
past food use will be in uncovering biases in the entrapment and 
preservation of food-derived biomolecules in different archeological 
substrates. For example, Hendy et al. (107) reported that in samples 
of ancient dental calculus there appears to be a bias toward the de-
tection of milk proteins over other foods. In addition, future work 
may be in the integration of protein analysis with other biomolecular 
approaches, such as lipids, to develop a more well-rounded picture 
of food contributions, as well as the development and adoption of 
strategies for protein authentication.
Material culture and personal objects

Paleoproteomics is also applied to organic objects representing per-
sonal material goods, such as jewelry and other adornments, clothes, 
and other material objects. Such insights help to understand manu-
facturing practices, resource use and object movement, and cultural 
exchange. For example, Jensen et al. (127) analyzed an osseous ring 
from early Neolithic Denmark, revealing that the ring was made 

from locally available red deer (Cervus elaphus), an observation not 
possible from morphological analysis of the artifact alone. Where 
cold, arid, or oxygen-deprived environments have permitted excep-
tional organic survival, paleoproteomics has also been applied to 
understand manufacturing of clothing, garments, and textiles such 
as leather and skin garments (57, 128, 129), woolen textiles, and other 
fibers (130–132) and silks (133, 134). Other forms of adornment 
have also been explored using proteomic approaches, in contexts 
where such objects survive. Mai et al. (135), using several molecular 
characterization tools, analyzed “cosmetic sticks” found in Xiaohe 
Cemetery from the Early Bronze Age, revealing evidence of muscle 
proteins from cattle, which suggests that, in part, these cosmetic 
sticks were made from animal tissue.

Such analyses have the potential to inform on broader questions 
of cultural contact and exchange. Viking combs, highly personal ob-
jects intimately connected with personhood and social status, have 
been analyzed using ZooMS to reveal insights into historic cultural 
contact. For example, von Holstein et al. (56) examined combs from 
Orkney, an island archipelago in northeastern Scotland, to examine 
the history of contact between Atlantic Scotland and Scandinavia. 
The analysis revealed that comb types native to Orkney were com-
posed of locally available red deer, suggesting that people were using 
local resources for the creation of objects with their own cultural 
style, and called into question the degree of cultural contact between 
these two regions of the Viking world. In contrast, ZooMS analysis 
of combs from the southern North Sea region and the Scandinavian 
peninsula revealed evidence of contact between urban centers (136). 
Similarly, objects from the medieval town of Odense, including a 
gaming piece, have been analyzed using ZooMS, demonstrating 
that some objects are manufactured from animal species well out of 
their immediate geographic range, reflective of long-distance trad-
ing, while other objects showed evidence of local resource use and 
manufacturing (137).
The paleolithic and human evolution studies

Paleoproteomics holds great potential for understanding human 
evolution through use of ZooMS as a screening tool for identifying 
hominin remains within fragmentary faunal assemblages and in 
understanding hominin phylogeny through the identification of 
discriminating single amino acid polymorphisms (SAPs) between 
hominin taxa. The application of ancient proteins to the study of 
human evolution has recently been reviewed by Welker (2), and its 
application to evolutionary inference alongside other biomolecules 
has been explored by Cappellini et al. (3).

ZooMS has been applied to rapidly and cost-effectively detect 
hominin remains among fragmentary faunal assemblages (138–140). 
While this has typically focused on cold or temperate environments 
(2), future research will seek to apply this approach to subtropical or 
tropical zones (141). As well as providing data to enrich the faunal 
assemblage in its own right, ZooMS analysis enables screening for 
hominin remains ahead of further downstream biomolecular anal-
ysis such as radiocarbon dating (142) or aDNA analysis (143).

While both biomolecular classes are subject to degradation and 
taphonomic processes, ancient proteins offer an alternative to aDNA 
for understanding hominin phylogeny, especially in scenarios where 
aDNA preservation may be insufficient to be informative (144). 
Proteins harbor SAPs between homologous proteins of different 
taxa. These SAPs originate from nucleotide substitutions on protein- 
coding genes, causing variation to the protein sequence of amino acids, 
and therefore, this amino acid variation facilitates phylogenetic 
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analysis. This approach was adopted in the identification of Nean-
derthal remains using paleoproteomics, through the identification 
of distinct SAPs in the bone protein COL10a1 (145). Similarly, dis-
tinct SAPs in the bone protein COL1a2 enabled the identification of 
Denisovan remains found in the Tibetan plateau, the first Denisovan- 
like individual found outside of Denisova cave (144).

Noncollagenous bone proteins, as well as proteins from other 
tissues, have also been explored as potential candidates for use in 
paleoproteomic phylogenetic studies (146). For example, Welker 
et al. (71) explored paleoproteomic analysis on tooth remains of 
Gigantopithecus, an extinct giant ape. While no surviving proteins 
were detected in dentine, 409 unique peptides matching to six pro-
teins were identified in enamel. Comparison with enamel protein 
sequences from Hominoidea revealed that Gigantopithecus represents 
a pongine clade and a sister taxon to Pongo spp. While requiring 
reliable detection of SAPs, facilitated in part by full ion coverage of 
peptides, these deep-time studies demonstrate the longevity of pro-
tein survival to yield phylogenetically informative data. This approach 
has also been applied to the study of extinct faunal taxa, including 
Stephanorhinus (an extinct genus of rhinoceros) (72), Macrauchenia 
and Toxodon (South American ungulates) (147, 148), Castoroides 
ohioensis (giant beaver) (149), and Plesiorycteropus (Malagasy 
aardvark) (150), and will continue to yield insights into other an-
cient taxonomies.
Osteobiographies and paleopathologies

Ancient protein analysis is also contributing to the study of human 
osteology and paleopathology through the identification of proteins 
informative on physiology, biological processes, and disease in hu-
man remains, including skeletal material and mummified remains.

Estimating age and sex are key facets of osteological identifica-
tion. Recently, several studies have examined the preservation of 
amelogenin, an enamel protein whose gene is found on the X and Y 
chromosomes. Protein sequences of amelogenin differ in the X and 
Y variants, meaning that it is possible to use this protein as a marker 
of biological sex. Building on forensic approaches for sex identifica-
tion using enamel, this concept was first applied by Nielsen-Marsh 
et al. (151), who also applied the technique to identifying the sex of 
Neanderthal remains. More recently, more sensitive MS techniques 
have enabled increased protein sequence coverage (74, 75, 152). 
This approach enables an expansion of osteoarcheological datasets 
where sexing individuals through osteological analysis alone may 
not be possible due to ambiguous morphology or fragmentary re-
mains. Using label-free analysis to indicate protein abundance, 
Sawafuji et  al. (60) examined the abundance of alpha- 2-HS-
glycoprotein as a function of biological age, showing a significant 
negative correlation in this protein’s abundance with biological age, 
building off observations from modern bone studies that bone pro-
teomes alter with age (153). Similarly, Procopio et al. (81) observed 
alpha-2-HS-glycoprotein declining during animal aging in bovine 
remains.

Bone proteomes have also been explored in terms of understanding 
ancient disease processes. Archeological bone can contain proteins 
associated with immune responses, such as leukocyte-derived pro-
teins (60), although their use in antibody-based testing for the 
detection of ancient infectious disease has been questioned (154). 
Dental calculus has also been shown to contain a proteome indicat-
ing an acute immune response (155), a reflection of its composition 
as an oral biofilm. Ancient protein analysis has also been applied to 
paleopathological lesions; Bona et al. (156) explored extracted pro-

teins to identify an osteogenic sarcoma, and identified protein bio-
markers of a tumor. Paleoproteomic approaches, while in their in-
fancy for the study of ancient disease, may find particular application 
in discovering disease processes where osteological evidence of disease 
is lacking. The proteinaceous content from well-preserved mummified 
material has also been explored to shed light on immune responses 
and disease processes at the time of death. For example, buccal 
swabs from 500-year-old mummified remains from the Andes re-
vealed evidence of an immune response to an active bacterial infec-
tion at the time of death (157) and proteins extracted from the brain 
of Ötzi the Iceman also suggested evidence of wound healing (158). 
Exploring pathways that may lead to the differential degradation of 
different proteins [e.g., (159)] will be key in understanding whether 
immune-associated proteins found in archeological contexts are an 
accurate reflection of those that occurred during life. As well as ex-
amining human proteome profiles, shotgun proteomics has also 
been applied to ancient disease identification through the detection 
of proteins derived from pathogenic bacteria. These include studies 
to examine the oral microbiota preserved in ancient dental calculus, 
identifying evidence of respiratory and oral taxa (155), dental pulp, 
investigating evidence of Yersinia pestis (160), and mummified re-
mains for identifying evidence of tuberculosis (161, 162).

Future work exploring quantitative protein expression in an-
cient remains may help to further untangle evidence of disease and 
health states. For example, Jersie-Christensen et  al. (61) analyzed 
the metaproteome of 20 individuals from medieval Denmark, using 
a combination of shotgun proteomics with quantification methods. 
On the basis of bacterial taxa, the study identified two groups of 
individuals: one showing evidence of microbiome dysbiosis (a dis-
ruption of a healthy state oral microbiome) and one group showing 
a healthy microbiome. In addition, future work may see the applica-
tion of metaproteomics (the analysis of proteomes from multiple 
taxa in one sample) to ancient microbiomes. Such work has already 
been applied to ancient dental calculus (61, 155, 163) but may also 
be applied to other microbiome sites in the future, such as the anal-
ysis of the gut microbiome through paleofeces or coprolite analysis. 
Here, studies may focus on understanding microbial community 
function, rather than the roles of individual taxa, as is the focus of 
many modern microbiome studies (164). Moreover, while previous 
studies on microbiota in archeological remains have focused on 
bacteria, future work may focus on identifying viruses, for example, 
in identifying envelope or capsid proteins.

FUTURE RESEARCH AGENDAS

Some emerging analytical and data analysis strategies have been 
highlighted above; this section explores potential key general future 
directions in paleoproteomics research. While Hendy et al. (1) high-
lighted the need for adequate data curation and sharing practices, 
peer reviewing of raw data, and future reanalysis of data with more 
refined or updated bioinformatic strategies, here I argue that future 
research could encompass the development and application of non-
destructive or minimally invasive methodologies, the integration of 
paleoproteomics with other biomolecular tools in archaeology, and 
the continued exploration of protein preservation and degradation.

Nondestructive methodologies
The analysis of proteins, as is typical of most biomolecular analysis, 
is often destructive. However, several strategies have been developed to 
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mitigate artifact damage, including minimally invasive sampling 
strategies and the use of buffers that enable sample reuse. With 
the rise of minimally destructive or nondestructive sampling tech-
niques, analysis of rare, unique, or elaborate organic objects may 
open new avenues into understanding object manufacture and use, 
which previously may have been inappropriate to subsample or 
damage. Recently, McGrath et  al. (165) developed and applied a 
nondestructive sampling technique to worked bone points from 
Iroquoian village sites in southern Quebec. Here, ZooMS extractions 
were performed on the bags the objects were stored in, rather than 
the objects themselves, as friction contact from the plastic with the 
object allowed loose collagen molecules to be separated from the 
bone point. This novel approach resulted in taxonomic identifica-
tions of these bone artifacts, revealing a diversity of species, includ-
ing bear, human, and deer. Strategies for analyzing bone that do not 
require full demineralization of the bone mineral have also been 
pioneered and adopted, including protein extraction with ammoni-
um bicarbonate (166) and ammonium phosphate (167). To non- 
osseous material, nondestructive methodologies have also been 
applied. Fiddyment et al. (53) developed and applied minimally 
invasive techniques to study parchments (manuscripts) made of animal 
skin by gently rubbing parchments with an eraser, which pulls off 
loose collagen fibers, and extracting collagen proteins from the eraser 
shavings. To artworks, manuscripts, and other cultural heritage ob-
jects, applied polymer discs have also been explored as a potential 
route to identifying proteinaceous components with minimal 
damage (168).

Integration of multiple biomolecular techniques
When destructive methodologies do occur, a future approach 
should be to maximize sample information obtained from that 
damage through the application of multiple biomolecular tech-
niques where relevant. For example, complementary aDNA and 
ancient protein analysis has proven useful for studies of evolution 
and phylogeny, where one can be used to verify the findings of the 
other (3). Similarly, the more specific taxonomic resolve of aDNA 
analysis can be used in tandem with the functional information 
gained from ancient proteins. For example, Warinner et al. (155) 
used both aDNA and ancient protein approaches in the analysis of 
ancient dental calculus, where aDNA yielded insights into the tax-
onomic diversity of the ancient oral microbiome and protein anal-
ysis demonstrated the survival of biofilm functional profiles. The 
use of multiple methodologies from the same sample is also of 
value in the study of ancient food and diets, where the analysis of 
fats, proteins, and microfossils, alongside macroscopic and micro-
scopic analyses, can generate a more well-rounded picture of food 
sources and use (105, 120). For example, in the analysis of a resi-
due adhering to the interior of a wooden box found in the Swiss 
Alps, Colonese et al. (105) detected the presence of alkylre-
sorcinols found at appreciable levels in wheat and rye. The pres-
ence of this “cereal biomarker” detection was further supported 
by the presence of cereal proteins from the same sample. Future 
work may also focus on the integration of different biomolecu-
lar techniques within laboratory procedures, such as the dual ex-
traction of aDNA and ancient proteins (169), the simultaneous 
extraction of DNA, protein and microfossil analysis from samples 
of dental calculus (170, 171), as well as the integration of ZooMS, 
stable isotope analysis, and radiocarbon dating during collagen 
preparation (142, 172).

Mechanisms of survival and taphonomy
Ancient biomolecules undergo degradation over time, including 
fragmentation into smaller constituents and chemical alteration. 
Understanding this degradation is critical for study feasibility and 
identifying ancient protein authenticity. Unlike, for example, C to T 
transitions occurring at the ends of DNA reads, there is currently 
no single identified marker of ancient protein degradation. Deami-
dation of glutamine and asparagine has been extensively explored 
(described above), and tools have been developed to identify pat-
terns of deamidation associated with time (83); however, there is 
still much to uncover with regard to other influences beyond time 
on these rates of deamidation (such as predepositional influences, 
like the effects of cooking on food proteins). Nonetheless, such a 
tool is a step toward developing strategies in the field of examining 
protein endogeneity. Other strategies to examine protein authenticity 
include modeling the mechanisms of protein survival. For example, 
Demarchi et al. (21) examined the survival of eggshell peptides, showing 
that those surviving into deeper time demonstrated mineral binding.

Moreover, possible future avenues of research also include the 
development of screening methodologies using minimally or non-
invasive techniques ahead of any more destructive and/or more 
costly downstream analysis to generate a sense of protein preservation. 
Recently, FTIR has been proposed as an in-field screening ahead of 
downstream ZooMS analysis through the detection of amide bonds 
that may be the result of the presence of amino acids (173). For some 
studies, MALDI-TOF–based analyses have been used as a screening 
tool for LC-MS/MS analysis (174). In future work, techniques such 
as MALDI imaging MS (MALDI-IMS) may be used to examine 
protein preservation within objects to optimally select areas for 
sampling (5), a strategy to prevent unnecessary sample destruction.

CONCLUSION

On the back of changes and improvements in methods of detection 
and analysis, the information gained from ancient protein analysis 
has evolved over time. Early approaches focused on the detection of 
protein content to assess ancient protein survival; now, the use of MS 
is enabling the detection of sequence information in samples of 
greater complexity. While assessments of ancient protein survival 
are still fundamental to ancient protein research, more recent ap-
proaches are focusing on gaining insight into cellular processes 
and biological functions from ancient samples, mechanisms of pro-
tein degradation, and evolutionary insights beyond the reach of 
aDNA preservation. In the last several years, ancient protein analy-
sis has gained particular attention (175–177), especially with regard 
to the technique’s reach into deeper time and the generation of new 
conclusions unattainable using other biomolecular approaches. 
With the rise in this field, there is the opportunity for lessons to be 
learned from other fields of archeological science with regard to min-
imizing sample damage, integration with other biomolecular tech-
niques, appropriate data sharing, and sample curation.

REFERENCES AND NOTES
 1. J. Hendy, F. Welker, B. Demarchi, C. Speller, C. Warinner, M. J. Collins, A guide to ancient 

protein studies. Nat. Ecol. Evol. 2, 791–799 (2018).

 2. F. Welker, Palaeoproteomics for human evolution studies. Quat. Sci. Rev. 190, 137–147 

(2018).

 3. E. Cappellini, A. Prohaska, F. Racimo, F. Welker, M. W. Pedersen, M. E. Allentoft, 

P. de Barros Damgaard, P. Gutenbrunner, J. Dunne, S. Hammann, M. Roffet-Salque, 

M. Ilardo, J. V. Moreno-Mayar, Y. Wang, M. Sikora, L. Vinner, J. Cox, R. P. Evershed, 

 o
n
 F

e
b
ru

a
ry

 2
4
, 2

0
2
1

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Hendy, Sci. Adv. 2021; 7 : eabb9314     15 January 2021

S C I E N C E  A D V A N C E S  |  R E V I E W

8 of 11

E. Willerslev, Ancient biomolecules and evolutionary inference. Annu. Rev. Biochem. 20, 

1029–1060 (2018).

 4. S. Dallongeville, N. Garnier, C. Rolando, C. Tokarski, Proteins in art, archaeology, and 

paleontology: From detection to identification. Chem. Rev. 116, 2–79 (2016).

 5. T. P. Cleland, E. R. Schroeter, A comparison of common mass spectrometry approaches 

for paleoproteomics. J. Proteome Res. 17, 936–945 (2018).

 6. I. Kontopoulos, K. Penkman, V. E. Mullin, L. Winkelbach, M. Unterländer, A. Scheu, 

S. Kreutzer, H. B. Hansen, A. Margaryan, M. D. Teasdale, B. Gehlen, M. Street, N. Lynnerup, 

I. Liritzis, A. Sampson, C. Papageorgopoulou, M. E. Allentoft, J. Burger, D. G. Bradley, 

M. J. Collins, Screening archaeological bone for palaeogenetic and palaeoproteomic 

studies. PLOS ONE 15, e0235146 (2020).

 7. O. E. Craig, M. J. Collins, An improved method for the immunological detection of mineral 

bound protein using hydrofluoric acid and direct capture. J. Immunol. Methods 236, 

89–97 (2000).

 8. J. F. Bailey, M. B. Richards, V. A. Macaulay, I. B. Colson, I. T. James, D. G. Bradley, 

R. E. Hedges, B. C. Sykes, Ancient DNA suggests a recent expansion of European cattle 

from a diverse wild progenitor species. Proc. Biol. Sci. 263, 1467–1473 (1996).

 9. P. H. Abelson, Paleobiochemistry: Organic constituents of fossils, in Carnegie Institution of 

Washington, Yearbook, No. 54 (Carnegie Institution of Washington, 1955).

 10. P. H. Abelson, Amino acids in fossils. Science 119, 576 (1954).

 11. B. Demarchi, M. G. Williams, N. Milner, N. Russell, G. Bailey, K. Penkman, Amino acid 

racemization dating of marine shells: A mound of possibilities. Quat. Int. 239, 114–124 

(2011).

 12. B. Demarchi, S. O’Connor, A. de Lima Ponzoni, R. de Almeida Rocha Ponzoni, A. Sheridan, 

K. Penkman, Y. Hancock, J. Wilson, An integrated approach to the taxonomic 

identification of prehistoric shell ornaments. PLOS ONE 9, e99839 (2014).

 13. M. R. Dickinson, A. M. Lister, K. E. H. Penkman, A new method for enamel amino acid 

racemization dating: A closed system approach. Quat. Geochronol. 50, 29–46 (2019).

 14. J. E. Ortiz, Y. Sánchez-Palencia, I. Gutiérrez-Zugasti, T. Torres, M. González-Morales, 

Protein diagenesis in archaeological gastropod shells and the suitability of this material 

for amino acid racemisation dating: Phorcus lineatus (da Costa, 1778). Quat. Geochronol. 

46, 16–27 (2018).

 15. J. E. Ortiz, I. Gutiérrez-Zugasti, Y. Sánchez-Palencia, T. Torres, M. González-Morales, 

Protein diagenesis in archaeological shells of Littorina littorea (Linnaeus, 1758) 

and the suitability of this material for amino acid racemisation dating. Quat. Geochronol. 

54, 101017 (2019).

 16. J. T. Andrews, G. H. Miller, D. C. Davies, K. H. Davies, Generic identification of fragmentary 

Quaternary molluscs by amino acid chromatography: A tool for Quaternary 

and palaeontological research. Geol. J. 20, 1–20 (1985).

 17. D. S. Kaufman, G. H. Miller, J. T. Andrews, Amino acid composition as a taxonomic tool 

for molluscan fossils: An example from Pliocene-Pleistocene Arctic marine deposits. 

Geochim. Cosmochim. Acta 56, 2445–2453 (1992).

 18. A. Lluveras-Tenorio, R. Vinciguerra, E. Galano, C. Blaensdorf, E. Emmerling, 

M. Perla Colombini, L. Birolo, I. Bonaduce, GC/MS and proteomics to unravel the painting 

history of the lost Giant Buddhas of Bāmiyān (Afghanistan). PLOS ONE 12, e0172990 (2017).

 19. J. R. M. Stewart, R. B. Allen, A. K. G. Jones, K. E. H. Penkman, M. J. Collins, ZooMS: Making 

eggshell visible in the archaeological record. J. Archaeol. Sci. 40, 1797–1804 (2013).

 20. J. R. M. Stewart, R. B. Allen, A. K. G. Jones, T. Kendall, K. E. H. Penkman, B. Demarchi, 

T. O’Connor, M. J. Collins, Walking on eggshells: A study of egg use in anglo-scandinavian 

york based on eggshell identification using ZooMS. Int. J. Osteoarchaeol. 24, 247–255 (2014).

 21. B. Demarchi, S. Hall, T. Roncal-Herrero, C. L. Freeman, J. Woolley, M. K. Crisp, J. Wilson, 

A. Fotakis, R. Fischer, B. M. Kessler, R. R. Jersie-Christensen, J. V. Olsen, J. Haile, J. Thomas, 

C. W. Marean, J. Parkington, S. Presslee, J. Lee-Thorp, P. Ditchfield, J. F. Hamilton, 

M. W. Ward, C. M. Wang, M. D. Shaw, T. Harrison, M. Domínguez-Rodrigo, 

R. D. E. MacPhee, A. Kwekason, M. Ecker, L. K. Horwitz, M. Chazan, R. Kröger, J. Thomas-

Oates, J. H. Harding, E. Cappellini, K. Penkman, M. J. Collins, Protein sequences bound 

to mineral surfaces persist into deep time. eLife 5, e17092 (2016).

 22. S. Presslee, J. Wilson, J. Woolley, J. Best, D. Russell, A. Radini, R. Fischer, B. Kessler, 

R. Boano, M. Collins, B. Demarchi, The identification of archaeological eggshell using 

peptide markers. STAR Sci. Technol. Archaeol. Res. 3, 89–99 (2017).

 23. J. Sakalauskaite, S. Andersen, P. Biagi, M. A. Borrello, T. Cocquerez, A. C. Colonese, 

F. Dal Bello, A. Girod, M. Heumüller, H. Koon, G. Mandili, C. Medana, K. E. H. Penkman, 

L. Plasseraud, H. Schlichtherle, S. Taylor, C. Tokarski, J. Thomas, J. Wilson, F. Marin, 

B. Demarchi, ‘Palaeoshellomics’ reveals the use of freshwater mother-of-pearl 

in prehistory. eLife 8, e45644 (2019).

 24. A. D. Bravenec, K. D. Ward, T. J. Ward, Amino acid racemization and its relation 

to geochronology and archaeometry. J. Sep. Sci. 41, 1489–1506 (2018).

 25. B. J. Johnson, G. H. Miller, Archaeological applications of amino acid racemization. 

Archaeometry 39, 265–287 (1997).

 26. K. E. H. Penkman, D. S. Kaufman, D. Maddy, M. J. Collins, Closed-system behaviour 

of the intra-crystalline fraction of amino acids in mollusc shells. Quat. Geochronol. 3, 2–25 

(2008).

 27. G. A. Sykes, M. J. Collins, D. I. Walton, The significance of a geochemically isolated 

intracrystalline organic fraction within biominerals. Org. Geochem. 23, 1059–1065 (1995).

 28. R. C. Griffin, A. T. Chamberlain, G. Hotz, Age estimation of archaeological remains using 

amino acid racemization in dental enamel: A comparison of morphological, biochemical, 

and known ages-at-death. Am. J. Phys. Anthropol. 140, 244–252 (2009).

 29. S. A. Parfitt, R. W. Barendregt, M. Breda, I. Candy, M. J. Collins, G. R. Coope, P. Durbidge, 

M. H. Field, J. R. Lee, A. M. Lister, R. Mutch, K. E. H. Penkman, R. C. Preece, J. Rose, 

C. B. Stringer, R. Symmons, J. E. Whittaker, J. J. Wymer, A. J. Stuart, The earliest record 

of human activity in northern Europe. Nature 438, 1008–1012 (2005).

 30. K. E. H. Penkman, R. C. Preece, D. H. Keen, D. Maddy, D. C. Schreve, M. J. Collins, Testing 

the aminostratigraphy of fluvial archives: The evidence from intra-crystalline proteins 

within freshwater shells. Quat. Sci. Rev. 26, 2958–2969 (2007).

 31. B. Koppel, K. Szabó, M. W. Moore, M. J. Morwood, Untangling time-averaging in shell 

middens: Defining temporal units using amino acid racemisation. J. Archaeol. Sci. Rep. 7, 

741–750 (2016).

 32. S. S. Gazzaz, B. A. Rasco, F. M. Dong, Application of immunochemical assays to food 

analysis. Crit. Rev. Food Sci. Nutr. 32, 197–229 (1992).

 33. D. Wild, The Immunoassay Handbook: Theory and Applications of Ligand Binding, ELISA and 

Related Techniques (Newnes, 2013).

 34. A. M. Child, A. M. Pollard, A review of the applications of immunochemistry to 

archaeological bone. J. Archaeol. Sci. 19, 39–47 (1992).

 35. M. Newman, P. Julig, The identification of protein residues on lithic artifacts from a 

stratified boreal forest site. Can. J. Archaeol. 13, 119–132 (1989).

 36. B. Kooyman, M. E. Newman, H. Ceri, Verifying the reliability of blood residue analysis 

on archaeological tools. J. Archaeol. Sci. 19, 265–269 (1992).

 37. B. Kooyman, M. E. Newman, C. Cluney, M. Lobb, S. Tolman, P. McNeil, L. V. Hills, 

Identification of horse exploitation by clovis hunters based on protein analysis. Am. Antiq. 

66, 686–691 (2001).

 38. R. A. Marlar, B. L. Leonard, B. R. Billman, P. M. Lambert, J. E. Marlar, Biochemical evidence 

of cannibalism at a prehistoric Puebloan site in southwestern Colorado. Nature 407, 

74–78 (2000).

 39. K. E. Dongoske, D. L. Martin, T. J. Ferguson, Critique of the claim of cannibalism at Cowboy 

Wash. Am. Antiq. 65, 179–190 (2000).

 40. P. M. Lambert, B. L. Leonard, B. R. Billman, R. A. Marlar, M. E. Newman, K. J. Reinhard, Response 

to critique of the claim of cannibalism at cowboy wash. Am. Antiq. 65, 397–406 (2000).

 41. T. H. Loy, A. R. Wood, Blood residue analysis at Çayönü Tepesi, Turkey. J. Field Archaeol. 

16, 451–460 (1989).

 42. A. Högberg, K. Puseman, C. Yost, Integration of use-wear with protein residue analysis – a 

study of tool use and function in the south Scandinavian Early Neolithic. J. Archaeol. Sci. 

36, 1725–1737 (2009).

 43. J. A. Eisele, D. D. Fowler, G. Haynes, R. A. Lewis, Survival and detection of blood residues 

on stone tools. Antiquity 69, 36–46 (1995).

 44. J. D. Leach, R. P. Mauldin, Additional comments on blood residue analysis in archaeology. 

Antiquity 69, 1020–1022 (1995).

 45. S. Fiedel, Blood from stones? Some methodological and interpretive problems in blood 

residue analysis. J. Archaeol. Sci. 23, 139–147 (1996).

 46. M. E. Newman, R. M. Yohe II, B. Kooyman, H. Ceri, “Blood” from stones? probably: A response 

to Fiedel. J. Archaeol. Sci. 24, 1023–1027 (1997).

 47. M. Petraglia, D. Knepper, P. Glumac, M. Newman, C. Sussman, Immunological and 

microwear analysis of chipped-stone artifacts from piedmont contexts. Am. Antiq. 61, 

127–135 (1996).

 48. C. Cattaneo, K. Gelsthorpe, P. Phillips, R. J. Sokol, Blood residues on stone tools: Indoor 

and outdoor experiments. World Archaeol. 25, 29–43 (1993).

 49. P. H. Ostrom, M. Schall, H. Gandhi, T.-L. Shen, P. Hauschka, V. J. R. Strahler, D. A. Gage, 

New strategies for characterizing ancient proteins using matrix-assisted laser desorption 

ionization mass spectrometry. Geochim. Cosmochim. Acta 64, 1043–1050 (2000).

 50. M. Buckley, M. Collins, J. Thomas-Oates, J. C. Wilson, Species identification by analysis of 

bone collagen using matrix-assisted laser desorption/ionisation time-of-flight mass 

spectrometry. Rapid Commun. Mass Spectrom. 23, 3843–3854 (2009).

 51. K. Hollemeyer, W. Altmeyer, E. Heinzle, Identification and quantification of feathers, 

down, and hair of avian and mammalian origin using matrix-assisted laser desorption/

ionization time-of-flight mass spectrometry. Anal. Chem. 74, 5960–5968 (2002).

 52. D. P. Kirby, M. Buckley, E. Promise, S. A. Trauger, T. R. Holdcraft, Identification 

of collagen-based materials in cultural heritage. Analyst 138, 4849–4858 (2013).

 53. S. Fiddyment, B. Holsinger, C. Ruzzier, A. Devine, A. Binois, U. Albarella, R. Fischer, 

E. Nichols, A. Curtis, E. Cheese, M. D. Teasdale, C. Checkley-Scott, S. J. Milner, K. M. Rudy, 

E. J. Johnson, J. Vnouček, M. Garrison, S. McGrory, D. G. Bradley, M. J. Collins, Animal 

origin of 13th-century uterine vellum revealed using noninvasive peptide fingerprinting. 

Proc. Natl. Acad. Sci. U.S.A. 112, 15066–15071 (2015).

 54. M. D. Teasdale, S. Fiddyment, J. Vnouček, V. Mattiangeli, C. Speller, A. Binois, M. Carver, 

C. Dand, T. P. Newfield, C. C. Webb, D. G. Bradley, M. J. Collins, The York Gospels: 

A 1000-year biological palimpsest. R. Soc. Open Sci. 4, 170988 (2017).

 o
n
 F

e
b
ru

a
ry

 2
4
, 2

0
2
1

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Hendy, Sci. Adv. 2021; 7 : eabb9314     15 January 2021

S C I E N C E  A D V A N C E S  |  R E V I E W

9 of 11

 55. A. N. Coutu, G. Whitelaw, P. le Roux, J. Sealy, Earliest evidence for the ivory trade 

in Southern Africa: Isotopic and ZooMS analysis of seventh–tenth century AD ivory 

from KwaZulu-Natal. Afr. Archaeol. Rev. 33, 411–435 (2016).

 56. I. C. C. von Holstein, S. P. Ashby, N. L. van Doorn, S. M. Sachs, M. Buckley, M. Meiri, 

I. Barnes, A. Brundle, M. J. Collins, Searching for scandinavians in pre-Viking Scotland: 

Molecular fingerprinting of Early Medieval combs. J. Archaeol. Sci. 41, 1–6 (2014).

 57. J. A. Ebsen, K. Haase, R. Larsen, D. V. P. Sommer, L. Ø. Brandt, Identifying archaeological 

leather – discussing the potential of grain pattern analysis and zooarchaeology by mass 

spectrometry (ZooMS) through a case study involving medieval shoe parts 

from Denmark. J. Cult. Herit. 39, 21–31 (2019).

 58. S. Wiese, K. A. Reidegeld, H. E. Meyer, B. Warscheid, Protein labeling by iTRAQ: A new tool 

for quantitative mass spectrometry in proteome research. Proteomics 7, 340–350 (2007).

 59. Y. Ishihama, Y. Oda, T. Tabata, T. Sato, T. Nagasu, J. Rappsilber, M. Mann, Exponentially 

modified protein abundance index (emPAI) for estimation of absolute protein amount 

in proteomics by the number of sequenced peptides per protein. Mol. Cell. Proteomics 4, 

1265–1272 (2005).

 60. R. Sawafuji, E. Cappellini, T. Nagaoka, A. K. Fotakis, R. R. Jersie-Christensen, J. V. Olsen, 

K. Hirata, S. Ueda, Proteomic profiling of archaeological human bone. R. Soc. Open Sci. 4, 

161004 (2017).

 61. R. R. Jersie-Christensen, L. T. Lanigan, D. Lyon, M. Mackie, D. Belstrøm, C. D. Kelstrup, 

A. K. Fotakis, E. Willerslev, N. Lynnerup, L. J. Jensen, E. Cappellini, J. V. Olsen, Quantitative 

metaproteomics of medieval dental calculus reveals individual oral health status. Nat. 

Commun. 9, 4744 (2018).

 62. P. E. Hare, T. C. Hoering, K. King, Biogeochemistry of Amino Acids (Wiley, 1980).

 63. J. M. Asara, M. H. Schweitzer, L. M. Freimark, M. Phillips, L. C. Cantley, Protein sequences 

from mastodon and Tyrannosaurus rex revealed by mass spectrometry. Science 316, 

280–285 (2007).

 64. M. H. Schweitzer, W. Zheng, C. L. Organ, R. Avci, Z. Suo, L. M. Freimark, V. S. Lebleu, 

M. B. Duncan, M. G. Vander Heiden, J. M. Neveu, W. S. Lane, J. S. Cottrell, J. R. Horner, 

L. C. Cantley, R. Kalluri, J. M. Asara, Biomolecular characterization and protein sequences 

of the Campanian hadrosaur B. canadensis. Science 324, 626–631 (2009).

 65. M. Bern, B. S. Phinney, D. Goldberg, Reanalysis of Tyrannosaurus rex mass spectra. 

J. Proteome Res. 8, 4328–4332 (2009).

 66. E. R. Schroeter, C. J. DeHart, T. P. Cleland, W. Zheng, P. M. Thomas, N. L. Kelleher, M. Bern, 

M. H. Schweitzer, Expansion for the Brachylophosaurus canadensis collagen I sequence 

and additional evidence of the preservation of cretaceous protein. J. Proteome Res. 16, 

920–932 (2017).

 67. P. A. Pevzner, S. Kim, J. Ng, Comment on “Protein sequences from mastodon 

and Tyrannosaurus rex revealed by mass spectrometry”. Science 321, 1040 (2008).

 68. M. Buckley, A. Walker, S. Y. W. Ho, Y. Yang, C. Smith, P. Ashton, J. T. Oates, E. Cappellini, 

H. Koon, K. Penkman, B. Elsworth, D. Ashford, C. Solazzo, P. Andrews, J. Strahler, 

B. Shapiro, P. Ostrom, H. Gandhi, W. Miller, B. Raney, M. I. Zylber, M. T. P. Gilbert, 

R. V. Prigodich, M. Ryan, K. F. Rijsdijk, A. Janoo, M. J. Collins, Comment on “Protein 

sequences from mastodon and Tyrannosaurus rex revealed by mass spectrometry”. 

Science 319, 33 (2008).

 69. M. Buckley, S. Warwood, B. van Dongen, A. C. Kitchener, P. L. Manning, A fossil protein 

chimera; difficulties in discriminating dinosaur peptide sequences from modern 

cross-contamination. Proc. Biol. Sci. 284, 20170544 (2017).

 70. M. J. Collins, C. M. Nielsen-Marsh, J. Hiller, C. I. Smith, J. P. Roberts, R. V. Prigodich, 

T. J. Wess, J. Csapò, A. R. Millard, G. Turner-Walker, The survival of organic matter in bone: 

A review. Archaeometry 44, 383–394 (2002).

 71. F. Welker, J. Ramos-Madrigal, M. Kuhlwilm, W. Liao, P. Gutenbrunner, M. de Manuel, 

D. Samodova, M. Mackie, M. E. Allentoft, A.-M. Bacon, M. J. Collins, J. Cox, C. Lalueza-Fox, 

J. V. Olsen, F. Demeter, W. Wang, T. Marques-Bonet, E. Cappellini, Enamel proteome 

shows that Gigantopithecus was an early diverging pongine. Nature 576, 262–265 (2019).

 72. E. Cappellini, F. Welker, L. Pandolfi, J. Ramos-Madrigal, D. Samodova, P. L. Rüther, 

A. K. Fotakis, D. Lyon, J. V. Moreno-Mayar, M. Bukhsianidze, R. R. Jersie-Christensen, 

M. Mackie, A. Ginolhac, R. Ferring, M. Tappen, E. Palkopoulou, M. R. Dickinson, 

T. W. Stafford, Y. L. Chan, A. Götherström, K. S. Senthilvel, P. D. Heintzman, J. D. Kapp, 

I. Kirillova, Y. Moodley, J. Agusti, R.-D. Kahlke, G. Kiladze, B. Martínez-Navarro, S. Liu, 

M. S. Velasco, M.-H. S. Sinding, C. D. Kelstrup, M. E. Allentoft, L. Orlando, K. Penkman, 

B. Shapiro, L. Rook, L. Dalén, M. T. P. Gilbert, J. V. Olsen, D. Lordkipanidze, E. Willerslev, 

Early Pleistocene enamel proteome from Dmanisi resolves Stephanorhinus phylogeny. 

Nature 574, 103–107 (2019).

 73. I. M. Porto, H. J. Laure, R. H. Tykot, F. B. de Sousa, J. C. Rosa, R. F. Gerlach, Recovery 

and identification of mature enamel proteins in ancient teeth. Eur. J. Oral Sci. 119, Suppl 

1, 83–87 (2011).

 74. N. A. Stewart, R. F. Gerlach, R. L. Gowland, K. J. Gron, J. Montgomery, Sex determination 

of human remains from peptides in tooth enamel. Proc. Natl. Acad. Sci. U.S.A. 114, 

13649–13654 (2017).

 75. G. J. Parker, J. M. Yip, J. W. Eerkens, M. Salemi, B. Durbin-Johnson, C. Kiesow, R. Haas, 

J. E. Buikstra, H. Klaus, L. A. Regan, D. M. Rocke, B. S. Phinney, Sex estimation using 

sexually dimorphic amelogenin protein fragments in human enamel. J. Archaeol. Sci. 101, 

169–180 (2019).

 76. E. R. Schroeter, T. P. Cleland, Glutamine deamidation: An indicator of antiquity, or 

preservational quality? Rapid Commun. Mass Spectrom. 30, 251–255 (2016).

 77. A. A. Kossiakoff, Tertiary structure is a principal determinant to protein deamidation. 

Science 240, 191–194 (1988).

 78. J. P. Simpson, K. E. H. Penkman, B. Demarchi, H. Koon, M. J. Collins, J. Thomas-Oates, 

B. Shapiro, M. Stark, J. Wilson, The effects of demineralisation and sampling point 

variability on the measurement of glutamine deamidation in type I collagen extracted 

from bone. J. Archaeol. Sci. 69, 29–38 (2016).

 79. N. Procopio, M. Buckley, Minimizing laboratory-induced decay in bone proteomics. 

J. Proteome Res. 16, 447–458 (2017).

 80. J. Wilson, N. L. van Doorn, M. J. Collins, Assessing the extent of bone degradation using 

glutamine deamidation in collagen. Anal. Chem. 84, 9041–9048 (2012).

 81. N. Procopio, A. T. Chamberlain, M. Buckley, Exploring biological and geological 

age-related changes through variations in intra- and intertooth proteomes of ancient 

dentine. J. Proteome Res. 17, 1000–1013 (2018).

 82. C. Solazzo, J. Wilson, J. M. Dyer, S. Clerens, J. E. Plowman, I. von Holstein, P. Walton Rogers, 

E. E. Peacock, M. J. Collins, Modeling deamidation in sheep a-keratin peptides 

and application to archeological wool textiles. Anal. Chem. 86, 567–575 (2014).

 83. A. Ramsøe, V. van Heekeren, P. Ponce, R. Fischer, I. Barnes, C. Speller, M. J. Collins, 

DeamiDATE 1.0: Site-specific deamidation as a tool to assess authenticity of members 

of ancient proteomes. J. Archaeol. Sci. 115, 105080 (2020).

 84. N. L. van Doorn, J. Wilson, H. Hollund, M. Soressi, M. J. Collins, Site-specific deamidation 

of glutamine: A new marker of bone collagen deterioration. Rapid Commun. Mass 

Spectrom. 26, 2319–2327 (2012).

 85. R. C. Hill, M. J. Wither, T. Nemkov, A. Barrett, A. D’Alessandro, M. Dzieciatkowska, 

K. C. Hansen, Preserved proteins from extinct Bison latifrons identified by tandem mass 

spectrometry; hydroxylysine glycosides are a common feature of ancient collagen.  

Mol. Cell. Proteomics 14, 1946–1958 (2015).

 86. T. P. Cleland, E. R. Schroeter, M. H. Schweitzer, Biologically and diagenetically derived 

peptide modifications in moa collagens. Proc. Biol. Sci. 282, 20150015 (2015).

 87. M. A. Zeder, S. E. Pilaar, Assessing the reliability of criteria used to identify mandibles 

and mandibular teeth in sheep, Ovis, and goats, Capra. J. Archaeol. Sci. 37, 225–242 

(2010).

 88. M. A. Zeder, H. A. Lapham, Assessing the reliability of criteria used to identify postcranial 

bones in sheep, Ovis, and goats, Capra. J. Archaeol. Sci. 37, 2887–2905 (2010).

 89. M. Buckley, S. Whitcher Kansa, S. Howard, S. Campbell, J. Thomas-Oates, M. Collins, 

Distinguishing between archaeological sheep and goat bones using a single collagen 

peptide. J. Archaeol. Sci. 37, 13–20 (2010).

 90. S. E. Pilaar Birch, A. Scheu, M. Buckley, C. Çakırlar, Combined osteomorphological, 

isotopic, aDNA, and ZooMS analyses of sheep and goat remains from Neolithic Ulucak, 

Turkey. Archaeol. Anthropol. Sci. 11, 1669–1681 (2018).

 91. P. Vaiglova, A. Bogaard, M. Collins, W. Cavanagh, C. Mee, J. Renard, A. Lamb, 

A. Gardeisen, R. Fraser, An integrated stable isotope study of plants and animals 

from Kouphovouno, southern Greece: A new look at Neolithic farming. J. Archaeol. Sci. 

42, 201–215 (2014).

 92. M. D. Price, M. Buckley, M. M. Kersel, Y. M. Rowan, Animal management strategies during 

the chalcolithic in the Lower Galilee: New data from Marj Rabba (Israel). Paléorient 39, 

183–200 (2013).

 93. M. E. Prendergast, A. Janzen, M. Buckley, K. M. Grillo, Sorting the sheep from the goats 

in the Pastoral Neolithic: Morphological and biomolecular approaches at Luxmanda, 

Tanzania. Archaeol. Anthropol. Sci. 11, 3047–3062 (2018).

 94. W. Taylor, S. Shnaider, A. Abdykanova, A. Fages, F. Welker, F. Irmer, A. Seguin-Orlando, 

N. Khan, K. Douka, K. Kolobova, L. Orlando, A. Krivoshapkin, N. Boivin, Early pastoral 

economies along the Ancient Silk Road: Biomolecular evidence from the Alay Valley, 

Kyrgyzstan. PLOS ONE 13, e0205646 (2018).

 95. M. Buckley, V. L. Harvey, A. T. Chamberlain, Species identification and decay assessment 

of Late Pleistocene fragmentary vertebrate remains from Pin Hole Cave (Creswell Crags, 

UK) using collagen fingerprinting. Boreas 46, 402–411 (2017).

 96. V. Sinet-Mathiot, G. M. Smith, M. Romandini, A. Wilcke, M. Peresani, J.-J. Hublin, F. Welker, 

Combining ZooMS and zooarchaeology to study Late Pleistocene hominin behaviour at 

Fumane (Italy). Sci. Rep. 9, 12350 (2019).

 97. G. Pothier Bouchard, J. Riel-Salvatore, F. Negrino, M. Buckley, Archaeozoological, 

taphonomic and ZooMS insights into The Protoaurignacian faunal record from Riparo 

Bombrini. Quat. Int. 551, 243–263 (2020).

 98. C. A. Hofman, T. C. Rick, J. M. Erlandson, L. Reeder-Myers, A. J. Welch, M. Buckley, Collagen 

fingerprinting and the earliest marine mammal hunting in North America. Sci. Rep. 8, 

10014 (2018).

 99. S. Fiddyment, M. D. Teasdale, J. Vnouček, É. Lévêque, A. Binois, M. J. Collins, So you want 

to do biocodicology? A field guide to the biological analysis of parchment. Herit. Sci. 7, 35 

(2019).

 o
n
 F

e
b
ru

a
ry

 2
4
, 2

0
2
1

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Hendy, Sci. Adv. 2021; 7 : eabb9314     15 January 2021

S C I E N C E  A D V A N C E S  |  R E V I E W

10 of 11

 100. C. Hong, H. Jiang, E. Lü, Y. Wu, L. Guo, Y. Xie, C. Wang, Y. Yang, Identification of milk 

component in ancient food residue by proteomics. PLOS ONE 7, e37053 (2012).

 101. Y. Yang, A. Shevchenko, A. Knaust, I. Abuduresule, W. Li, X. Hu, C. Wang, A. Shevchenko, 

Proteomics evidence for kefir dairy in Early Bronze Age China. J. Archaeol. Sci. 45, 178–186 

(2014).

 102. M. Xie, A. Shevchenko, B. Wang, A. Shevchenko, C. Wang, Y. Yang, Identification of a dairy 

product in the grass woven basket from Gumugou Cemetery (3800 BP, northwestern 

China). Quat. Int. 426, 158–165 (2016).

 103. A. Shevchenko, Y. Yang, A. Knaust, H. Thomas, H. Jiang, E. Lu, C. Wang, A. Shevchenko, 

Proteomics identifies the composition and manufacturing recipe of the 2500-year old 

sourdough bread from Subeixi cemetery in China. J. Proteomics 105, 363–371 (2014).

 104. E. Greco, O. El-Aguizy, M. F. Ali, S. Foti, V. Cunsolo, R. Saletti, E. Ciliberto, Proteomic 

analyses on an ancient Egyptian cheese and biomolecular evidence of brucellosis. Anal. 

Chem. 90, 9673–9676 (2018).

 105. A. C. Colonese, J. Hendy, A. Lucquin, C. F. Speller, M. J. Collins, F. Carrer, R. Gubler, 

M. Kühn, R. Fischer, O. E. Craig, New criteria for the molecular identification of cereal 

grains associated with archaeological artefacts. Sci. Rep. 7, 6633 (2017).

 106. F. Maixner, D. Turaev, A. Cazenave-Gassiot, M. Janko, B. Krause-Kyora, M. R. Hoopmann, 

U. Kusebauch, M. Sartain, G. Guerriero, N. O’Sullivan, M. Teasdale, G. Cipollini, A. Paladin, 

V. Mattiangeli, M. Samadelli, U. Tecchiati, A. Putzer, M. Palazoglu, J. Meissen, S. Lösch, 

P. Rausch, J. F. Baines, B. J. Kim, H.-J. An, P. Gostner, E. Egarter-Vigl, P. Malfertheiner, 

A. Keller, R. W. Stark, M. Wenk, D. Bishop, D. G. Bradley, O. Fiehn, L. Engstrand, R. L. Moritz, 

P. Doble, A. Franke, A. Nebel, K. Oeggl, T. Rattei, R. Grimm, A. Zink, The Iceman’s last meal 

consisted of fat, wild meat, and cereals. Curr. Biol. 28, 2348–2355.e9 (2018).

 107. J. Hendy, C. Warinner, A. Bouwman, M. J. Collins, S. Fiddyment, R. Fischer, R. Hagan, 

C. A. Hofman, M. Holst, E. Chaves, L. Klaus, G. Larson, M. Mackie, K. McGrath, 

A. Z. Mundorff, A. Radini, H. Rao, C. Trachsel, I. M. Velsko, C. F. Speller, Proteomic evidence 

of dietary sources in ancient dental calculus. Proc. Biol. Sci. 285, 20180977 (2018).

 108. C. Warinner, J. Hendy, C. Speller, E. Cappellini, R. Fischer, C. Trachsel, J. Arneborg, 

N. Lynnerup, O. E. Craig, D. M. Swallow, A. Fotakis, R. J. Christensen, J. V. Olsen, A. Liebert, 

N. Montalva, S. Fiddyment, S. Charlton, M. Mackie, A. Canci, A. Bouwman, F. Rühli, 

M. T. P. Gilbert, M. Collins, Direct evidence of milk consumption from ancient human 

dental calculus. Sci. Rep. 4, 7104 (2014).

 109. C. Jeong, S. Wilkin, T. Amgalantugs, A. S. Bouwman, W. T. T. Taylor, R. W. Hagan, 

S. Bromage, S. Tsolmon, C. Trachsel, J. Grossmann, J. Littleton, C. A. Makarewicz, 

J. Krigbaum, M. Burri, A. Scott, G. Davaasambuu, J. Wright, F. Irmer, E. Myagmar, N. Boivin, 

M. Robbeets, F. J. Rühli, J. Krause, B. Frohlich, J. Hendy, C. Warinner, Bronze Age 

population dynamics and the rise of dairy pastoralism on the eastern Eurasian steppe. 

Proc. Natl. Acad. Sci. U.S.A. 115, E11248–E11255 (2018).

 110. S. Mays, D. Roberts, P. Marshall, A. W. G. Pike, V. van Heekeren, C. Bronk Ramsey, 

E. Dunbar, P. Reimer, B. Linscott, A. Radini, A. Lowe, A. Dowle, C. Speller, J. Vallender, 

J. Bedford, Lives before and after Stonehenge: An osteobiographical study of four 

prehistoric burials recently excavated from the Stonehenge World Heritage Site. 

J. Archaeol. Sci. Rep. 20, 692–710 (2018).

 111. S. Charlton, A. Ramsøe, M. Collins, O. E. Craig, R. Fischer, M. Alexander, C. F. Speller, New 

insights into Neolithic milk consumption through proteomic analysis of dental calculus. 

Archaeol. Anthropol. Sci. 11, 6183–6196 (2019).

 112. S. Wilkin, A. V. Miller, W. T. T. Taylor, B. K. Miller, R. W. Hagan, M. Bleasdale, A. Scott, 

S. Gankhuyg, A. Ramsøe, S. Uliziibayar, C. Trachsel, P. Nanni, J. Grossmann, L. Orlando, 

M. Horton, P. W. Stockhammer, E. Myagmar, N. Boivin, C. Warinner, J. Hendy, Dairy 

pastoralism sustained eastern Eurasian steppe populations for 5,000 years. Nat. Ecol. Evol. 

4, 346–355 (2020).

 113. J. Dunne, R. P. Evershed, M. Salque, L. Cramp, S. Bruni, K. Ryan, S. Biagetti, S. di Lernia, First 

dairying in green Saharan Africa in the fifth millennium BC. Nature 486, 390–394 (2012).

 114. M. Roffet-Salque, M. Regert, R. P. Evershed, A. K. Outram, L. J. E. Cramp, O. Decavallas, 

J. Dunne, P. Gerbault, S. Mileto, S. Mirabaud, M. Pääkkönen, J. Smyth, L. Šoberl, 

H. L. Whelton, A. Alday-Ruiz, H. Asplund, M. Bartkowiak, E. Bayer-Niemeier, L. Belhouchet, 

F. Bernardini, M. Budja, G. Cooney, M. Cubas, E. M. Danaher, M. Diniz, L. Domboróczki, 

C. Fabbri, J. E. González-Urquijo, J. Guilaine, S. Hachi, B. N. Hartwell, D. Hofmann, I. Hohle, 

J. J. Ibáñez, N. Karul, F. Kherbouche, J. Kiely, K. Kotsakis, F. Lueth, J. P. Mallory, C. Manen, 

A. Marciniak, B. Maurice-Chabard, M. A. M. Gonigle, S. Mulazzani, M. Özdoğan, O. S. Perić, 

S. R. Perić, J. Petrasch, A.-M. Pétrequin, P. Pétrequin, U. Poensgen, C. J. Pollard, F. Poplin, 

G. Radi, P. Stadler, H. Stäuble, N. Tasić, D. Urem-Kotsou, J. B. Vuković, F. Walsh, A. Whittle, 

S. Wolfram, L. Zapata-Peña, J. Zoughlami, Widespread exploitation of the honeybee by 

early Neolithic farmers. Nature 527, 226–230 (2015).

 115. A. Lucquin, K. Gibbs, J. Uchiyama, H. Saul, M. Ajimoto, Y. Eley, A. Radini, C. P. Heron, 

S. Shoda, Y. Nishida, J. Lundy, P. Jordan, S. Isaksson, O. E. Craig, Ancient lipids document 

continuity in the use of early hunter-gatherer pottery through 9,000 years of Japanese 

prehistory. Proc. Natl. Acad. Sci. U.S.A. 113, 3991–3996 (2016).

 116. C. D. Spiteri, R. E. Gillis, M. Roffer-Salque, L. C. Navarro, J. Guilaine, C. Manen, I. M. Muntoni, 

M. S. Segui, D. Urem-Kotsou, H. L. Whelton, O. E. Craig, J. D. Vigne, R. P. Evershed, Regional 

asynchronicity in dairy production and processing in early farming communities 

of the northern Mediterranean. Proc. Natl. Acad. Sci. U.S.A. 113, 13594–13599 (2016).

 117. O. Craig, J. Mulville, M. P. Pearson, R. Sokol, K. Gelsthorpe, R. Stacey, M. Collins, Detecting 

milk proteins in ancient pots. Nature 408, 312 (2000).

 118. A. Barker, B. Venables, S. M. Stevens, K. W. Seeley, P. Wang, S. Wolverton, An optimized 

approach for protein residue extraction and identification from ceramics after cooking. 

J. Archaeol. Method Theory 19, 407–439 (2012).

 119. C. Solazzo, W. W. Fitzhugh, C. Rolando, C. Tokarski, Identification of protein remains 

in archaeological potsherds by proteomics. Anal. Chem. 80, 4590–4597 (2008).

 120. J. Hendy, A. C. Colonese, I. Franz, R. Fernandes, R. Fischer, D. Orton, A. Lucquin, 

L. Spindler, J. Anvari, E. Stroud, P. F. Biehl, C. Speller, N. Boivin, M. Mackie, R. R. Jersie-

Christensen, J. V. Olsen, M. J. Collins, O. E. Craig, E. Rosenstock, Ancient proteins 

from ceramic vessels at Çatalhöyük West reveal the hidden cuisine of early farmers. Nat. 

Commun. 9, 4064 (2018).

 121. R. P. Evershed, N. Tuross, Proteinaceous material from potsherds and associated soils. 

J. Archaeol. Sci. 23, 429–436 (1996).

 122. A. Barker, J. Dombrosky, B. Venables, S. Wolverton, Taphonomy and negative results: 

An integrated approach to ceramic-bound protein residue analysis. J. Archaeol. Sci. 94, 

32–43 (2018).

 123. T. Tsutaya, M. Mackie, C. Koenig, T. Sato, A. W. Weber, H. Kato, J. V. Olsen, E. Cappellini, 

Palaeoproteomic identification of breast milk protein residues from the archaeological 

skeletal remains of a neonatal dog. Sci. Rep. 9, 12841 (2019).

 124. M. Charles, Fodder from dung: The recognition and interpretation of dung-derived plant 

material from archaeological sites. Environ. Archaeol. 1, 111–122 (1998).

 125. M. S. Copley, S. Jim, V. Jones, P. Rose, A. Clapham, D. N. Edwards, M. Horton, P. Rowley-

Conwy, R. P. Evershed, Short- and long-term foraging and foddering strategies 

of domesticated animals from Qasr Ibrim, Egypt. J. Archaeol. Sci. 31, 1273–1286 (2004).

 126. C. Makarewicz, N. Tuross, Foddering by Mongolian pastoralists is recorded in the stable 

carbon (d13C) and nitrogen (d15N) isotopes of caprine dentinal collagen. J. Archaeol. Sci. 

33, 862–870 (2006).

 127. T. Z. T. Jensen, M. Mackie, A. J. Taurozzi, L. T. Lanigan, C. Gundelach, J. Olsen, 

S. A. Sørensen, M. J. Collins, M. Sørensen, H. Schroeder, The biomolecular characterization 

of a finger ring contextually dated to the emergence of the Early Neolithic from Syltholm, 

Denmark. R. Soc. Open Sci. 7, 191172 (2020).

 128. K. Hollemeyer, W. Altmeyer, E. Heinzle, C. Pitra, Matrix-assisted laser desorption/

ionization time-of-flight mass spectrometry combined with multidimensional scaling, 

binary hierarchical cluster tree and selected diagnostic masses improves species 

identification of Neolithic keratin sequences from furs of the Tyrolean Iceman Oetzi. 

Rapid Commun. Mass Spectrom. 26, 1735–1745 (2012).

 129. L. Ø. Brandt, A. L. Schmidt, U. Mannering, M. Sarret, C. D. Kelstrup, J. V. Olsen, E. Cappellini, 

Species identification of archaeological skin objects from Danish bogs: Comparison 

between mass spectrometry-based peptide sequencing and microscopy-based methods. 

PLOS ONE 9, e106875 (2014).

 130. C. Solazzo, S. Heald, M. W. Ballard, D. A. Ashford, P. T. DePriest, R. J. Koestler, M. J. Collins, 

Proteomics and Coast Salish blankets: A tale of shaggy dogs? Antiquity 85, 1418–1432 

(2011).

 131. C. Solazzo, P. W. Rogers, L. Weber, H. F. Beaubien, J. Wilson, M. Collins, Species 

identification by peptide mass fingerprinting (PMF) in fibre products preserved by 

association with copper-alloy artefacts. J. Archaeol. Sci. 49, 524–535 (2014).

 132. C. Solazzo, Follow-up on the characterization of peptidic markers in hair and fur 

for the identification of common North American species. Rapid Commun. Mass Spectrom. 

31, 1375–1384 (2017).

 133. L. Li, Y. Gong, H. Yin, D. Gong, Different types of peptide detected by mass spectrometry 

among fresh silk and archaeological silk remains for distinguishing modern 

contamination. PLOS ONE 10, e0132827 (2015).

 134. Y. Gong, L. Li, D. Gong, H. Yin, J. Zhang, Biomolecular evidence of silk from 8,500 years 

ago. PLOS ONE 11, e0168042 (2016).

 135. H. Mai, Y. Yang, I. Abuduresule, W. Li, X. Hu, C. Wang, Characterization of cosmetic sticks 

at Xiaohe Cemetery in early Bronze Age Xinjiang, China. Sci. Rep. 6, 18939 (2016).

 136. S. P. Ashby, A. N. Coutu, S. M. Sindbæk, Urban networks and arctic outlands: Craft 

specialists and reindeer antler in viking towns. Euro. J. Archaeol. 18, 679–704 (2015).

 137. L. Ø. Brandt, K. Haase, M. J. Collins, Species identification using ZooMS, with reference 

to the exploitation of animal resources in the medieval town of Odense. Danish 

J. Archaeol. 7, 139–153 (2018).

 138. F. Welker, M. Soressi, W. Rendu, J.-J. Hublin, M. Collins, Using ZooMS to identify 

fragmentary bone from the Late Middle/Early Upper Palaeolithic sequence of Les Cottés, 

France. J. Archaeol. Sci. 54, 279–286 (2015).

 139. S. Brown, T. Higham, V. Slon, S. Pääbo, M. Meyer, K. Douka, F. Brock, D. Comeskey, 

N. Procopio, M. Shunkov, A. Derevianko, M. Buckley, Identification of a new hominin bone 

from Denisova Cave, Siberia using collagen fingerprinting and mitochondrial DNA 

analysis. Sci. Rep. 6, 23559 (2016).

 o
n
 F

e
b
ru

a
ry

 2
4
, 2

0
2
1

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Hendy, Sci. Adv. 2021; 7 : eabb9314     15 January 2021

S C I E N C E  A D V A N C E S  |  R E V I E W

11 of 11

 140. K. Douka, V. Slon, Z. Jacobs, C. B. Ramsey, M. V. Shunkov, A. P. Derevianko, F. Mafessoni, 

M. B. Kozlikin, B. Li, R. Grün, D. Comeskey, T. Devièse, S. Brown, B. Viola, L. Kinsley, 

M. Buckley, M. Meyer, R. G. Roberts, S. Pääbo, J. Kelso, T. Higham, Age estimates 

for hominin fossils and the onset of the Upper Palaeolithic at Denisova Cave. Nature 565, 

640–644 (2019).

 141. K. Douka, S. Brown, T. Higham, S. Pääbo, A. Derevianko, M. Shunkov, FINDER project: 

Collagen fingerprinting (ZooMS) for the identification of new human fossils. Antiquity 93, 

E1 (2019).

 142. V. L. Harvey, V. M. Egerton, A. T. Chamberlain, P. L. Manning, M. Buckley, Collagen 

fingerprinting: A new screening technique for radiocarbon dating ancient bone. PLOS 

ONE 11, e0150650 (2016).

 143. V. Slon, F. Mafessoni, B. Vernot, C. de Filippo, S. Grote, B. Viola, M. Hajdinjak, S. Peyrégne, 

S. Nagel, S. Brown, K. Douka, T. Higham, M. B. Kozlikin, M. V. Shunkov, A. P. Derevianko, 

J. Kelso, M. Meyer, K. Prüfer, S. Pääbo, The genome of the offspring of a Neanderthal 

mother and a Denisovan father. Nature 561, 113–116 (2018).

 144. F. Chen, F. Welker, C.-C. Shen, S. E. Bailey, I. Bergmann, S. Davis, H. Xia, H. Wang, R. Fischer, 

S. E. Freidline, T.-L. Yu, M. M. Skinner, S. Stelzer, G. Dong, Q. Fu, G. Dong, J. Wang, 

D. Zhang, J.-J. Hublin, A late Middle Pleistocene Denisovan mandible from the Tibetan 

Plateau. Nature 569, 409–412 (2019).

 145. F. Welker, M. Hajdinjak, S. Talamo, K. Jaouen, M. Dannemann, F. David, M. Julien, 

M. Meyer, J. Kelso, I. Barnes, S. Brace, P. Kamminga, R. Fischer, B. M. Kessler, J. R. Stewart, 

S. Pääbo, M. J. Collins, J.-J. Hublin, Palaeoproteomic evidence identifies archaic hominins 

associated with the Châtelperronian at the Grotte du Renne. Proc. Natl. Acad. Sci. U.S.A. 

113, 11162–11167 (2016).

 146. M. Buckley, C. Wadsworth, Proteome degradation in ancient bone: Diagenesis 

and phylogenetic potential. Palaeogeogr. Palaeoclimatol. Palaeoecol. 416, 69–79 (2014).

 147. F. Welker, M. J. Collins, J. A. Thomas, M. Wadsley, S. Brace, E. Cappellini, S. T. Turvey, 

M. Reguero, J. N. Gelfo, A. Kramarz, J. Burger, J. Thomas-Oates, D. A. Ashford, P. D. Ashton, 

K. Rowsell, D. M. Porter, B. Kessler, R. Fischer, C. Baessmann, S. Kaspar, J. V. Olsen, P. Kiley, 

J. A. Elliott, C. D. Kelstrup, V. Mullin, M. Hofreiter, E. Willerslev, J.-J. Hublin, L. Orlando, 

I. Barnes, R. D. E. MacPhee, Ancient proteins resolve the evolutionary history of Darwin’s 

South American ungulates. Nature 522, 81–84 (2015).

 148. M. Buckley, Ancient collagen reveals evolutionary history of the endemic South American 

‘ungulates’. Proc. Biol. Sci. 282, 20142671 (2015).

 149. T. P. Cleland, E. R. Schroeter, R. S. Feranec, D. Vashishth, Peptide sequences from the first 

Castoroides ohioensis skull and the utility of old museum collections 

for palaeoproteomics. Proc. Biol. Sci. 283, 20160593 (2016).

 150. M. Buckley, A molecular phylogeny of Plesiorycteropus reassigns the extinct mammalian 

order ‘Bibymalagasia’. PLOS ONE 8, e59614 (2013).

 151. C. M. Nielsen-Marsh, C. Stegemann, R. Hoffmann, T. Smith, R. Feeney, M. Toussaint, 

K. Harvati, E. Panagopoulou, J.-J. Hublin, M. P. Richards, Extraction and sequencing 

of human and Neanderthal mature enamel proteins using MALDI-TOF/TOF MS. 

J. Archaeol. Sci. 36, 1758–1763 (2009).

 152. V. C. Wasinger, D. Curnoe, S. Bustamante, R. Mendoza, R. Shoocongdej, L. Adler, A. Baker, 

K. Chintakanon, C. Boel, P. S. C. Tacon, Analysis of the preserved amino acid bias 

in peptide profiles of iron age teeth from a tropical environment enable sexing 

of individuals using amelogenin MRM. Proteomics 19, e1800341 (2019).

 153. I. R. Dickson, M. K. Bagga, Changes with age in the non-collagenous proteins of human 

bone. Connect. Tissue Res. 14, 77–85 (1985).

 154. R. Kendall, J. Hendy, M. J. Collins, A. R. Millard, R. L. Gowland, Poor preservation 

of antibodies in archaeological human bone and dentine. Sci. Technol. Archaeol. Res. 2, 

15–24 (2016).

 155. C. Warinner, J. F. M. Rodrigues, R. Vyas, C. Trachsel, N. Shved, J. Grossmann, A. Radini, 

Y. Hancock, R. Y. Tito, S. Fiddyment, C. Speller, J. Hendy, S. Charlton, H. U. Luder, 

D. C. Salazar-García, E. Eppler, R. Seiler, L. H. Hansen, J. A. S. Castruita, S. Barkow-

Oesterreicher, K. Y. Teoh, C. D. Kelstrup, J. V. Olsen, P. Nanni, T. Kawai, E. Willerslev, 

C. von Mering, C. M. Lewis Jr., M. J. Collins, M. T. P. Gilbert, F. Rühli, E. Cappellini, Pathogens 

and host immunity in the ancient human oral cavity. Nat. Genet. 46, 336–344 (2014).

 156. A. Bona, Z. Papai, G. Maasz, G. A. Toth, E. Jambor, J. Schmidt, C. Toth, C. Farkas, L. Mark, 

Mass spectrometric identification of ancient proteins as potential molecular biomarkers 

for a 2000-year-old osteogenic sarcoma. PLOS ONE 9, e87215 (2014).

 157. A. Corthals, A. Koller, D. W. Martin, R. Rieger, E. I. Chen, M. Bernaski, G. Recagno, 

L. M. Dávalos, Detecting the immune system response of a 500 year-old Inca mummy. 

PLOS ONE 7, e41244 (2012).

 158. F. Maixner, T. Overath, D. Linke, M. Janko, G. Guerriero, B. H. J. van den Berg, B. Stade, 

P. Leidinger, C. Backes, M. Jaremek, B. Kneissl, B. Meder, A. Franke, E. Egarter-Vigl, 

E. Meese, A. Schwarz, A. Tholey, A. Zink, A. Keller, Paleoproteomic study of the Iceman’s 

brain tissue. Cell. Mol. Life Sci. 70, 3709–3722 (2013).

 159. C. Wadsworth, M. Buckley, Proteome degradation in fossils: Investigating the longevity 

of protein survival in ancient bone. Rapid Commun. Mass Spectrom. 28, 605–615 (2014).

 160. R. Barbieri, R. Mekni, A. Levasseur, E. Chabrière, M. Signoli, S. Tzortzis, G. Aboudharam, 

M. Drancourt, Paleoproteomics of the Dental Pulp: The plague paradigm. PLOS ONE 12, 

e0180552 (2017).

 161. A. Boros-Major, A. Bona, G. Lovasz, E. Molnar, A. Marcsik, G. Palfi, L. Mark, New 

perspectives in biomolecular paleopathology of ancient tuberculosis: A proteomic 

approach. J. Archaeol. Sci. 38, 197–201 (2011).

 162. J. Hendy, M. Collins, K. Y. Teoh, D. A. Ashford, J. Thomas-Oates, H. D. Donoghue, I. Pap, 

D. E. Minnikin, M. Spigelman, M. Buckley, The challenge of identifying tuberculosis 

proteins in archaeological tissues. J. Archaeol. Sci. 66, 146–153 (2016).

 163. M. Mackie, J. Hendy, A. D. Lowe, A. Sperduti, M. Holst, M. J. Collins, C. F. Speller, 

Preservation of the metaproteome: Variability of protein preservation in ancient dental 

calculus. Sci. Technol. Archaeol. Res. 3, 74–86 (2017).

 164. N. C. VerBerkmoes, V. J. Denef, R. L. Hettich, J. F. Banfield, Systems biology: Functional 

analysis of natural microbial consortia using community proteomics. Nat. Rev. Microbiol. 

7, 196–205 (2009).

 165. K. McGrath, K. Rowsell, C. G. St-Pierre, A. Tedder, G. Foody, C. Roberts, C. Speller, 

M. Collins, Identifying archaeological bone via non-destructive ZooMS 

and the materiality of symbolic expression: Examples from Iroquoian bone points. Sci. 

Rep. 9, 11027 (2019).

 166. N. L. van Doorn, H. Hollund, M. J. Collins, A novel and non-destructive approach 

for ZooMS analysis: Ammonium bicarbonate buffer extraction. Archaeol. Anthropol. Sci. 3, 

281 (2011).

 167. T. P. Cleland, D. Vashishth, Bone protein extraction without demineralization using 

principles from hydroxyapatite chromatography. Anal. Biochem. 472, 62–66 (2015).

 168. P. G. Righetti, G. Zilberstein, A. D’Amato, What Sherlock sorely missed: The EVA 

technology for cultural heritage exploration. Expert Rev. Proteomics 16, 533–542 (2019).

 169. I. Rusu, I. Paica, A. Vulpoi, C. Radu, C. Mircea, C. Dobrinescu, V. Bodolică, B. Kelemen, Dual 

DNA-protein extraction from human archeological remains. Archaeol. Anthropol. Sci. 11, 

3299–3307 (2018).

 170. M. Mackie, A. Radini, C. Speller, in Shallow Pasts, Endless Horizons: Sustainability & 

Archaeology, Proceedings of the 48th Annual Chacmool Conference, J. Favreau, R. Patalano, 

Eds. (The Chacmool Archaeological Association of the University of Calgary, 2017), 

pp. 74–81.

 171. Z. Fagernäs, M. I. García-Collado, J. Hendy, C. A. Hofman, C. Speller, I. Velsko, C. Warinner, 

A unified protocol for simultaneous extraction of DNA and proteins from archaeological 

dental calculus. J. Archaeol. Sci. 118, 105135 (2020).

 172. S. Charlton, M. Alexander, M. Collins, N. Milner, Finding Britain’s last hunter-gatherers: 

A new biomolecular approach to ‘unidentifiable’ bone fragments utilising bone collagen. 

J. Archaeol. Sci. 73, 55–61 (2016).

 173. G. Pothier Bouchard, S. M. Mentzer, J. Riel-Salvatore, J. Hodgkins, C. E. Miller, F. Negrino, 

R. Wogelius, M. Buckley, Portable FTIR for on-site screening of archaeological bone 

intended for ZooMS collagen fingerprint analysis. J. Archaeol. Sci. Rep. 26, 101862 (2019).

 174. F. Welker, G. M. Smith, J. M. Hutson, L. Kindler, A. Garcia-Moreno, A. Villaluenga, E. Turner, 

S. Gaudzinski-Windheuser, Middle Pleistocene protein sequences from the rhinoceros 

genus Stephanorhinus and the phylogeny of extant and extinct Middle/Late Pleistocene 

Rhinocerotidae. PeerJ 5, e3033, (2017).

 175. M. Warren, Move over, DNA: Ancient proteins are starting to reveal humanity’s history. 

Nature 570, 433–436 (2019).

 176. C. H. Arnaud, Ancient proteins tell tales of our ancestors, Chemical & Engineering News 

(2019); https://cen.acs.org/analytical-chemistry/art-&-artifacts/Ancient-proteins-tell-

tales-ancestors/97/i20.

 177. The science stories likely to make headlines in 2020, Science | AAAS (2020); https://www.

sciencemag.org/news/2020/01/science-stories-likely-make-headlines-2020.

Acknowledgments: I thank M. Aldenderfer for the opportunity to provide this synthesis and 

perspective. I also thank S. Ashby, M. Evans, N. Hausmann, A. K. Runge, and S. Wilkin for 

comments and suggestions on a previous version of the manuscript. Funding: This work was 

supported by a Leverhulme Trust Philip Leverhulme Prize. Author contributions: J.H. is the 

sole author. Competing interests: The author declares that she has no competing interests.

Submitted 27 March 2020

Accepted 20 November 2020

Published 15 January 2021

10.1126/sciadv.abb9314

Citation: J. Hendy, Ancient protein analysis in archaeology. Sci. Adv. 7, eabb9314 (2021).

 o
n
 F

e
b
ru

a
ry

 2
4
, 2

0
2
1

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Ancient protein analysis in archaeology

Jessica Hendy

DOI: 10.1126/sciadv.abb9314
 (3), eabb9314.7Sci Adv 

ARTICLE TOOLS http://advances.sciencemag.org/content/7/3/eabb9314

REFERENCES

http://advances.sciencemag.org/content/7/3/eabb9314#BIBL
This article cites 170 articles, 13 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.Science AdvancesYork Avenue NW, Washington, DC 20005. The title 
(ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 NewScience Advances 

License 4.0 (CC BY-NC).
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial 
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

 o
n
 F

e
b
ru

a
ry

 2
4
, 2

0
2
1

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 


