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Despite the variety of successful reports of the preservation, recovery, and identification 

of archaeological proteins in general, there are few positive reports regarding mass 

spectrometry-based identification of ceramic-bound proteins. In large part, this shortage is due 

to the lack of consideration for the unique taphonomic histories of such residues and, in 

general, methods development. Further, because negative results are rarely published, there is 

no baseline to which results can be compared. This paper attempts to address these challenges 

via a multi-pronged approach that uses mass spectrometry and complementary approaches to 

evaluate ceramic-bound protein preservation in both controlled, actualistic experiments, and in 

archaeological artifacts. By comparing the results obtained from protein-spiked, 

experimentally-aged ceramic to those obtained from both faunal and ceramic archaeological 

materials, an enhanced perspective on protein preservation and subsequent recovery and 

identification is revealed. This perspective, focusing on taphonomy, reveals why negative 

results may be the norm for ceramic artifacts when non-targeted methods are employed, and 

provides insight into how further method development may improve the likelihood of obtaining 

positive results. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction 

 Over the last several decades, continued progress in the development of methods for 

recovering and identifying trace biomolecules has provided novel avenues for archaeological 

inquiry. With the revelation that a variety of compounds are capable of persisting in, and being 

recovered from, the archaeological record, archaeological scientists are increasingly turning to 

methods derived from bioanalytical and/or forensic chemistry in order to tease out new 

information about the past. A major challenge, however, involves adapting these methods to 

samples that feature unique taphonomic histories relative to the types of samples the methods 

were originally designed to process. Thus, despite a variety of success stories in the field of 

archaeological residue analysis, particularly for DNA, the rush to obtain meaningful results from 

ancient residues has resulted in a variety of false starts, contentious claims and, in general, a 

skepticism that archaeological residues can be used as a standalone line of evidence for 

evaluating human history. The research presented here attempts to address this challenge via 

combination of actualistic and archaeological analysis of a specific type of ancient residue that 

has proven to be particularly challenging and contentious - ceramic-bound protein. 

 Below, I provide a brief overview of archaeological residue analysis in general, followed 

by  discussion of protein and clay chemistry, protein-ceramic interaction, and the 

methodological challenges of recovering and identifying archaeological proteins from ceramics. 

In subsequent chapters I present a series of experiments that are designed to optimize 

methodology and address the challenges of taphonomy, closing with discussion of the 
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theoretical value of archaeological proteins relative to issues such as conservation biology and 

artifact curation strategies. 

  

1.2 A Brief History of Archaeological Organic Residue Analysis 

 Archaeological organic residue analysis can be roughly delineated into sub-fields of 

interest based on the class of biomolecule studied. There are four categories that are typically 

recognized: DNA, lipids, alkaloids, and proteins. A fifth potential class, carbohydrate (starch) can 

also be included under the umbrella of 'archaeological organic residue analysis', but whereas 

the aforementioned are typically evaluated at the chemical level (e.g., via PCR, LC/GC-MS), 

starches are most commonly evaluated visually via microscopy (as starch granules) and thus, 

while valuable in their own right, are distinct in terms of methodological approach.   

 Each particular class of biomolecule differs in terms of abundance within an organism, 

resistance to degradation, and organism specificity. Lipids are high in abundance, highly 

resistant to degradation, but typically low in organism specificity/interpretive power. For 

example, lipid residues can typically only be assigned to general classes of origin (e.g., 'greens,' 

'seeds,' 'fish,' 'mammal') (Eerkens, 2005; Malainey et al. 1999, but see Mirabaud et al. 2007), 

but are persistent in the archaeological record due to their hydrophobicity, which hinders 

degradation. In comparison, DNA is of lower abundance, highly specific, but due to the 

homogeneity and relatively fragile nature of its chemical structure, has only been demonstrated 

to readily persist under more optimal conditions (e.g., cold, dry, anoxic contexts). Alkaloids are 

typically lower in abundance, variable in resistance to degradation, and while specific to certain 

taxa in some cases (e.g., theobromine in Theobroma cacao, Camellia sinensis, morphine in 
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Papaver somniferum), are not common enough/variable enough across all taxa to be useful as a 

general discriminatory class of molecule.  

 Proteins, in many respects, offer a valuable line of evidence for several reasons: 1. They 

are of high abundance (esp. the structural proteins) in living organisms, meaning that there is 

(theoretically) a statistically high probability of them being deposited and recovered in 

appreciable quantities from the archaeological record. 2. Chemically, they are more diverse in 

composition than DNA, and generally more resistant to degradation. Thus, they are 

theoretically more likely to survive across a wider range of depositional contexts than DNA. 3. 

As translation products of the underlying genetic code, they are organism-specific, albeit with 

the challenges of homology in closely-related species. 4. In some respects, they provide more 

discriminatory power than DNA; whereas DNA is organism specific, many proteins are tissue-

specific within an organism.  

 The history of archaeological organic residue analysis can be traced at least as far back 

as the 1960's, with the development of novel analytical approaches for studying biochemical 

mixtures, which enabled scientists to assign archaeological residues to particular origins 

(Evershed 2008). However, it is Pääbo's (1985) revelation that ancient DNA could be recovered 

from ancient Egyptian mummies that is thought to have spurred the quickly growing interest in 

residue analysis seen in the 1990's (Eerkens and Barnard 2007). Continued refinement of 

methods and increasing availability of affordable instrumentation has seen this trend continue 

into the 21st century, and there are a variety of recent archaeological studies that have used 

DNA, proteins, lipids and/or alkaloids as the basis for archaeological interpretation.   
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 Regarding proteins, in particular, there are number of success stories reported from 

both archaeological and paleontological studies to date. Though not without some debate, 

proteins have been recovered and identified from archaeological bone, teeth, hair, seeds, 

coprolites, lithic tools, and ceramics (Barker et al., 2015; Buckley et al.,2010; Cappellini et al., 

2010, 2012; Craig et al., 2000, 2005; Derbyshire et al. 1977; Hollemeyer et al. 2008;  Marlar et 

al., 2000; Matheson et al.,2009; Solazzo et al. 2008, 2011; Warinner et al. 2015) using a variety 

of methodological approaches. Protein residues have even been recovered from 

paleontological specimens that are tens of millions of years old (Greenwalt et al. 2013; 

Schweitzer et al. 2009) (but see Buckley et al. 2017). However, whereas protein preservation 

seems relatively common in biological tissues (e.g., bones, teeth), survival of proteins in 

exogenous contexts (e.g., in pottery) appears less common and is less well-understood.  

 Early studies examining ceramic-bound protein (notably Evershed and Tuross 1996), 

suggested that the likelihood of protein survival in ceramics artifacts is poor. This is not 

particularly surprising when one considers that such proteins have been removed from their 

native context and then exposed to air, moisture, and/or heat (presumably as part of food 

preparation or storage), factors that are all generally known to promote residue degradation. 

Nevertheless, several studies (e.g., Craig et al., 2000, 2005; Marlar et al., 2000; Matheson et al., 

2009, Solazzo et al., 2008) have reported the successful recovery and identification of 

archaeological proteins from ceramic matrices, though not without some critique (e.g., 

Dongoske et al., 2000). In order to better evaluate these results, it is important to begin with a 

consideration of protein and ceramic chemistry, and to ask if there are mechanisms which may 

facilitate protein preservation when bound to a ceramic matrix. 
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1.3 Chemistry of Proteins 

 Chemically, proteins are chains consisting of amino acids joined linearly across their 

homogenous backbones by peptide bonds. The specific sequence of amino acids in a given 

protein is determined via translation of the underlying genetic code, with each 3 base pair 

'codon' of DNA encoding the addition of any one of 20 common amino acids onto the chain. 

These 20 common amino acids are sub-divided based upon their general chemical properties 

into one of four groups: acidic, basic, polar, or non-polar. Further, post-translational 

modifications (e.g., methylation, phosphorylation, glycosylation) of the functional groups of 

individual amino acids can alter their chemical properties.  

 The specific sequence of amino acids in a protein is known as 'primary structure.' 

Hydrogen bond formation between amino acids within a given protein results in folding of the 

protein chain, producing 'secondary structure,' while further non-covalent bonding and/or 

chemical interaction (e.g., the interplay of hydrophobic versus hydrophilic regions) produces 

additional folding, resulting in the  overall, or 'tertiary' structure of the protein. 'Quaternary 

structure' refers to the non-covalent interaction between two or more proteins that link to 

form larger, multi-unit structures.  

 In sum, these characteristics mean that proteins, in terms of chemical behavior, are 

diverse depending on their primary, secondary, and tertiary structure. Barker (2010) and 

Stevens et al. (2009), for example, note that binding affinity of protein for ceramic varies by 

protein type, likely as a function of variability in protein structure. This variability also relates to 

susceptibility to degradation, with collagen, casein, and osteocalcin, for example, surviving 
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more readily than other proteins due to structural characteristics and/or general 

hydrophobicity (Asara et al. 2007; Craig et al. 2000; Nielsen-Marsh et al. 2005).   

 

1.4 Chemistry of Clays 

 'Clay' refers not to a single compound, but rather to an array of compounds that share 

the following basic criteria: 1. They are fine-grained materials., 2. Though solid when dry, they 

develop plasticity when mixed with water, and 3. They are primarily composed of silica, 

aluminum, and water, often with smaller inclusions from iron, alkali or alkaline earth elements 

(Shepard, 1956). Though there are many different types of clays, which vary in both 

composition and behavior, for the purposes of the research presented here, the focus will be 

on kaolinite, the clay type that is best suited for making ceramics, and the primary type of clay 

mineral employed for actualistic experiments in later chapters. However, it is important to 

appreciate that trace amounts of other clay minerals (e.g., montmorillonite, illite), as might be 

expected in some archaeological ceramics, likely play a role in the possibility for protein-

ceramic binding and/or preservation, and future research may tease out important 

contributions from these other clays.    

 The purest kaolinites have a relatively simple structure whose fundamental unit consists 

of a silica (SiO4) sheet covalently linked via oxygen on one side of the plane to a sheet of 

gibbsite (AlO6). Two thirds of the oxygen between sheets is shared by the silicon and aluminum, 

with exposed oxygens on the gibbsite sheet hydroxylated, such that the basic formula for 

kaolinite is written as Al2Si2O5(OH)4.  The potential for hydrogen bonding between the exposed 

hydroxyl groups of the gibbsite and the exposed oxygen groups on the silica means that 



7 
 

individual plates of kaolinite tend to stack together in layers when dry. However, because there 

are no unsatisfied bonds, kaolinite does not feature the same shrink-swell capacity seen in 

other clays, is relatively less plastic than other clays, and has a low ion-exchange capacity 

(Shepard, 1956). These features, particularly the low shrink-swell capacity, make kaolinite well-

suited for the production of ceramics.     

 

1.5 Protein-Clay Interaction: Binding, Preservation, and Extraction 

 There are five possible biogeochemical interactions that possibly explain why and how 

proteins bind to ceramic matrices and why some extraction methods (as discussed below) are 

more effective than others at protein removal. These interactions include ion exchange, water 

bridge/ion-dipole interactions, van der Waal bonds, hydrophobic interactions, and covalent 

bonding (Table 1.1). Kleber et al. (2007) present a theoretical model, derived from Wershaw et 

al. (1996), that is particularly useful for understanding how proteins bind to clay surfaces and 

why they are so difficult to remove once bound. In their model, the hydrophilic portions of 

amphiphilic molecules are electrostatically attracted to the exposed hydroxyl groups of 

gibbsite, forming a 'contact zone.' A second layer, in which the hydrophobic portion of 

additional molecules binds to the hydrophobic portion of the contact zone molecules, with 

hydrophilic regions pointed outwards, produces a membrane bi-layer effect that shields the 

contact layer from exposure to outside elements. This zone of hydrophobic overlap is dubbed 

the 'zone of hydrophobic interactions.' A third zone, the 'kinetic zone,' or, 'outer region' 

features less stability and is characterized by partitioning and exchange (in part mediated by 

the movement of ions and the formation of water bridges) rather than the more stable 



8 
 

electrochemical binding of the inner zones. As might be expected, the exact nature of these 

interactions is variable, depending on conditions such as pH, temperature, clay type, the 

characteristics and ratios of organic matter, cation content of the soil, etc.  

 Regarding proteins and kaolinite, in particular, the Kleber model implies that proteins 

play a unique role in the process of organic zone formation in that as complex, amphiphlic 

molecules, they are capable of binding to both charged and uncharged clay mineral surfaces, 

thereby serving as a 'surface conditioner' that facilitates the bonding of additional proteins or 

other organics. In this model, protein adsorption is driven by the interaction of individual 

protein residues (amino acids or groups of amino acids in a protein) with the clay surface. Upon 

encountering the liquid/solid boundary between water and clay, entropic forces cause the 

protein structure to unfold (secondary and tertiary structure are disrupted) so as to gain 

conformational energy on the clay surface, creating both the contact zone (via hydrophilic 

portions of the protein) and the hydrophobic zone (via hydrophobic residues). This 'priming' of 

the clay surface enables the further development of the hydrophobic zone and the formation of 

the kinetic zone (Fig 1.1).  

 Thus, one explanation for the preservation of proteins in association with clays is that 

their participation in forming contact and hydrophobic zones shields them from exposure to 

biological sources of degradation. Simply put, they are sandwiched between a layer of clay and 

a protective outer layer of organics, thereby preventing access by bacterial or fungal enzymes 

that would otherwise degrade them. Additional research is needed in order to fully understand 

this process in regards to archaeological ceramics, but regarding clay-protein complexes in soils 

and/or laboratory conditions, it is clear that proteins sorb tightly to clay surfaces, and that once 
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sorbed, they are resistant to degradation (Kleber et al. 2007). Other factors, such as chemical 

modification during cooking, the presence of iron, and/or the innate resistance to degradation 

of some proteins further contribute to the resistance of proteins to degradation while in 

association with clays. From a physical perspective, entrapment of organics within small pore 

spaces that restrict the access of microorganisms may also play a role in preservation (Brady 

and Weil 2002:514). 

 For the archaeologist, then, an important challenge is disrupting the forces that bind 

protein to ceramic such that protein residues can be recovered and isolated for study. Craig and 

Collins (2000, 2002), for example, demonstrate that one reason for confusion/failure in regards 

to the extraction of proteins from ceramic matrices has to do with assumptions about 

appropriate extraction methodology. Simply put, they were able to demonstrate that the 

majority of reported extraction solutions in the archaeological literature were partly or 

completely ineffective when evaluated under laboratory conditions. Their best result was 

achieved by employing a previously unreported (in archaeology) extraction solvent, 

hydrofluoric acid (HF), which removes proteins by dissolving the clay silicate matrix itself.     

 Expanding on Craig and Collins' work, Barker et al. (2012) sought to validate the 

formation of protein-ceramic complexes and further optimize methods for removing proteins 

from these complexes. Briefly described, protein solutions of different types and 

concentrations were 'cooked' onto ground ceramic, which was then rinsed repeatedly with 

clean water until rinse solutions were determined to be free of protein via Bradford assay. Total 

organic carbon analysis was then used to determine the amount of protein that remained 

bound to the ceramic.  



10 
 

Table 1.1 
Chemical processes involved in protein-ceramic interaction. Modeled after Craig and Collins (2002), but 
modified to include covalent bonding. 

 

Results demonstrated: 1) That a fraction of protein becomes bound the ceramic and cannot be 

removed via simple washing. 2) There is variability in protein binding rates, presumably 

depending on specific protein chemistry. 3) Binding rate is also influenced by initial protein 

concentration, with higher concentrations producing higher binding rates (albeit with a 

saturation point estimated to be in the range of 3 g protein per 40 g ceramic powder). and 4) 

There appears to be a synergistic or 'carrier' effect, as a spike of mixed proteins yielded higher 

values of bound protein than any single protein spike (Fig 1.2). 

 Next, an extraction matrix (see Barker et al. 2012) consisting of various physical and 

chemical extraction parameters, along with extracted protein quantification via 

spectrophotometric methods, was employed to determine the optimum extraction methods. 

Name Ion Exchange 
Water Bridge 

and Ion-dipole 
Van der Waal 

bonds 
Hydrophobic 
interactions 

Covalent 
Bonding 

Description 

Electrostatically 
charged regions 

of protein bind to 
complementary 

charged surfaces. 

Short range. 
Exchangable 
cations on 

mineral surface 
interact with 
organics via 

ion-dipoles and 
hydrogen 
bonding. 

Short range, 
close 

proximity 
Van der 
Waals 

interactions. 

Short range. 
Proteins form 
hydrophobic 

interactions with 
organics. 

Proteins are 
covalently 
bound to 
ceramic 
and/or 
other 

ceramic-
bound 

organics. 

Participating 
Surfaces 

Charged regions 
of clay surfaces. 

All clay 
minerals. 

Any mineral 
surface. 

Any mineral 
surface rich in 

organics. 

Exposed 
hydroxyl 

groups on 
clay. 

Participating 
Protein 
Regions 

 Charged amino 
groups. 

Diverse range 
of functional 

groups. 

Diverse range 
of functional 

groups. 

Hydrophobic 
regions of 

protein/peptides. 

Exposed 
functional 

groups. 
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Results again confirmed the inefficiency of pure water as a suitable solvent for removal, but 

instead identified the ideal combination of physical and chemical parameters for the removal of 

protein from clay surfaces. In this case, the use of 2% (w/v) aqueous sodium dodecyl sulfate 

(SDS) in a high pressure/temperature environment was capable of removing approximately 

two-thirds of bound protein from the ceramic. A 4M solution of HF with microwave energy was 

also effective (~45% recovery), generally confirming Craig and Collins' results, though they did 

not employ microwave energy. A comparison of LC-MS results for both SDS and HF extracts 

showed slightly better qualitative results for the HF method, though both were demonstrated 

to yield high quality matches.     

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 The Kleber/Wershaw model of organic-clay interaction. Covalent bonding (to red oxygen 
atom), ionic interaction (green amine to green oxygen), and other hydrophilic interactions (dashed lines) 
hold polar regions of molecules close the ceramic surface (top), forming the 'contact zone.' A bilayer 
structure is formed as non-polar regions overlap in the 'hydrophobic zone,' with polar regions oriented 
outwards, creating the less stable kinetic zone. The version shown here is drawn using simple carboxylic 
acids/amines for ease of viewing, but the same general principles apply to proteins.  
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 Assuming the Kleber et al. (2007) model is correct, it explains why HF and SDS work 

whereas other extraction reagents do not. On one hand, HF works by directly dissolving the clay 

layer to which the protein is bound, thereby disrupting the 'foundation' of the zonal model, and 

disrupting molecular interactions such that proteins are freed back into solution. In this case, 

even proteins that are covalently bound to mineral surfaces could be freed. On the other hand, 

SDS, an amphiphilic detergent, combined with heat/pressure, works by disrupting the intra- and 

inter-molecular forces that stabilize the zones, thereby releasing proteins back into solution.  

 

Figure 1.2. Binding tendencies of different protein types reported by Stevens et al. (2010). Four different 
proteins (bovine serum albumin 'BSA', bovine casein 'CAS', bovine collagen 'COL' and horse myoglobin 
'MYO'), were cooked with ceramic at different ratios. Amounts listed to the right represent quantities of 
protein cooked with 40 g of ground ceramic. A mixture of all four proteins, ‘MIX’ and an unspiked 
reference sample, ‘blank’ were also included. The spiked ceramic was washed repeatedly to remove 
unbound protein and remaining bound protein content was estimated via total organic carbon (TOC) 
analysis. The results clearly demonstrate that proteins bind to clay matrices despite attempts at 
removal, and that there is variability in binding rate based on protein type and initial loading amount. 
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 In contrast, although simple chelators like EDTA may provide some disruption to zone 

architecture, they are limited in activity to the outer, kinetic zone. Similarly, urea or mild acid 

solutions, while possibly facilitating the removal of some proteins, are unable to sufficiently 

disrupt the zonal architecture and thereby free large quantities of protein from the mineral 

surface. Water alone, is inefficient at removing proteins from clay minerals (Barker et al. 2012, 

Craig and Collins 2002). 

     

1.6 Methodological Challenges: Protein Identification 

 Aside from extraction, a second methodological challenge is the identification of protein 

residues once recovered, and there are three general approaches that have been employed for 

protein identification to date: microscopy, immunoassay, and chromatography-mass 

spectrometry. 

  Thomas H. Loy, considered one of the pioneers of archaeological protein residue 

analysis, was among the first to develop methods for the recovery and identification of blood 

residues from stone tools. Loy's (1983) microscopy-based method involves crystallization of 

recovered hemoglobin, and morphological comparison of these crystals to reference standards, 

with the premise that differences in hemoglobin primary structure (amino acid sequence) 

between species will result in morphologically different crystals. Unfortunately, this method has 

been criticized as being non-objective, difficult to replicate, and generally problematic insofar 

as there are serious doubts about the ability of hemoglobin to survive in chemically-intact 

forms suitable for re-crystallization and morphological comparison (Downs and Lowenstein 

1995). Further, it is doubtful that this approach can be applied to the wide spectrum of proteins 
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that could potentially preserve in archaeological artifacts, thus limiting its use to blood residues 

at best.  

 A second, and more widely-employed methodology for identifying archaeological 

proteins is immunoassay. There are several types of immunoassay (e.g., enzyme-linked-

immuno-sorbent-assay, radio-immuno-assay, crossover-immuno-electrophoresis), but all rely 

on the same underlying premise: An antigen (protein from an unknown species) is determined 

to be present or absent based on reactivity with antibodies that are protein/species specific. A 

variety of immunological methods have reported the successful identification of archaeological 

proteins in lithic tools (Hyland et al. 1990; Kooyman et al. 2001; Meissner and Rice 2015; 

Newman and Julig 1989; Shanks et al. 1999; Yohe et al. 1991) and in ceramics (Craig et al. 2005; 

Marlar et al. 2000). One major strength of this type of approach is that Immunoassay is very 

sensitive. Crossover Immuno-electrophoresis, for example, can detect proteins in amounts as 

low as 10-8 g (Barnard et al. 2007), meaning that even trace amounts of archaeological protein 

can be detected.   

 However, there are several reasons why immunoassay has been critiqued. First, 

immunoassay techniques have been adopted from related fields (e.g., forensics) with little 

consideration for the fact that ancient proteins are chemically distinct from their fresh 

counterparts. Taphonomic processes result in protein cleavage and chemical modification, such 

that archaeological residues may not be recognized by their antibodies unless expensive, 

custom-produced antibodies designed to react with degraded proteins are generated. Second, 

by design, immunoassay requires a priori knowledge; specific antibodies for each target of 

interest must be employed. In other words, immunoassay is a targeted approach incapable of 
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revealing the unexpected from the archaeological record. These first two points, together, 

mean that the likelihood of a false negative is potentially high when using immunoassay.  

 Further, it is well-established that immunoassay, when applied to the archaeological 

record, also suffers from problems of false positives, presumably due to cross-reactivity 

(Waterboer et al. 2006). Troublingly, a comparison of different types of immunoassay, as 

applied to both experimental (un-aged) residues and archaeological residues reveals that while 

the various methods produce the same result for un-aged residues, they are in near complete 

disagreement when applied to archaeological residues (see Downs and Lowenstein 1995). From 

a scientific perspective, therefore, archaeological immunoassay is problematic in that it is prone 

to both false negatives and false positives. 

 A third, more recently-developed methodology for identifying archaeological proteins 

involves the use of chromatgraphy-mass spectrometry. As with immunoassay, there are 

numerous studies reporting the successful identification of archaeological proteins via mass 

spectrometry, primarily in native tissues such as bone (Cappellini et al. 2011; Nielsen-Marsh et 

al. 2005; Welker et al. 2015), seeds (Cappellini et al. 2010), or hair (Solazzo et al. 2011). Less 

commonly, mass spectrometry approaches have reported successful identification of proteins 

derived from archaeological ceramics (Craig et al. 2005; Solazzo et al. 2008). The relative 

shortage of reports for ceramics is likely related to the aforementioned challenges of protein 

recovery and the relatively small amounts of protein that are likely to preserve in pottery 

versus native tissues.  

 Nevertheless, there are several reasons why a mass spectrometry approach is desirable. 

First, unlike immunoassay, mass spectrometry approaches can be run in a non-targeted mode, 
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eliminating the need for prior knowledge. Second, common software packages for analyzing 

mass spectrometry data (e.g., Mascot) employ probability-based scoring systems, such that 

significance/confidence in a particular result can be ascertained. In other words, as opposed to 

a simple presence/absence result, this approach generates results that include metrics such as 

statistical probability of a legitimate match and percentage of protein sequence accounted for 

by identified peptides. Third, error-tolerant search algorithms can be used such that proteins 

that have been modified via diagenesis (e.g., oxidation of methionine) can still be identified. 

This type of information can also be used as supporting evidence for authenticity of a protein 

(i.e., we would expect an ancient protein to feature some degradation).   

 One important limitation of mass spectrometry, however, is sensitivity; though mass 

spectrometry is very sensitive under ideal conditions (e.g., purified samples of homologous 

composition), the challenges of simultaneously analyzing multiple different proteins/peptides in 

a single run result in decreased sensitivity because the most abundant components tend to 

overwhelm the signal such that small trace components are lost. One potential solution to this 

limitation, however, is the use of targeted methods (see conclusion). In sum, mass 

spectrometry approaches, though not without limitation, appear to be the most promising 

avenue of future research when it comes to ancient protein residue analysis.  

 

1.7 Problem Statement 

 Ceramic-bound proteins represent an important potential target for archaeological 

inquiry. However, the methodological challenges to date have prevented a full understanding 

of this potential. Aside from a few select cases, it is unclear whether protein preservation in 
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ceramic is the norm or the outlier. Having previously established that proteins do bind to 

ceramic and resist removal under laboratory conditions (Barker et al. 2012), the goal of the 

research presented here is to systematically evaluate this topic via testing of actualistic and 

archaeological specimens using mass spectrometry and other complimentary methods.  

 In chapter 2, I present the results of an evaluation of zooarchaeological bone derived 

from the same context as the ceramic samples discussed in chapter 3. The goals of this chapter 

are to 1) validate whether the extraction and identification methodology developed in Barker et 

al. (2012) is applicable to real archaeological specimens; and 2)  assess the likelihood of protein 

preservation under more ideal conditions (i.e, in native tissues) within the target context.  

 In chapter 3, I analyze a collection of archaeological sherds using a complimentary, 

three-pronged approach designed to assess protein preservation as well as preservation of 

organics in general. By comparing LC-MS protein results to GC-MS fatty acid results and total 

organic carbon analysis, a clearer understanding of protein preservation under this particular 

context is gained. Further, I analyze a set of experimentally prepared and aged samples in order 

to better understand taphonomy of ceramic-bound proteins. The results are relevant to the 

lack of meaningful results from archaeological specimens, raise questions about previously 

reported positive results, and help frame the challenges that need to be addressed in order for 

the presented methodology to be more widely useful.  

 Chapter 4 presents an overview of why this type of research is important, drawing on 

real world examples in order to demonstrate the potential practical utility of using 

archaeological protein data, to address modern problems of wildlife conservation and 

management.  
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 Lastly, chapter 5 discusses and summarizes results, with emphasis on setting the stage 

for future methods development that will be needed if mass spectrometry of archaeological, 

ceramic-bound protein residues is to be more widely employable. 

 Chapters 2-4 are derived from, and contain excerpts from, published, peer-reviewed 

papers (Barker 2011; Barker et al. 2015, 2018). Because some of these works feature co-

authors, I have left the original phrasing intact in order to acknowledge the contributions of co-

authors (e.g., 'we' is used in lieu of 'I' when appropriate).       
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CHAPTER 2 

METHOD VALIDATION* 

2.1 Introduction 

 Mass spectrometry is a commonly used approach for identifying ancient proteins (e.g., 

Mikšik et al. 2014; Warinner et al. 2014). Analysis of ancient bone proteins has witnessed 

substantial advancement during the last decade (see Buckley and Wadsworth 2014; Cappellini 

et al. 2014; Welker et al. 2015), some of which can be attributed to the peptide fingerprinting 

methodology, ZooMS, (Buckley et al. 2009; 2010, 2014; van Doorn et al. 2011) but which also 

relates to the general applicability of high throughput MS to bone (Cappellini et al. 2012, 2014). 

In contrast, MS analysis of ancient protein residues from artifacts for the study of past 

subsistence has lagged (Barker et al. 2012, Barnard 2007; but see Heaton et al. 2009; Solazzo et 

al. 2008). To address this deficiency, our paper focuses on the analysis of bone proteins using 

the extraction methodology of Barker et al. (2012; Stevens et al. 2010) and a non-targeted 

liquid chromatography-mass spectrometry (LC-MS) analysis to identify proteins in 

zooarchaeological bone from the American Southwest. The results represent the first step in 

our research trajectory, in which we are moving from the recovery and identification of 

relatively well-preserved archaeological bone proteins to the analysis of, in comparison, poorly 

understood, poorly preserved, and lower-abundance archaeological protein residues from 

ceramic artifacts. 

                                                           
* This chapter is reproduced in its entirety from Barker, A., Dombrosky, J., Chaput, D., Venbles, B., Wolverton, S., 

Stevens, S.M., 2015. Validation of a Non-Targeted LC-MS Approach for Identifying Ancient Proteins: Method 
Development on Bone to Improve Artifact Residue Analysis, Ethnobiology Letters 6, 162-174. 
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 Although identification of bone proteins using mass spectrometry is common (see 

Buckley and Wadsworth 2014; Cappellini et al. 2014; Welker et al. 2015), our results are 

important for three reasons. First, they validate our methodology. While we have previously 

reported individual identifications made as part of method development (Barker 2011, 

Wolverton et al. 2014), this study represents the first comprehensive evaluation of our 

methodology as applied to multiple taxa to identify ancient proteins from several sites. In 

contrast to bone proteins, which are protected in bone tissue and primarily derive from a single 

taxonomic origin, artifact protein residues are removed from original matrices, are likely to 

represent complex taxonomic input, and have potentially been modified and damaged to an 

unknown degree via cooking and other taphonomic processes. As a result, protein residues 

from such artifacts occur in trace quantities if they preserve, and, relative to bone, are likely to 

be composed of taxonomically diverse and less predictable mixtures. By analyzing bone 

identifiable to particular taxonomic groups using traditional zooarchaeological analysis (Driver 

1992, 2011; Wolverton 2013), rather than residues from ceramics, we minimize these 

challenges such that we are able to efficiently validate our approach, which is ultimately 

tailored for the non-targeted analysis of taxonomically diverse mixtures. Second, we analyze 

proteins from zooarchaeological bone excavated from contexts similar in age and location to 

those from which we seek to identify protein residues from archaeological cooking pottery. 

Though this provides no guarantee of protein survival in associated ceramics, it confirms the 

potential for protein survival in this general context (southwestern Colorado) and provides 

insight into the types of diagenetic processes that have occurred. Finally, it is unethical to 

destroy cooking pottery artifacts for purposes of method development before we have 
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validated our approach, in this case via analysis of commonly recovered zooarchaeological bone 

that can be identified using skeletal morphology. 

 This paper records the second stage of our method development process, which began 

with optimizing an extraction protocol (Barker et al. 2012). Here, this protocol is verified for 

application to ancient proteins from a tissue with high preservation potential (bone). 

Subsequent applications of this approach (see Chapter 3) employ LC-MS approaches that 

characterize trace quantities of artifact protein residues from experimental and archaeological 

contexts. This section is followed by a brief comparison of LC-MS to the more commonly 

applied immunoassay approach for identifying artifact protein residues. That section is followed 

by our methods, results, and discussion. 

 

2.2  Immunoassay and LC-MS 

 The most commonly applied approach in the realm of protein residue analysis is 

immunoassay (e.g., Kooyman et al. 2001; Lowenstein et al. 2006; Marlar et al. 2000), which has 

the advantage of finding “a needle in the haystack” of protein residues (such as blood on stone 

tools or food proteins in cooking pottery) within a matrix of exogenous sources (e.g., soil 

microbe proteins). Mass spectrometry approaches that provide a general scan of archaeological 

protein residues from cooking pottery, on the other hand, may not pinpoint original residues 

because exogenous proteins can overwhelm their signal (but see Cappellini et al. 2010; Heaton 

et al. 2009; Nielsen-Marsh 2005; Solazzo et al. 2008). Put simply, when using mass 

spectrometry, a morass of exogenous protein from soil bacteria can overwhelm the signals of 
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more archaeologically meaningful residues leaving them undetected. This is not surprising given 

the observation of similar problems in ancient DNA research (e.g., Carpenter et al. 2013).  

 A strength of mass spectrometry, however, is that whatever peptides are identified are 

probabilistically matched to records of peptide sequences in large digital archives, which 

provides statistical precision for characterizing protein residues. Immunoassay approaches rely 

on antibody-antigen reactions, which if positive, signal the presence of a particular type of 

protein (e.g., human myoglobin). In analytical chemistry, a well-known problem with 

immunoassay is the issue of “non-specific binding” or “cross-reactivity” in which molecules 

other than the targeted protein react with the antibody, causing a false positive (Graves 1988; 

Waterboer et al. 2006), in addition to the general problems derived from protein deterioration 

(Fogel and Tuross 1999; van Doorn et al. 2012). Analytical chemists assess the probability of 

cross reactivity experimentally using analytes similar to the targeted protein, making sure there 

are not problems of non-specific binding.  

 An important problem with the application of immunoassay in archaeological residue 

analysis is that protein structures can become modified through diagenesis over time in 

variable microenvironments (Grupe et al. 2000; van Doorn et al. 2012; Warinner et al. 2014). 

Thus, the extent of the problem of cross-reactivity may be difficult to gauge. Due to the 

potential modification of proteins, immunoassay may produce false positive or false negative 

results. Archaeological chemists who study protein residues are left with an uncomfortable 

compromise; immunoassay residue techniques are targeted, sensitive, and thus likely to detect 

residues if they are present at trace levels, but require that the researcher accept uncertainty 

about the problem of cross-reactivity. Alternatively, the use of non-targeted mass spectrometry 
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provides greater certainty concerning protein identification. However, this requires that the 

researcher compromise on the ability to detect trace amounts of archaeologically meaningful 

residues, as the entire suite of proteins/peptides in a given sample is analyzed at once, which 

increases background noise. One way to overcome this limitation is to advance technical 

development of protein mass spectrometry in archaeological chemistry as has already been 

accomplished for bone proteins (Buckley et al. 2009; Cappellini et al. 2014; van Doorn et al. 

2011). The limitations of immunoassay and the potential of LC-MS (sensu Cappellini et al. 2014) 

warrant such method development and verification of our approach through identification of 

proteins from zooarchaeological specimens of known identity. 

 

2.3  Methods 

 The bone specimens analyzed in this study are from sites in the Goodman Point Unit of 

Hovenweep National Monument in southwestern Colorado that were excavated by Crow 

Canyon Archaeological Center, Colorado, USA. A total of nine lagomorph ('L1' - 'L9'), nine turkey 

('M1' - 'M9'), and four sciurid ('S1' - 'S4') specimens were selected from faunas recovered from 

four sites, Harlan Great Kiva (5MT16805), Thunder Knoll (5MT16778), Midway House 

(5MT16783), and Monsoon House (5MT16808), that span the Pueblo II (AD 950-1150) and 

Pueblo III (AD 1150-1350) time periods of the American Southwest (Table 2.1). Lagomorphs and 

turkeys were important components of prehistoric diet and are abundant in archaeological 

faunas; sciurid remains are less common (Badenhorst and Driver 2009; Muir and Driver 2002). 

All bone specimens were identified on the basis of diagnostic morphological characteristics and 

through comparison to reference materials housed in the University of North Texas Laboratory  
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Table 2.1. Provenience and zooarchaeological information for rabbit (Lagomorpha: L), turkey (Meleagris gallopavo 
Linnaeus Phasianidae: M), and squirrel (Sciuridae: S) samples included in this study. * Some burrowing disturbance 
is evident. 
 

Label Element Side Site # Study Unit Type Stratum Level Time Period (A.D.) 

L1 Tibia R 5MT16805 Masonry Structure 1 - Approx. 1150 

L2 Femur R  Masonry Structure 3* - Approx. 1150 

L3 Tibia R  Masonry Structure 4 - Approx. 1000 

L4 Tibia L  Masonry Structure 4 - Approx. 1000 

L5 Humerus R 5MT16778 Midden 2 2 1060 – 1260 

L6 Tibia L  Midden 1 4 1060 – 1260 

L7 Femur R  Midden 1 3 1060 – 1260 

L8 Tibia L 5MT16808 Masonry Structure 1 - 1150 – 1280 

L9 Tibia R  Kiva 2 2 1245 – 1260 

M1 Coracoid R  Midden 1 5 1060 – 1260 

M2 Femur L  Midden 2 - 1060 – 1260 

M3 Humerus L  Kiva 3 - 1140 – 1260 

M4 Carpometacarpus R  Kiva 3 2 1140 – 1260 

M5 Tibia L  Masonry Structure 1 - 1140 – 1260 

M6 Femur R 5MT16778 Pit Feature 1 - 1140 – 1260 

M7 Coracoid L  Midden 1 2 1060 – 1260 

M8 Humerus R  Midden - - 1140 – 1260 

M9 Carpometacarpus R  Midden 2 2 1060 – 1260 

S1 Mandible R 5MT16783 Midden 2 2 1060 – 1260 

S2 Humerus R  Midden 2 4 1060 – 1260 

S3 Humerus L  Midden 2 3 1060 – 1260 

S4 Humerus L 5MT16805 Great Kiva - - 1140 – 1240 
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of Zooarchaeology following standards published by Driver (1992, 2011) and Wolverton (2013). 

All specimens exhibited good preservation (e.g., intact or semi-intact long bones with glossy 

surfaces, flexibility, and the absence of cracking or burn marks). 

 The protein residue extraction procedures used in this research were originally 

developed for the maximum quantitative recovery of protein residues from ceramic matrices 

(Barker et al. 2012). Their utility for bone protein extraction was preliminarily validated through 

previous attempts using individual samples of archaeological bone (see Barker 2011; Wolverton 

et al. 2014), but were here applied for the first time to a relatively large and diverse collection 

of specimens. Briefly, we pulverized a portion of each bone sample in a sterile mortar and 

pestle. Subsamples (250 - 500 mg) of this were placed in amber glass vials, and the protein 

solubilized in 2% sodium dodecyl sulfate (SDS) (w/v) in Milli-Q water (MQ) via exposure to high 

pressure and temperature (108oC) in an autoclave for 60 minutes. Afterwards, solids were 

pelleted via centrifugation (14000g x 5 minutes). The supernatants were pipetted into new vials 

and centrifuged again to ensure the removal of all particulate matter. The final, clear, colorless 

to straw-colored solutions were concentrated and purified using Amicon 3kD centrifugal filters 

(Millipore part number UFC800324, Billerica, MA, USA), with a total of three, 3 mL MQ ‘washes’ 

to assist in the removal of non-protein contaminants (e.g., salts or bacterial metabolites). The 

concentration of SDS used, in combination with the complex composition of the extracted 

solution (which presumably included fatty acids, nucleic acids, and decomposition products 

such as humic acids), resulted in micelle formation and/or other unidentified impediments to 

hinder flowthrough rates. Though not problematic in terms of retaining proteins, as confirmed 

by experimental validation as well as discussion with the product manufacturer, this often 
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resulted in centrifuge times longer than those recommended in the product guide. The final 

round of filtration was continued until the filtrate volume was between 200 and 500 µL, at 

which point the solution was gently agitated with a Pasteur pipette and then transferred into a 

fresh microcentrifuge vial. 

 Of this final filtrate, 30 µL was further processed following the filter-aided sample 

preparation (FASP) protocol reported by Wiśniewski et al. (2009), while the remainder was set 

aside as a reference specimen for future analyses. FASP kits (Expedeon part number 44250, San 

Diego, CA, USA) were used to purify and concentrate recovered proteins/peptides following the 

manufacturer's protocol. After elution of protein digestate, samples were acidified with formic 

acid, de-salted with C-18 zip tips (Millipore part number ZTC18S096, Billerica, MA, USA), and 

then evaluated using LC-MS.  

 Method blanks (to which no bone material was added) were processed alongside 

archaeological samples to evaluate contamination. Given that samples were collected in the 

field and sorted by hand prior to receipt at the research facilities, we anticipated the presence 

of common contaminants such as keratins. Further, the size, thickness and intactness (some 

were cracked open) of our specimens prevented the confident removal of exterior 

contamination via grinding or other means. However, we minimized any additional 

contamination by wearing latex or nitrile gloves during all lab procedures, by carefully 

preparing all reagents and equipment (e.g., washing glassware prior to use, heat-sterilizing 

mortars and pestles), and by performing all extraction and sample preparation procedures in a 

dedicated workspace at the University of North Texas. 
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 LC-MS/MS analysis was conducted at the University of South Florida using previously-

reported protocols (see Barker et al. 2012). Raw data files were processed by extract_msn.exe 

through the Mascot Daemon (v.2.2.2) program. Protein identifications were performed via the 

MASCOT search engine (Matrix Science, London, UK; v2.2.06) in which the extracted mass 

spectrometric data were searched against the SwissProt database (v2013_07, 1068484 entries), 

with fragment ion mass tolerance of 0.80 Da, parent mass tolerance of 2.5 Da, trypsin as the 

digestion enzyme, and a maximum of 1 missed cleavage. Carbamidomethylation was specified 

as a fixed modification. Oxidation of proline and methionine, and deamidation of asparagine 

and glutamine were specified as variable modifications. Peptide and protein identification 

probability values were generated via the Peptide and Protein Prophet algorithms (Keller et al. 

2002, Nesvizhskii et al. 2003). Identifications were accepted for peptides if false detection rates 

(FDR) were less than 1.0%. For proteins, positive matches required a minimum of 3 identified 

peptides to acheive FDR values of less than 1.0%. Further, our criteria for protein identification 

mirror those presented in Cappellini et al. (2012) and in our previous research (Stevens et al. 

2010) in that, in addition to the above criteria, we consider 2 or more exclusive unique peptides 

(those that are sourced only to a given protein) as a positive indicator for the presence of a 

given protein (but see 'Results' below). Raw data files as well as processed Scaffold files have 

been submitted to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (Vizcaino et 

al., 2013) with the dataset identifier PXD002440 and 10.6019/PXD002440, respectively. 
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2.4  Results 

 In addition to common, and reasonably-expected, contaminants (e.g., human keratins) 

we identified a variety of unique proteins in archaeological samples and not method blanks 

(Table 2.2).  Collagen alpha-1(I) chains were identified in all tested archaeological samples. 

Matches to other collagen isoforms, most commonly collagen alpha-2(I), were also observed. 

The consistent recovery of collagens is not an unexpected result considering their 

hydrophobicity, which promotes preservation, as well as collagens' documented resistance to 

several sources of degradation (see Child 1995; Collins et al. 2002; Dobberstein et al. 2009), and 

the number of previous studies that have successfully identified ancient bone collagens (e.g., 

Buckley et al. 2014; van Doorn et al. 2011; Welker et al. 2015).  

 

Table 2.2. Identified proteins for Lagomorpha (L), Meleagris gallopavo (M) and Sciuridae (S) samples. Numbers 
represent the count of exclusive unique peptides identified, with a value of 2 or greater indicating a positive 
match. For ease of viewing, closely homologous proteins are grouped as 'clusters.' Thus, a match to a given cluster 
does not necessarily reflect the correct taxonomic assignment as listed here. The number in parentheses after the 
accession number reflects the total number of taxa included in that cluster. See the Scaffold file (Similarity View) 
that is available in the online supplementary material through ProteomeXchange for an expanded list of 
assignments. 

Protein 
Accession 
Number M1 M2 M3 M4 M5 M6 M7 M8 M9 

Collagen alpha-1(I) chain OS=Cynops 
pyrrhogaster CO1A1_CYNPY 3 5 1 3 6 3 4 1 6 

Cluster of Collagen alpha-1(I) chain 
OS=Gallus gallus CO1A1_CHICK [7] 36 53 36 47 58 57 58 8 56 

Cluster of Collagen alpha-1(II) chain 
OS=Bos taurus CO2A1_BOVIN [4] 1 1 1 1 3 3 3  3 

Collagen alpha-1(II) chain 
OS=Xenopus laevis CO2A1_XENLA  2  2 2  1  2 

Collagen alpha-1(II) chain 
OS=Xenopus tropicalis CO2A1_XENTR       1   

Cluster of Collagen alpha-1(XI) chain 
OS=Homo sapiens COBA1_HUMAN      3    

Collagen alpha-1(XXVII) chain B 
OS=Danio rerio CRA1B_DANRE  1   3 1 1  1 

 
 (table continues) 
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Protein 
Accession 
Number M1 M2 M3 M4 M5 M6 M7 M8 M9 

Collagen alpha-2(I) chain (Fragment) 
OS=Oryctolagus cuniculus CO1A2_RABIT     1     

Cluster of Collagen alpha-2(I) chain 
(Fragments) OS=Gallus gallus CO1A2_CHICK 22 36 26 40 39 38 41 9 41 

Cluster of Collagen alpha-2(I) chain 
OS=Canis familiaris 

CO1A2_CANFA 
[6] 1 3 1 7 10 8 6 1 9 

Collagen alpha-2(I) chain 
OS=Oncorhynchus mykiss CO1A2_ONCMY  2  2 2 3 2  2 

Cluster of Collagen alpha-2(V) chain 
OS=Homo sapiens 

CO5A2_HUMAN 
[2]  2   1 1   1 

Collagen alpha-3(V) chain OS=Homo 
sapiens CO5A3_HUMAN       1   

    L1 L2 L3 L4 L5 L6 L7 L8 L9 

Collagen alpha-1(I) chain OS=Cynops 
pyrrhogaster CO1A1_CYNPY 1  2   1 1 1  

Cluster of Collagen alpha-1(I) chain 
OS=Gallus gallus CO1A1_CHICK [7] 39 16 26 26 35 26 32 25 17 

Cluster of Collagen alpha-1(II) chain 
OS=Bos taurus CO2A1_BOVIN [4] 1 1 3 3 3 3 2 1  

Collagen alpha-1(II) chain 
OS=Xenopus laevis CO2A1_XENLA 1  1       

Collagen alpha-1(II) chain 
OS=Xenopus tropicalis CO2A1_XENTR 2     1    

Cluster of Collagen alpha-1(XI) chain 
OS=Homo sapiens COBA1_HUMAN     1     

Collagen alpha-1(XXVII) chain B 
OS=Danio rerio CRA1B_DANRE          

Collagen alpha-2(I) chain (Fragment) 
OS=Oryctolagus cuniculus CO1A2_RABIT 3 2 3 2 3 4 3 2 1 

Cluster of Collagen alpha-2(I) chain 
(Fragments) OS=Gallus gallus CO1A2_CHICK 3 1  1 1 1 1   

Cluster of Collagen alpha-2(I) chain 
OS=Canis familiaris 

CO1A2_CANFA 
[6] 24 14 16 15 26 21 17 15 11 

Collagen alpha-2(I) chain 
OS=Oncorhynchus mykiss CO1A2_ONCMY 1  1  1 2 1 2  

Cluster of Collagen alpha-2(V) chain 
OS=Homo sapiens 

CO5A2_HUMAN 
[2] 3 2   1 2 1 4  

Collagen alpha-3(V) chain OS=Homo 
sapiens CO5A3_HUMAN    1    3  

Cluster of Elongation factor G 
OS=Agrobacterium radiobacter EFG_AGRRK 1  3       

Elongation factor Tu 
OS=Burkholderia mallei 

EFTU_BURM7 
(+8)   1    1   

Eosinophil peroxidase OS=Homo 
sapiens PERE_HUMAN 1 4 1   

 

   

(continued) 

 
 (table continues) 
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    L1 L2 L3 L4 L5 L6 L7 L8 L9 

Cluster of Keratin, type I cytoskeletal 
10 OS=Homo sapiens K1C10_HUMAN 1 2 3 2 2  4   

Keratin, type I cytoskeletal 9 
OS=Homo sapiens K1C9_HUMAN 5 1 1 3 1 2 4   

Cluster of Keratin, type II 
cytoskeletal 2 epidermal OS=Homo 

sapiens K22E_HUMAN [3] 3 1 1 2 2 1 5 2  
Cluster of Synapsin-1 (Fragment) 

OS=Canis familiaris SYN1_CANFA 2       3  
Tubulin alpha-1B chain OS=Bos 

taurus 
TBA1B_BOVIN 

(+22) 1 3          

    S1 S2 S3 S4           

Collagen alpha-1(I) chain OS=Cynops 
pyrrhogaster CO1A1_CYNPY          

Cluster of Collagen alpha-1(I) chain 
OS=Gallus gallus CO1A1_CHICK [7] 4 2 7 4      

Cluster of Collagen alpha-1(II) chain 
OS=Bos taurus CO2A1_BOVIN [4] 1  1       

Collagen alpha-2(I) chain (Fragment) 
OS=Oryctolagus cuniculus CO1A2_RABIT          

Cluster of Collagen alpha-2(I) chain 
(Fragments) OS=Gallus gallus CO1A2_CHICK 1         

Cluster of Collagen alpha-2(I) chain 
OS=Canis familiaris 

CO1A2_CANFA 
[6] 4   3 1           

 

 Some of the lagomorph samples also yielded non-collagen proteins (Table 2.2). Aside 

from keratins, which are possibly contaminants derived from handling during sample collection 

or processing, these include elongation factors Tu and G, synapsin-1, eosinophil peroxidase, and 

tubulin alpha-1B. Elongation factor Tu, which does not meet our most stringent criteria for 

positive identification (only 1 exclusive unique peptide was identified), is sourced to 

Burkholderia spp. These gram-negative bacteria are well-known mammalian pathogens that 

most commonly infect Equus spp., but have been documented to infect humans, rabbits, and 

other mammals. Though endemic in Africa and Asia, they are considered eradicated in North 

America (Fritz et al. 2000; Whitlock et al. 2007). Assuming that this match is legitimate, it may 

(continued) 
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be evidence of ancient disease. Elongation factor G, sourced to Agrobacterium radiobacter, is 

likely the result of contamination from soil; A. radiobacter is a common soil bacterium that has 

been used for agricultural purposes throughout the world (Moore and Warren 1975). We rule 

out synapsin-1 due to the poor quality spectra (limited sequence coverage and low signal-to-

noise ratios) that were obtained (see ProteomeXchange supplementary material). Eosinophil 

peroxidase and tubulin alpha-1B both occur in mammalian tissues. Thus, our observed matches 

to these proteins may reflect their survival in ancient lagomorph remains (but see below). 

 More surprisingly, though not unprecedented given the reports of a variety of blood and 

muscular proteins in zooarchaeological/paleontological bones (see Ascenzi et al. 1985; 

Cappellini et al. 2012; Smith & Wilson 1990; Tuross 1991), we identified hemoglobin and ferritin 

proteins after relaxation of our match criteria (from 3 to 1 exclusive unique peptide while still 

maintaining a 1% peptide FDR and adjusting the protein identification probability to 95%). This 

filtering revealed additional blood-derived proteins in samples L1, L2 and L3 (Table 2.3), as well 

as other protein matches of variable quality (not reported here, but see ProteomeXchange 

supplementary file). In particular, we identified hemoglobin beta, sourced to European hare 

(Lepus europaeus Pallas Leporidae) in all three samples, and ferretin (light chain) sourced to 

European rabbit (Oryctolagus cuniculus Linnaeus Leporidae) in L1 and L2 (Figure 2.1a, b). The 

annotated MS/MS spectra clearly show high-quality matches based on visual inspection. 

Additionally, while protein sequences for hemoglobin beta are available in the Uniprot 

database for several organisms, including human, no sequence identity was observed for the 

identified tryptic peptides. This result indicates a higher probability match to L. europaeus. 

Moreover, the ferretin (light chain) match seems to be specific to O. cuniculus based on the 
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“Similarity View” in the Scaffold file. That both identified proteins are sourced to lagomorphs 

and that both are found in blood suggests the presence of preserved lagomorph blood residues 

in these samples.  

 Results also demonstrate modification of proteins/peptides. In particular, we observed 

oxidation of proline and methionine as well as deamidation of glutamine and asparagine (Figure 

2A). Many such modifications occur endogenously (as post-translational modifications). For 

example, enzymatic hydroxylation of proline residues in collagen is a key step in the 

stabilization of the collagen triple helix (and is therefore accounted for by search engines). 

However, other modifications maybe derived from natural diagenetic processes or even from 

laboratory procedures (Grupe et al. 2000; Mikšik et al. 2014; Van Doorn et al. 2012), and are 

therefore less predictable. As an example, a collagen-derived tryptic peptide from the sequence 

shown in Figure 2.2A was identified with either an oxidized or non-oxidized methionine. The 

corresponding MS/MS spectra show the confident identification of both peptide species (Figure 

2.2 B and C). 

 

Table 2.3. When search criteria are relaxed, two blood-derived proteins are observed in three lagomorph samples. 
Numbers represent the count of exclusive unique peptides. 

 

 

 

Protein Accession Number L1 L2 L3 

Hemoglobin subunit beta OS=Lepus europaeus HBB_LEPEU 2 2 1 

Ferritin light chain OS=Oryctolagus cuniculus FRIL_RABIT  2  
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Figure 2.1. Representative MS/MS spectra for tryptic peptides of (A) hemoglobin subunit beta (Lepus europaeus 
Pallas Leporidae) and (B) and ferritin light chain (Oryctolagus cuniculus Linnaeus Leporidae) found in our 
lagomorph bone specimens. 

 

 On one hand, the identification of anticipated diagenetic modifications in archaeological 

samples may provide support to the interpretation of identified proteins as being authentic. 

Welker et al. (2015), for example, use glutamine deamidation ratios to support the 

interpretation of their identified residues as being legitimately ancient. On the other hand, 

variability in modifications, as influenced by differential microenvironments (see van Doorn et 

al. 2012), makes successful identification more difficult; each unique modification results in a 

peptide/ion of a different molecular weight than the original, meaning that a collection of 

originally identical peptides will feature variable mass spectra once differentially modified. 

Error tolerant search algorithms account for this issue, but require increased processing 

time/power and may increase uncertainty of identification. To date, the potential problems 
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arising from such modifications have not been fully addressed in regards to archaeological 

residues (but see Cappellini et al. 2012; van Doorn et al. 2011), but the ability to account for 

such modifications is an inherent strength of mass spectrometry-based approaches. 

 In our non-targeted method, homology is clearly a potential problem. For lagomorph 

samples, collagen alpha-2(I) (fragment) was correctly identified as originating from a lagomorph 

source (O. cuniculus) in 8 of 9 samples (with the last, 'L9' only containing one of the requisite 

exclusive unique peptides instead of two). For other samples, however, taxonomic specificity 

was less clear, with turkey, rabbit and squirrel collagens variously assigned to more than one 

potential taxonomic origins. Nevertheless, strength of matches generally correlates with the 

degree to which a given match is taxonomically correct. For example, though the collagen 

alpha-1(I) recovered from the turkey samples contained some peptides that could be sourced 

to mouse (Mus musculus Linnaeus Muridae), the highest numbers of exclusive unique peptides 

from these samples were sourced to junglefowl (Gallus gallus Linnaeus Phasianidae), the most 

closely related taxon in the database that we searched.  

 Homology (but also the lack of taxonomically specific reference sequences) posed 

similar challenges in the identification of some of the non-collagen proteins recovered from 

lagomorph samples. Eosinophil peroxidase, recovered from sample L2 (also in L1 and L3 if 

criteria are relaxed), is represented by four exclusive unique peptides. The assignment of these 

to a human, rather than lagomorph, source is based on a single amino acid substitution (L→I) in 

one of the four recovered peptides (R.NQINALTSFVDASMVYGSEVSLSLR.L). However, because 

the lagomorph reference sequence is derived from O. cuniculus rather than a North American 

species, we cannot be certain that this assignment is correct. 
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Figure 2.2. (A) Sequence coverage (highlighted) of junglefowl (Gallus gallus Linnaeus Phasianidae) collagen alpha-
1(I) chain by sample M6. Green highlighted amino acids have been chemically modified (Oxidation – M, P) 
(Deamidation – N, Q). Though proline hydroxylation occurs endogenously as part of post translational 
modification, the extensive modification of other amino acids supports the interpretation of the recovered residue 
as being ancient. (B and C) Annotated MS/MS spectra showing a tryptic peptide derived from G. gallus collagen 
alpha-1(I) chain containing either B) a non-oxidized or C) oxidized methionine residue. 

 

Similarly, tubulin alpha-1B is highly conserved across species, as reflected by the large cluster 

size (see Table 2.2), making it difficult to assign to specific taxonomic origin.  

 The challenges of homology are well-known in this type of research, have previously 

been addressed by others (see Buckley et al. 2009; 2010, 2014; van Doorn et al. 2011), and are 
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irrelevant to the proximate goals of this particular phase of research; our successful 

identifications demonstrate that our experimentally-optimized method is applicable to 

archaeological proteins, that (some) proteins readily preserve under the contexts of our target 

study area (southwestern Colorado) and that non-targeted methods can still be useful so long 

as issues of homology are considered.  

 

2.5 Summary and Conclusion 

 We extracted and characterized proteins from zooarchaeological bone of known 

identity in order to verify an ability to classify ancient proteins using our non-targeted LC-MS 

approach. This approach had mainly been applied to artifact residues from tightly controlled 

cooking experiments (Barker et al. 2012; Stevens et al. 2010) or as identification of bone 

proteins from individual specimens (Barker 2011; Wolverton et al. 2014). Our results indicate 

that our approach, which includes optimized extraction and solvent parameters from previous 

research (Barker et al. 2012), leads to reliable identification of proteins when they are extracted 

from ancient bone. For example, we have been able to characterize multiple types of protein, 

including hemoglobin, and collagens (see also Buckley and Wadsworth 2014). Taxonomic 

identifications vary according to the homology of the protein (how conserved it is across 

various biological taxa) and peptide sequences commonly recorded in databases (e.g., North 

American lagomorphs are identified as European hares and rabbits). Our results add little to the 

growing literature on identification of collagen from bone via ZooMS; however, the merit of our 

results relates to the trajectory of method development in archaeological protein residue 

research in which this verification study is contextualized.  
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 The results presented here represent an important milestone, in that we can move 

forward along this research trajectory aware that this approach works well for identifying 

multiple types of ancient protein from bone. Given this success, the next phase of research 

(Chapter 3) is to analyze both real archaeological ceramic samples and experimentally prepared 

and aged-ceramic samples. A key focus will be on ascertaining the degree to which taphonomic 

processes effect proteins that have been removed from their material of origin and deposited 

in ceramic matrices.  
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CHAPTER 3 

TAPHONOMY AND NEGATIVE RESULTS† 

3.1 Introduction 

 There are very few claims of the successful, mass spectrometry-based, identification of 

ancient proteins from ceramic artifacts (but see Solazzo et al. 2008, Wictorowicz et al. 2017), 

which is surprising given the apparent widespread success of mass spectrometry approaches 

for identifying ancient proteins in bones (Barker et al. 2015; Buckley et al. 2010; Schweitzer et 

al. 2009; Welker et al. 2015;2016;but see Buckley et al. 2017), and other tissues (Cappellini et 

al. 2009; Hollemeyer et al. 2008; Solazzo et al. 2011). In part, this is because ceramics likely 

contain much lower levels of protein, and that residues are extensively degraded in comparison 

to ancient proteins recovered from intact tissues such as bone. The positive identifications of 

ceramic-bound proteins that do exist—regarding both mass spectrometry-based techniques 

and immunoassays (e.g., Craig et al. 2005, Marlar et al. 2000, Matheson et al. 2009)—indicate 

that ceramic-bound protein residues preserve and can be identified following several hundred 

years of weathering in selected contexts. Aside from generalities—e.g., that cold, dry, and/or 

anaerobic conditions enhance preservation of protein residues (Barnard et al. 2007)—there is 

poor understanding regarding the nature of protein taphonomy in ceramics, and thus it is 

difficult to anticipate under which circumstances ceramic-bound proteins are likely to be 

recovered. This lack of understanding is rooted in several problems: 1) negative results are 

                                                           
† This chapter contains excerpts from Barker, A., Dombrosky, J., Venables, B., and Wolverton, S. 2018. 

Taphonomy and Negative Results: An Integrated Approach to Ceramic-bound Protein Residue 
Analysis. Journal of Archeological Science 94:32-43 with permission from Elsevier. 

 



39 
 

rarely reported for these types of analyses, 2) there has been little actualistic examination of 

experimentally aged ceramic-bound protein residues via mass spectrometry (but see Barnard & 

Eerkens 2007, Chapters 16 and 17), and 3) researchers have accepted that analytical 

biochemistry techniques designed for very specific contexts—e.g., immunoassay in forensic 

cases—are suitable, as is, for the study of residues that have markedly different taphonomic 

histories. The last of these concerns is important for all phases of research ranging from the 

optimization of extraction approaches to the design of instrumental methods for use in 

archaeological chemistry. 

 Having demonstrated in Chapter 2 that proteins can survive several hundred years of 

weathering in intact tissues, in this chapter, we evaluated a collection of 17 ca. 800–1000-year-

old potsherds from the Dillard (5MT10647) and Switchback (5MT2032) sites of southwestern 

Colorado, USA, using a multi-residue approach that includes total organic carbon analysis (TOC), 

GC-MS analysis of fatty acids, and our customized liquid chromatography-mass spectrometry-

based (LC-MS/MS) protocol for the identification of protein residues. The sherds come from a 

general regional context that has been reported to feature organic residue preservation under 

a variety of circumstances (Crown and Hurst 2009; Crown et al. 2015; Marlar et al. 2000; 

Washburn et al. 2013), and is similar to the context of the bone samples reported in Chapter 2.  

 To gain insight into the processes of protein taphonomy that have effected the 

archaeological samples, we conducted an actualistic experiment in which we spiked blank 

ceramic bowls with a mixture of protein standards, buried them in what can be considered sub-

optimal conditions for preservation—warm ground temperature, loose fill, moist soil, all 

conditions that are known to facilitate chemical and biological degradation of organic 
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residues—and then periodically recovered and analyzed samples over the course of one year. 

By employing an integrated approach featuring multiple lines of evidence, specifically TOC 

analysis, fluorometric quantification of protein, and protein identification via LC-MS/MS, we are 

able to better assess archaeological results. It is only because we rely on complementary 

analytical chemistry approaches and actualistic study of protein residue preservation that we 

can discuss the taphonomic history of biomolecular residues from these pottery samples. 

 Taphonomic analysis of biomolecular residues—such as proteins—is a critical step in 

assessing the quality of data reported in archaeological residue research. A taphonomic 

perspective is critical for assessing the extent to which ancient residues may or may not have 

been identified. Taphonomy—in general—is the study of the transition of organic matter from 

the biosphere to the lithosphere, which includes the recovery of such matter by archaeologists 

and paleontologists (Efremov 1940; Lyman 1994, 2010). Taphonomic studies are conducted to 

determine the types of information that may or may not have been lost or added to samples 

recovered from complete, partial, or mixed geologic contexts. One of the main goals of 

taphonomic analysis is to understand the representativeness of a sample regarding past 

phenomena, such as paleoecological community structure or human subsistence activities 

(Gifford 1981; Lyman 1994:5–6). Although commonly associated with studies of bone, shell, 

antler, teeth, macrobotanical remains, or other hard parts derived from organisms, it is crucial 

to understand that taphonomy also concerns biomolecular residues. Ultimately, the 

modification of bone, shell, and other tissues, is attributed to the modification of molecules 

belonging to once living organisms, which may or may not preserve and can be modified over 

time. A taphonomic perspective provides a mechanism that can be used to assess the success, 
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failure, or limitations of past and future work concerning the extraction and identification of 

ancient biomolecules from archaeological ceramics. 

 

3.2 Materials and Methods 

3.2.1 Sample Recovery and Preparation - Archaeological Samples 

 Archaeological samples were collected from the Dillard (5MT10647) and Switchback 

(5MT2032) sites by Crow Canyon Archaeological Center staff, and consist of seventeen pottery 

fragments recovered from diverse depositional contexts, such as room block structures and 

middens. Samples were minimally handled, were not washed, and were wrapped in aluminum 

foil before being shipped to The Interdisciplinary Laboratory of Archaeological Residue 

Chemistry (iLARC) at the University of North Texas. Upon receipt, sherds were carefully 

weighed, photo documented, and then analyzed using total organic carbon analysis, Qubit® 

fluorometric quantitation, fatty acid-targeted GC-MS, and non-targeted protein LC-MS (see 

method descriptions below).  

 

3.2.2 Sample Preparation - Experimentally-prepared Samples 

 Following Barker et al. (2012), our experimentally prepared samples consisted of 

unglazed bisqueware—i.e., white earthenware bowls. While the paste from these bowls is not a 

direct compositional match to the gray and white wares of southwestern Colorado—where our 

archaeological samples that produced negative results were obtained—they were chosen 

because they are homogenous in composition and dimension, and are readily available. All 

experimental sample bowls were fired at 800oC in a muffle furnace prior to use to remove any 
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exogenous organic contaminants, a procedure that was found to reduce organic carbon to 

negligible levels and produce no detectable protein matches via LC-MS (see Barker et al. 2012). 

 A mixture of five purified protein powders was placed in one bowl with 600 mL of 

purified water—Milli-QTM, referred to hereafter as 'MQ water.' The mix consisted of 250 mg of 

equine skeletal myoglobin, 2 g of bovine achilles collagen, 3 g chicken egg white albumin, 6 g 

bovine serum albumin, and 10 g bovine casein—hereafter abbreviated as, 'MYO,' 'COL,' 'OVAL,' 

'BSA,' and 'CAS,' respectively (p/n M0630, C9879, A5503, A2153, C3400, Sigma-Aldrich, USA). 

We utilized this mix of proteins at different concentrations with the hypothesis that higher 

spike concentrations and/or chemical variability would influence chances of downstream 

detection via LC-MS. Previous research (Barker et al. 2012) has demonstrated that protein-

ceramic binding rates under laboratory conditions are influenced by protein concentration and 

type. Another sterilized bowl was filled with MQ water only and otherwise prepared in the 

same manner to serve as a reference blank. After gentle mixing with a sterilized spatula, bowls 

were covered with aluminum foil—to help reduce evaporation—and placed in an oven set to 

95oC (with the actual temperature fluctuating enough to ensure a gentle simmer). The mixtures 

were stirred and topped up with additional MQ water twice per day to maintain the boil line at 

approximately 2 cm below the rim. Though this cooking procedure is not 'realistic,' in terms of 

how foods were likely prepared in prehistoric times, we used a 5-day cooking time at a gentle 

simmer in order to A) maximize the heat-induced diagenesis of proteins—simulating what may 

occur when proteins are bound to ceramic that is used repeatedly, B) provide ample 

opportunity for proteins/peptides to reach a binding equilibrium point between ceramic-bound 

and dissolved states, and C) employ experimental cooking conditions that are roughly 
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comparable to related research (Craig and Collins 2000, Barker et al. 2012). Bowls were 

removed from the oven after five days of cooking, rinsed with MQ water, dried, and cut into 

quarters. Individual quarters were buried 10 cm deep in a sandy loam in Denton, Texas, USA. 

Individual samples were recovered at 1, 6, and 12 months following burial, with recovery 

mimicking typical archaeological conditions, i.e., samples were collected by hand, but were 

minimally handled, not washed, and wrapped in aluminum foil for storage prior to analysis. TOC 

and fluorometric assays were performed as samples were recovered, but reference specimens 

were wrapped in foil and stored at −80oC for simultaneous LC-MS analysis at the end of the 

study. 

 

3.2.3 Total Organic Carbon Analyses and Qubit® Fluorometric Quantitation 

 Total organic carbon analysis—or TOC—involves the combustion of a sample in a closed 

oven followed by the estimation of original carbon content via infrared absorption of the 

resulting carbon dioxide. Ceramic samples, both archaeological and experimental, were 

prepared by first breaking off a roughly 1 cm2 subsection from each sherd. Any adhering soils 

were removed via gentle brushing, and approximately 1 mm of the sherd surface was removed 

using a Dremel® tool equipped with a stainless steel burr bit. Samples were pulverized in sterile 

porcelain mortar and pestles—fired at 800oC prior to use. Powdered samples (1g each) were 

treated with phosphoric acid solution (p/n A242-1, Thermo Fisher Scientific, USA) to remove 

inorganic carbon sources, dried under heat, and evaluated for TOC content using a Rosemount-

Dohrmann Model 183 Total Organic Carbon Boat Sampler and Phoenix 8000 TOC analyzer. 

Three sample replicates were taken for each sample, and we report values as averages for 
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these three replicates. Quantification of organic residue was based on a standard curve 

developed using a serial dilution of TOC reference standards, and all obtained values were 

recorded as μg TOC per mg ceramic (corrected for phosphoric acid content). Because different 

organics, and even different proteins, vary in terms of organic carbon content, for 

interpretative purposes we consider the obtained TOC values to be ordinal scale.  

 A Qubit® 2.0 fluorometer was also used to estimate protein concentration in each 

experimental sample. Archaeological samples were not evaluated using Qubit® because they 

contain a complex mix of proteins, other compounds, and weathering products. Fluorometric 

quantitation was paired with TOC to provide another, more accurate, line of evidence to 

estimate protein abundance, which serves to check our assumption that TOC is an accurate 

ordinal scale estimation of protein abundance. The Qubit® fluorometer works by measuring the 

fluorescence signal of dyes that bind to target molecules—either DNA, RNA, or protein. The 

dyes have extremely low fluorescence signals until they bind to their target molecule—in this 

case protein. Fluorometric techniques can provide more accurate estimations of protein 

abundance compared to spectrophotometric techniques because the dyes are molecule-

specific. Spectrophotometers measure UV-absorbance at certain wavelengths that can be 

shared by different biomolecules in a sample that are not of interest. Further, Qubit® 

fluorometers are well suited to detect protein at low—approximately ≤10 ng—or highly 

variable concentrations (Noble et al. 2007). 10 μL of each sample was prepared for fluorometric 

quantitation with an invitrogenTM Qubit® Protein Assay Kit (Catalog number: Q33211, 

ThermoFisher Scientific, USA) following the manufacturer's guidelines. A new concentration 
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curve was produced with the provided standards if more than one week passed between uses 

of the instrument.  

 

3.2.4 GC-MS Fatty Acid Analysis 

 We designed our fatty acid analysis method after Eerkens (2005), but implemented 

several changes designed to enhance sensitivity and accuracy. In particular, we used selected 

ion monitoring (SIM) and quantification against an internal standard (methyl-10-undecanoate). 

A SIM standard curve was generated for the quantification of eight fatty acid residues (C12:0, 

C14:0, C15:0, C16:0, C16:1, C:17, C18:0, C18:1), using serial dilution of a fatty acid methyl ester 

reference standard (p/n 47885-U, Sigma-Aldrich, USA) with methyl-10-undecanoate (p/n 

U0250, Sigma-Aldrich, USA) as an internal standard. Instrumental analysis was conducted using 

an Agilent 5973 MS and 6890 GC.  The GC inlet was at 260oC with helium carrier gas at a 

constant pressure of 8 psi and was operated in the pulsed splitless mode with a 25 psi pulse for 

0.5 min. The GC temperature program started at 60oC with a 1 min hold, ramped at 15C/min to 

150oC then ramped immediately at 5C/min to 220oC with a 3 min hold followed by a 5C/min 

ramp to 250oC with a 3 min hold and a final ramp of 15 C/min to 300oC with a 5 min hold.  The 

GC column was an Agilent DB-5MS 30m X 0.25mm with a 0.25 μm film thickness. Levels of 

these fatty acids listed above were used for interpretation of residue origins, as described 

below.  

 For ceramics, samples were prepared by removing a small subsection (approximately 1–

2 cm2) of ceramic from each given sample. Approximately 1 mm of the surface of this 

subsample was then removed by grinding with a Dremel® tool equipped with a stainless 
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grinding bit. This step served to remove surface contamination expected to occur from handling 

and/or soil encrustation. The sample was then ground in a sterile porcelain mortar and pestle, 

and 2 g was placed in a pre-rinsed glass vial with 10 mL of 1:1 chloroform:methanol. After 

agitation/mixing for 60 seconds, each sample was further extracted via 60 seconds of 

ultrasonication using a Fisher Scientific Sonic Dismembranator Model 500 probe. After 

transferring the supernatants into pre-rinsed test tubes, 10 minutes of centrifugation at 10,000 

g was used to separate any remaining ceramic, and the supernatants were transferred into new 

tubes and dried under nitrogen. Fatty acid residues were derivatized to methyl esters via 

methanol and boron trifluoride (p/n 15716, Sigma-Aldrich, USA) at 60oC for 30 minutes, and 

then extracted via liquid-liquid partitioning by the addition of purified MQ water and hexane 

(with agitation for 1 minute to ensure partitioning). After drying under nitrogen, samples were 

dissolved in internal standard-spiked hexane and analyzed using our custom GC-MS method. 

Method blanks, to which no archaeological ceramic was added, were performed alongside all 

extractions to evaluate background contamination, which is a common problem in these types 

of analyses. 

 Quantified fatty acids were used to identify possible residue origins via methods 

described in Eerkens (2005). In sum, this involves the calculation of fatty acid ratios that have 

been demonstrated to separate residues into generalized, but nevertheless meaningful 

categories: ruminant mammal, non-ruminant mammal, fish, roots, greens, seeds/nuts, and 

berries (Table 3.1). Mirroring recommendations of Eerkens (2005), we rejected any sample for 

which background contamination (as determined via method blanks) was higher than 10% of 

the total fatty acid yield for C18:0, the most abundant contaminant. Further, we rejected any 
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sample which contained non-detectable amounts of any of the target fatty acids. Overall, this 

resulted in the elimination of two-thirds of all samples tested.  

 

Table 3.1. Fatty-acid ratio of six food categories in both fresh and degraded states (after Eerkens 2005) 

Ratio State 

Terrestrial 

Animals Fish Roots Greens 

Seeds and 

Nuts Berries 

(C15:0 + C17:0)/C18:0 Fresh <0.20 0.20–0.50 >0.20 0.10–1.00 <0.60 <0.20 

 
Degraded <0.20 0.20–0.50 >0.20 0.10–1.00 <0.60 <0.20 

C16:1/C18:1 Fresh  0.02–0.20 0.20–0.50 0.05–0.70 >0.70 <0.30 <0.08 

 
Degraded 0.08–0.80 0.80–2.00 0.20–2.80 >2.80 <1.20 <0.32 

C16:0/C18:0 Fresh  <3.50 4.00–6.00 3.00–12.00 5.00–12.00 0.00–9.00 2.00–6.00 

 
Degraded <7.00 8.00–12.00 6.00–24.00 10.00–24.00 0.00–18.00 4.00–12.00 

C12:0/C14:0 Fresh  <0.15 <0.15 >0.15 >0.05 >0.15 >0.15 

 
Degraded <0.15 <0.15 >0.15 >0.05 >0.15 >0.15 

 

3.2.5 LC-MS/MS Protein Analysis 

 Our protein analysis via LC-MS/MS follows the same general protocols developed in 

Barker et al. (2012) and reported in Barker et al. (2015) and Chapter 2. In this instance, 

experimental samples were processed/analyzed in triplicate, such that we could determine 

consistency of recovery in experimental samples. Archaeological samples were analyzed once, 

but were re-run for validation in the event of a positive, archaeologically meaningful match. A 

method blank (prepared with sterilized ceramic) was run alongside samples in order to rule out 

laboratory-derived contamination. 
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 Briefly, we removed and pulverized a 1 cm x 1 cm section (with exact mass dependent 

on ceramic thickness of the given specimen) of ceramic from each sample—i.e., archaeological 

specimens, 1 month, 6 month and 12 month experimental specimens, including blanks—in a 

sterile mortar and pestle. Although samples were brushed clean to remove adhering soils, root 

filaments, etc., prior to pulverization, ceramic surfaces were not removed via grinding because 

our previous research (Barker et al. 2012) on experimental pottery indicates that high 

quantities of protein are deposited within the first few millimeters of the ceramic surface. Two 

grams of the resulting powders were placed in amber glass vials with 5 mL of 2% w/v sodium 

dodecyl sulfate (SDS) in MQ water and sealed with teflon-lined caps. After being vortexed for 1 

minute to mix and saturate the ceramic, samples were autoclaved for 60 minutes at 108oC to 

solubilize protein residues. Supernatants were transferred into microcentrifuge tubes and 

centrifuged at 14,000 g for 10 minutes to remove ceramic powder. The supernatants were 

transferred into new tubes, stored at 3oC overnight to precipitate SDS, and then centrifuged 

and transferred again. This step, 'cold crashing,' facilitates downstream processing by removing 

SDS and, in previous experimentation was determined to minimally impact protein recovery for 

BSA and COL standards, though we acknowledge that the more complex chemistry of 

archaeological residues could potentially lead to some sample loss during this step. Solutions 

were then concentrated and purified using 3kDa molecular weight cutoff columns—Millipore 

part number UFC800324, Billerica, MA, USA—with a total of 3 'washes' with MQ water. After 

the final wash, samples were concentrated to a volume of approximately 150 μL (concentrating 

beyond this point was found to require impractical amounts of time and result in excessively 

viscous solutions). Sample solutions were clear and ranged from near-colorless for the youngest 
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experimental samples to straw yellow for older experimental samples, and some archaeological 

samples, to dark brown for other archaeological samples 

 Solutions were further processed using filter assisted sample preparation kits—or FASP 

kits (Expedeon part number 44250, San Diego, CA, USA; Wiśniewski et al. 2009)—following the 

procedures and reagent concentrations listed in the product guide (Document No. 

pd056REV120710). 30 μL of sample, which is the maximum loading capacity recommended by 

the FASP product guide, was used to isolate and trypsin digest protein/peptide residues. Eluate 

was acidified with formic acid, desalted using C-18 zip tips (Millipore part number ZTC18S096, 

Billerica, MA, USA) reduced to near dryness under vacuum, diluted to 20 μL in 0.1% formic acid 

in MQ water, and then evaluated using LC-MS/MS.  

 Samples were analyzed using a Model 1100 Series LC-MSD Ion Trap System, with a 

Zorbax 300 SB C18 capillary column (p/n 5064-8267, Agilent Technologies, Santa Clara, CA, USA) 

using a gradient elution from 0.1% formate in MQ water to 0.1% formate in acetonitrile. The 

flow rate was 4 µL per minute, injection volume was 8µL, and electrospray ionization with 

positive ion detection was used. Positive controls (BSA tryptic digestate) and blank injections 

were periodically run to ensure instrument/processing method performance. Mass spectral 

data were extracted from the raw data files using Agilent Chemstation software, and then 

searched against the SWISSPROT  reference database (Feb 2017) using the Mascot 

(www.matrixscience.com) MS/MS search engine. Fragment ion mass tolerance was set to 0.80 

Da, with parent mass tolerance of 1.4 Da, trypsin as the digestion enzyme, a maximum of 1 

missed cleavage, and a significance threshold of 0.05. Considering that aged residues are likely 

to suffer from chemical modification, and that some chemical modifications may occur during 
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sample processing, we used two different Mascot search parameters: 1) no modifications 

specified (other than cysteine alkylation, which occurs as part of FASP processing), and 2) an 

error tolerant search, which, while more time consuming and theoretically more error prone, 

allows for the identification of a wide range of potential chemical modifications, e.g., oxidation 

of methionine residues, that alter peptide masses.  

 

3.3 Results and Discussion 

3.3.1 TOC Analysis and Fluorometry 

 For archaeological samples, TOC values were generally low, but varied across samples, 

ranging from 0.25 to 2.6 μg organic carbon per mg of ceramic. We initially suspected that this 

variability would relate to the quality/quantity of preserved residues, with high TOC-containing 

sherds yielding better fatty acid or protein results. However, though we still suspect that this 

variability is related to original organic content, we could identify no correlation between TOC 

values and total fatty acid content. Similarly, there was no obvious correlation between TOC 

content and likelihood of a protein match. It appears that most of the residue from which TOC 

is derived in the archeological sherds is composed of non-targeted compounds (e.g., 

carbohydrates), or, more likely in our opinion given the typically  brown color of extracts, 

weathering products such as humic acids. Unfortunately, these compounds prevented the use 

of fluorometry or other theoretically applicable assays (e.g., Bradford assay) for our 

archaeological samples. Thus, while Qubit® forms an important component of our experimental 

research, and appears to have produced acceptable results for our experimental samples (see 
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below), we find TOC to be more useful as a general screening method for archaeological 

samples.  

 The interpretation that weathering compounds comprise a majority of residue in our 

archaeological samples is supported by the data from our experimental sherds. In previous 

research (Barker et al. 2012), we demonstrated that under optimal conditions (when ceramic 

surface area is maximized via grinding and high protein:ceramic ratios are used), ceramic-bound 

protein approaches a saturation point of ~10 μg per mg of ceramic (with some variation by 

protein type). In comparison, our experimental sherds show much lower levels, and a clear 

decline in TOC abundance over the 12-month experiment (Fig. 3.1A). Our reference blanks 

remain very low in TOC over the course of the experiment, suggesting that residue infiltration, 

at least under the relatively short-term duration of this experiment, is negligible.  

 Because TOC is only a coarse measure of organic content, we used a Qubit® fluorometer 

to quantify the protein content of concentrated extracts—pre-FASP—of the protein-spiked 

experimental samples. These results mirror the decline observed in TOC, but present a more 

accurate determination of protein degradation. As before, the values drop consistently over the 

course of the experiment, indicating a rapid decline in protein content (Fig. 3.1B). 

 There are two important implications to be drawn from these experimental results. First 

is that protein degradation is rapid under the conditions of this study, which was designed to 

represent a less than ideal scenario for residue preservation; relatively warm average 

temperature, high humidity, and loose sediments—leading to increased oxygen exposure—

theoretically increase degradation rates. Further, a lack of other organics that would normally 

be found in food mixtures—e.g., fats/oils—may have increased degradation rates in our 
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experimental samples because, as discussed in Chapter 1, these compounds can participate in 

the formation of water-impermeable barriers that help shelter residues. Though simple 

migration of proteins out of the ceramic via dissolution in water likely accounts for a portion of 

loss, our samples were thoroughly rinsed in MQ water prior to burial. Considering previous 

research demonstrating the inefficacy of water in removing ceramic-bound proteins (Barker et 

al. 2012; Craig and Collins 2002), we do not believe that this was a primary source of protein 

loss.  

 A second important point is that residue infiltration of exogenous organics appears to 

be relatively low over the short time period of this study, as evidenced by decreasing values in 

TOC and protein concentration through time, and the low, stable value of TOC in the reference 

blank sherds (Fig. 3.1) (but see LC-MS Results below). Nevertheless, we do not rule out the 

possibility of more complex interactions in archaeological samples; susceptibility to residue 

influx is likely related to a suite of factors that we did not model, e.g., complex food mixtures, 

variable soil chemistry, physical and chemical parameters of different ceramics. Further, over 

the long-term, we cannot conclusively rule out an equilibrium state, in which the removal of 

endogenous organics is counterbalanced by the influx of exogenous ones. Importantly, 

however, our experiment provides baseline expectations for how one can expect ceramic-

bound proteins to behave under non-ideal conditions for preservation. 
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Fig. 3.1. A TOC content of experimental sherds rapidly declines as a function of burial time, quickly 
dropping between 1 and 6 months of age before reaching an apparent equilibrium. B Protein content of 
experimental samples. Note that the values reported here are for single replicates of the concentrated 
extracts (pre-FASP) of sample sherds. Because initial sample sizes and concentration factors are roughly 
equivalent, we assume that these values adequately reflect the decline of protein content over the 12 
months of the experiment. Together, A and B suggest the rapid decrease of protein over the course of 
our study. Error bars reflect standard deviation (+/- 1 SD). 

  

3.3.2 GC-MS Results: Archaeological Sherds 

 All samples yielded higher quantities of fatty acids than the average of method blanks 

(for C16:0 and C18:0). However, only seven samples passed our criteria for a positive match (all 
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targeted fatty acids recovered and C18:0 values at least 10 times greater than values observed 

in method blanks). As described above, for these seven samples, assignment of residues to 

general taxonomic origin(s) was based on the calculation of fatty acid ratios that can be used to 

identify general taxonomic origins (Table 3.2). For the purposes of this study, we assume that 

the resulting interpretation reflects the strongest signal present, but acknowledge that 

confounding factors/interpretations—e.g., multiple uses of a pot, questions regarding whether 

the result reflects the most common use of the pot, it's initial use, or final use—may limit 

confidence of interpretation. Further, in cases of overlap, e.g., when a given ratio yielded 

multiple potential interpretations, our determination was based on identifying the particular 

origin (category) capable of explaining all observed fatty acid ratio values. For example, sample 

#116-4 yielded the following potential assignments for each fatty acid ratio: 

• (C15:0 + C17:0)/C18:0: Terrestrial Animal, Seeds and Nuts, Berries 

• C16:1/C18:1: Terrestrial Animal, Seeds and Nuts, Roots 

• C16:0/C18:0: Terrestrial Animal, Seeds and Nuts 

• C12:0/C14:0: Terrestrial Animal, Fish, Greens 

The only common assignment shared across all ratios was 'terrestrial animal.' Thus, sample 

#116-4 was determined to originate from terrestrial animals. A fifth ratio ((C15:0+C17:0)/(C12:0 

+ C14:0 + C16:0 + C18:0)), was used to further discriminate between ruminant (e.g., bison, 

sheep) and non-ruminant (e.g., bird, rabbit) terrestrial animals (following Eerkens 2005). In this 

instance, a ratio value greater than 0.05 is indicative of a ruminant, and thus this particular 

residue was determined to originate predominantly from a ruminant animal source.  
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Table 3.2. Fatty acid results and interpretations for samples meeting minimum reporting criteria. An 
additional ratio, (C15:0+C17:0)/ (C12:0+C14:0+C16:0+C18:0), was used to distinguish ruminant 
mammals (value >= 0.05) from other terrestrial mammals, following Eerkens (2005). 

Sample  

(C15:0+C17:0)/ 

C18:0  C16:1/ C18:1 

C16:0/ 

C18:0 

C12:0/ 

C14:0 

(C15:0+C17:0)/ 

(C12:0+C14:0+C16:0+C18:0) Interpretation 

116-4 0.10 0.32 0.74 0.12 0.05 Ruminant Mammal 

464-5 0.02 0.16 0.59 0.07 0.01 Terrestrial Animal 

520-34 0.06 0.70 0.68 0.14 0.03 Terrestrial Animal 

547-6 0.02 0.48 0.49 0.24 0.01 Seeds and Nuts 

767-1 0.15 0.55 1.66 0.05 0.05 Ruminant Mammal 

1105-7 0.02 0.69 0.54 0.42 0.01 Seeds and Nuts 

1147-2 0.06 0.53 0.74 0.35 0.03 Seeds and Nuts 

 More importantly than the residue assignment itself, one implication apparent from the 

results is that these samples appear to have been subjected to relatively severe weathering. In 

particular, the ratio of C16:1 to C18:1 is known to increase over time due to weathering, with 

values increasing by an approximate factor of 5x in weathered samples (e.g., from 0.01 to 0.05 

in samples meeting the criteria for seeds and nuts; Eerkens 2005). In our archaeological 

samples, C16:1 to C18:1 values were 0.1 or greater, indicating severe weathering regardless of 

taxonomic category of origin. Further, considering that we rejected 10 of 17 samples due to low 

yield—despite using a sample size that was 5 times larger than reported by Eerkens—it is 

reasonable to suspect that residue preservation was poor (though it could be countered that 

our samples may have contained low initial quantities of residue to begin with).  
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3.3.3 LC-MS/MS Results 

 The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE (Vizcaíno et al. 2014) partner repository with the dataset identifier 

PXD009431. 

 For archaeological samples, the method blanks—in this case pre-sterilized ceramic 

processed identically to archaeological samples—all tested negative for protein matches. A BSA 

digestate reference standard (single replicate) run alongside archaeological samples resulted in 

a positive match for BSA, with a Mascot score of 374 and coverage of 21%—with lower scoring 

homology matches for closely related species (e.g., serum albumin from Ovis aries). Of the 17 

sherds archaeological sherds tested, four returned positive protein matches. The first, 1105-7-

1, yielded a low-scoring (score 20, coverage 1%) match to Citrobacter koseri, a common 

bacterium from the digestive tract of animals. We disregarded this hit, as it is archaeologically 

meaningless and very low-scoring. The second, 116-3-129, yielded a match to porcine trypsin 

(the enzyme used for performing protein digestions), a reasonably expected digestion artifact. 

Upon re-running this sample, no positive matches were obtained. The final samples yielding 

positive hits, 546-4-88 and 549-22-142, yielded numerous but very low-scoring matches to a 

variety of bacterial, plant, or animal proteins. Upon closer examination, we rejected these as 

being archaeologically meaningful because they 1) were typically very low-scoring with a low 

count (2 or less) of peptide matches, 2) were often from non-food organisms that can be 

reasonably expected in soils, 3) in cases of potentially archaeologically meaningful taxonomic 

matches (e.g., to Mus musculus or Arabidopsis spp.), were derived from common laboratory 
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test organisms and not associated with tissues expected as part of processing and consumption 

by humans (e.g., myoglobin, serum albumin, heme) and/or 4) were not derived from sources 

that fit the taxonomic expectations for the American Southwest (e.g., from common ancient 

food items such as corn, beans, turkey, or deer).  

 Though disappointing, the lack of positive/meaningful protein results is not surprising 

given the fatty acid evidence, which demonstrates severe weathering; in general, fatty acids are 

theoretically more resistant to degradation than proteins (Barnard and Eerkens, 2007, chapter 

9; Davídek et al. 1990). A comparison of typical chromatograms from archaeological specimens 

to that from a positive protein match from a six-month aged experimental sample (Fig. 3.2), 

reveals very little evidence of surviving proteins/peptides in the archaeological samples. 

Experimental evidence (below) supports this interpretation. 

 

Fig. 3.2. Comparison of LC-MS chromatograms for archaeological samples 767-1 and 1105-7 (green and 
red), neither of which yielded meaningful protein hits (despite containing identifiable fatty acid ratios), 
versus an experimental protein-spiked sample that was buried for 6 months and still yielded positive 
matches for BSA and OVAL (blue).  
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 Regarding experimental samples, the method blank yielded no positive matches, while 

of the three injection blanks, one yielded a positive hit to BSA based on a match to a single 

peptide, K.DAFLGSFLYEYSR.R, indicating a limited possibility for cross-contamination (but see 

results below). A positive control, spiked with BSA, yielded a score of 409 with 12% coverage. 

Following the TOC/fluorimetry results, exogneous influx appears to have been low, with only 

one sample, 6 month replicate 2, yielding meaningful matches to an exogenous protein (2 

peptides assigned as type II cytoskeletal keratin derived from Homo sapiens or Rattus 

norvegicus). Of the five proteins spiked onto our experimental ceramic, only two, BSA and 

OVAL, were consistently recovered across replicates and across the three time points of the 

study. Strangely, though CAS was spiked at the highest concentration, we were not able to 

obtain positive identifications when the standard search criteria were employed (but see 

below). Similarly, we failed to obtain positive matches for MYO or COL. In previous research 

(Barker et al. 2012), we were able to identify every component of a ceramic-bound protein 

mixture (equal parts BSA, CAS, MYO and COL) in freshly prepared experimental ceramic, even 

without employing non-standard search criteria. Further, we also revealed that binding rates 

vary by protein type, with BSA and MYO featuring higher binding rates than CAS and COL. Thus, 

in regards to the current study, it may be that a combination of lower spike amount and/or 

lower binding rates resulted in failure to confidently detect some of the proteins, and it is 

possible that BSA and OVAL selectively occupied available binding sites on the ceramic surfaces, 

thereby preventing the binding and subsequent recovery of other proteins.  

 Another possible explanation could pertain to variability in susceptibility to degradation; 

perhaps a failure to recover some proteins is related to their more rapid degradation relative to 
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others. The variety of studies documenting the successful recovery of archaeological MYO 

(Marlar et al. 2000), CAS (Buckley et al. 2013, Craig et al. 2005), and COL in particular (Barker et 

al. 2015, Buckley et al. 2010;2013) in ceramic and/or bone, hint that this may not be the best 

explanation. Further, hydrophobic proteins such as collagen are well-documented to be 

resistant to degradation, at least when recovered from their tissues of origin. However, it may 

be that the unique cooking processes and circumstances of our research differentially 

contribute to degradation. As discussed by Collins et al. (1995), for example, the denaturation 

rate of collagen is higher when it has been demineralized, and it is therefore a possibility that 

the prolonged cooking (and gelatinization) of non-mineralized collagen contributed to its 

subsequent removal via biological or chemical degradation. While much attention has been 

given towards understanding collagen degradation (e.g., Collins et al. 1995, Pfretzschner 2006, 

Dobberstein et al. 2009), we do not have comparative degradation studies for each of our 

target proteins. Thus, while we suggest this mechanism as a possible factor, we can offer no 

direct evidence that this is the primary agent responsible for producing the observed results. 

 Another explanation for our inability to detect COL, in particular, is the degree to which 

COL features post-translational modifications. Hydroxylation of proline, specifically, may hinder 

our ability to identify COL using non-targeted or generalized error-tolerant approaches. For 

example, while a standard, error tolerant search would theoretically be able to identify a 

peptide featuring a single hydroxylated proline, by design (and necessity due to the 

complexities of factoring in the diverse array of potential chemical modifications), such a search 

would not be able to identify a peptide featuring two or more hydroxyprolines. Considering 

this, we re-evaluated our samples in a Mascot search specifying proline hydroxlation as a 
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variable modification (theoretically allowing us to identify peptides featuring two or more 

instances of proline hydroxylation). Unfortunately, this more targeted approach also failed to 

yield any positive hits for COL in our experimental samples. Therefore, at least in this specific 

instance, we can rule out post-translational modification of proline residues as the source for 

our lack of COL identifications. 

 A final explanation for our inability to consistently identify proteins other than BSA and 

OVAL has to do with the limitations of our methods/instrumentation. During a sample run, 

peptide digests are separated into individual fractions via liquid chromatography. As these 

fractions individually pass into the MS trap, only a select number of peptide ions are capable of 

being collected and evaluated at a given time point, with the operator programming how 

many—and which, in the case of targeted analysis—of these to isolate and fragment. For our 

instrument, we found that results were optimized when we specified that between two to four 

of the highest abundance ions at a given time point be collected, which is a typical range for 

this type of instrument and analytical method. This means that only the best performing, 

highest-abundance peptides are collected by our method. It is likely therefore, that our results 

reflect which peptides and proteins are the 'best-behaved' under the constraints of our 

instrumentation and methods. Indeed, examination of some unmatched spectra reveals many 

lower-scoring ones that, due to issues of homology or general poor quality, cannot be relied 

upon despite theoretically matching to the proteins that we failed to positively identify. Though 

relaxing the matching criteria—e.g., increasing the MS/MS tolerance, significance thresholds—

does manage to tease some of these matches out (e.g., reveal positive matches to CAS and 

MYO in some of the one month old samples), for the purposes of this paper we take the 
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conservative approach that we would expect to use for real archaeological specimens in which 

the components are not known a priori. This problem, of lower quality/quantity components 

being overlooked, is an inherent limitation of non-targeted LC-MS approaches in general, 

though one that can be addressed to some extent by using instruments/configurations with 

higher chromatographic resolution and/or enhanced MS resolution/sensitivities. It is important 

to consider this limitation insofar as it results in false negatives. Further, other MS-based 

approaches (e.g., Heaton et al. 2009) may prove advantageous.  

 It is worth noting that one limitation of our study design, as presented here, is that T0 

samples were not analyzed. There are two reasons for this: 1) This study represents an 

extension of our previous work (Barker et al. 2012), which documented the recovery and 

identification of experimental proteins (CAS, COL, MYO, BSA) from cooked ceramic at T0 (albiet, 

not from the same set of experimentally-prepared specimens). 2) The goal of the current 

actualistic study is to establish which proteins/peptides are the most likely to resist degradation 

over archaeologically-meaningful time. Thus, while the shifts in peptide abundance from T0 to 

month 1 are indeed relevant to discussion of protein taphonomy in general, and may help to 

explain sources of laboratory-derived sample modification (e.g., oxidation and/or residue loss 

due to cooking or other sample preparation), they are less relevant to the specific goals of this 

actualistic study.  

 Despite our inability to consistently detect three out of the five protein spikes, the data 

obtained for the remaining two has important implications regarding archaeological protein 

taphonomy. When examining protein coverages for these two proteins, the results generally 

mirror what might be expected given the observed decline in organic/protein content between 
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the time points, with coverages dropping from month 1 to 12 (Table 3.3). Protein scores show a 

similar trend over the full 12-month course of the study. However, the uptick in scores for 

month 6 relative to month 1 is likely an artifact of our acquisition/processing methods. 

Oversaturation of month 1 samples with lesser quality—in terms of score—but high abundance 

peptides resulted in slightly lower overall protein scores. By month 6, many of these poorer 

quality peptides had decayed, leaving medium and higher-quality peptides that, while providing 

less coverage of the protein, resulted in higher protein scores because of their 

uniqueness/individual scores. Regardless, by month 12, extensive degradation is evident in that 

both scores and coverages have severely dropped. 

 

Table 3.3. Protein scores and coverages for BSA and OVAL from months 1 to 12 show a general decrease 
in quality, reflecting protein degradation. As discussed in 'Results,' the temporary increase in score 
between months 1 and six is likely an artifact of our methodology, and it is the difference between 1 
month and 12 that is more meaningful from an archaeological perspective. 

  

Month 1 Month 6 Month 12 

Protein Type Run Number Score Coverage (%) Score Coverage (%) Score Coverage (%) 

BSA 1 215 8 194 6 72 1 

 2 287 11 310 8 107 4 

 3 116 7 216 8 105 4 

        

OVAL 1 51 15 128 8 46 5 

 2 52 6 116 6 60 3 

 
3 56 12 81 8 n/a n/a 
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 Further evidence of degradation is revealed from spectral data for individual peptides. 

We followed an initial, standard Mascot search with an error-tolerant one because we 

anticipated some degradation in our samples. Though more time intensive and theoretically 

more prone to false matches, an error tolerant search allows for alterations in observed 

peptide matches resulting from changes in the molecular structure of the peptides (albeit with 

only one non-specified modification allowed per spectral match). For example, it is well 

documented that the amino acid residue methionine is particularly susceptible to oxidation 

(Lee et al. 2009). Thus, oxidation of methionine, among other modifications, has previously 

been included in archaeological/paleontological protein residue studies (e.g., Hendy et al. 2016, 

Welker et al. 2015; 2016), and it is reasonable to consider methionine oxidation as a potential 

'biomarker' for aged protein residue. In our results, methionine oxidation, while not particularly 

common, can be observed in both young and old samples (Fig. 3.3). Another common, age 

associated modification in proteins is deamidation (Hendy et al. 2016, Leo et al. 2011, Welker et 

al. 2016), wherein the amide side chain of an amino acid is altered or removed altogether, most 

commonly in the amino acids asparagine and glutamine. This modification appears several 

times in our data, even in samples as young as 1 month old, but is infrequent and without any 

discernable pattern, likely due to the relatively young (in comparison to 

archaeological/paleontological specimens) age of our samples.  

 However, a confounding factor is that protein modifications can also be derived from 

sample handling/processing. We have occasionally observed modifications in un-aged samples, 

but due to our current research goals and methodological constraints, have not performed an 

exhaustive study of modifications. Thus, while we document peptide modifications for the sake 
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of inquiry, without further investigation—e.g., a study that samples at T0 and statistically 

evaluates modification rates with larger sample numbers and smaller sampling intervals—we 

cannot confidently determine the origins (in vivo versus ex vivo) of protein modifications in our 

experimental samples. Nevertheless, we include this data as tentative support for our overall 

interpretation and as a call for additional research in this area.  

 

Fig. 3.3. Mass spectra showing oxidation of methionine (M10) in peptide (K)LTEWTSSNVMER(K) from 
ovalbumin, one month old sample rep 1 (top) and 12 month old sample rep 1 (bottom). 
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 A final perspective on protein taphonomy involves looking at which peptides are 

consistently recovered across samples and across time periods. In other words, which peptides 

are 'well-behaved' when analyzed using a given methodology and, perhaps more importantly, 

which are the most likely to preserve over time? To this end, we constructed a 'peptide 

recovery matrix' (Fig. 3.4) that first compares peptide recovery across samples within a given 

time period. For simplicity, we filtered out redundant matches—e.g., repeated peptides, 

modified versions of the same peptide—such that a given peptide is only listed once per 

sample. Next, we color-coded peptides based on whether they occurred in all three, two, or 

only one of the sample replicates. In this way, we identify which peptides are most consistently 

recovered within a given time period. 

 

 

 

 

 

 

 

 

 

Fig. 3.4. Peptide Recovery Matrix showing peptide consistency across reps within given age group. 
Peptides recovered in all three reps (gray), those recovered in two out of three reps (blue), or those 
recovered in only one rep (orange). Several peptides were prone to non-trypsin cleavage, possibly 
derived from laboratory handling but more likely from chemical or enzymatic degradation during burial. 
For example, the peptide, ILELPFASGTMSML, is prone to decomposition in the methionine–rich tail, 
often resulting in cleavage. For ease of viewing, we list the full peptides here but note that the raw data 
often include such cleavage products. 
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From the resulting data, we then created a 'peptide summary matrix' (Fig. 3.5) comparing the 

most consistently-recovered peptides both across reps within a given time period, and across 

time periods. As might be expected, for BSA, the number of consistently-recovered peptides 

decreases with increasing age in a nested fashion. In BSA matches, for example, the counts 

decrease from five peptides at 1 month, to four peptides at 6 months, and then finally to one 

peptide at 12 months, with complete overlap across groups. For OVAL, peptide 

survival/recovery was less consistent and not as nested, decreasing from two peptides at 1 

month, to two at 6 months, to finally one at 12 months—though a single miss in the 12 month 

samples technically disqualifies the final peptide, K.LTEWTSSNVMEER.K. 

 

Fig. 3.5. Peptide Summary Matrix showing peptide consistency across time periods, with those peptides 
occurring in all sample ages (gray), those occurring in two of three ages (blue), and those occurring in 
just one sample age (orange). The peptides that were consistently recovered across reps and ages 
theoretically represent the best candidates for targeted method development. LTEWTSSNVMEER was 
only recovered in two of the three reps for the 12-month-old sample, but was recovered in all reps for 
other time periods. Thus, we still suggest it as a good candidate for targeting. DAFLGSFLYEYSR was 
recovered in an injection blank and is therefore technically disqualified. 
 
 
 



67 
 

 Overall, the decrease in consistent peptides is expected. Though we do not delve further 

into the topic here, future research may involve examining why certain peptides are more likely 

to survive. Factors such as general location within the protein sequence/protein folding (such 

that some peptides are more protected than others), hydrophobicity, content of reactive amino 

acids, and digestion-resistant sequences are likely relevant in this regard. 

 

Fig. 3.6. Representative spectra for the peptides identified as being the best candidates for targeted 
method development. For BSA (top), R.HPEYAVSVLLR.L. For OVAL (bottom), K.LTEWTSSNVMEER.K (Both 
from 12 month sample rep 2). 
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 More importantly, this decrease in consistently recovered peptides is relevant to 

method development. As stated in the introduction, one of our concerns pertains to the 

possibility that the limitations of our method are the source of the negative results we obtained 

for archaeological ceramics. Considering that we use non-targeted mass spectrometry, it is 

certain that we overlook lower abundance and/or poorer performing proteins/peptides. 

However, in conducting non-targeted, actualistic studies, we identify which peptides from given 

proteins are 1) resilient to degradation under the conditions of this study, and 2) consistently 

recoverable and identifiable via our method. In turn, this information can be used to develop 

future targeted methods with enhanced sensitivities. The 'final' peptide from BSA, for example, 

R.HPEYAVSVLLR.L (Fig. 3.6), theoretically represents (pending independent confirmation under 

the same circumstances) the best possible candidate for targeted method development in that 

it is both resilient and consistent. Ultimately, we hope that further targeted method 

development can be used to bridge the gap between immunoassay, which is highly sensitive 

but lacks probability measures, and MS, which features much better probability measures but is 

currently less sensitive. Of course, targeted MS features the same challenge of immunoassay in 

that one can only find what one specifically looks for. However, the advantage is that unlike 

immunoassay, targeted MS features probability scores for peptide matches, allowing us to 

more confidently rule out false positives. 

 

3.4 Conclusions 

 Our results, derived from several lines of evidence, suggest that under typical, sub-

optimal conditions for preservation—and when non-targeted approaches are employed—
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negative results for ceramic-bound protein residues should currently be the norm rather than 

the exception. The paucity of negative results reported in the published literature is therefore 

troubling. Going back to the three problems enumerated in the introduction, we suggest that: 

1) More effort should be given towards analyzing ceramics from sub-optimal contexts, with the 

understanding that negative results provide a framework against which we can better 

understand positive ones. In other words, negative results are just as valuable as positive ones 

because they provide much needed baseline information. Further, it is likely that with 

continued method development, particularly the refinement of targeted methods, ceramics 

from such contexts will be found to be a readily available and reliable source of information 

that can meaningfully supplement archaeobotanical and zooarchaeological analyses. 2) 

Similarly, additional actualistic studies (sensu Barnard and Eerkens 2007) are needed to better 

shape expectations regarding the survival of archaeological protein residues in ceramic. 

Paleontological and archaeological studies continue to push back the expected dates for 

protein survival in original contexts (e.g., bone, mummified soft tissues), but regarding 

ceramics, our research indicates that the rates of survival are generally low, and that the 

challenges of recovery and identification are greater. As evidence, we cite the experimental 

results presented above, the negative results we obtained for archaeological ceramics, and the 

positive results we obtained for zooarchaeological remains from roughly the same time period 

and locus (Barker et al. 2015). Further, actualistic research will enable us to better ascertain 

which residues are likely to survive, under what circumstances they are likely to survive, and 

how best to target them. 3) Lastly, more attention is needed in terms of method development. 

We are optimistic about the possibility of identifying trace protein residues in archaeological 
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ceramics. However, going forward it is important that studies include careful consideration for 

the challenges of protein taphonomy and the strengths and limitations of existing 

methodologies. We posit that methods capable of incorporating measures of probability and a 

consideration for taphonomy (e.g., mass spectrometry-based approaches) hold the most 

promise when it comes to developing trustworthy, residue-based claims regarding past 

subsistence patterns.   

 In sum, our results demonstrate that, on one hand, ceramic-bound proteins are rapidly 

degraded over relatively short time scales, and that this pattern of degradation limits the 

usefulness of non-targeted approaches regarding archaeological ceramic-bound proteins. On 

the other hand, they also suggest the possibility for developing targeted protocols capable of 

recovering and identifying those protein residues that are the most likely to survive in 

archaeological contexts (sensu Scott 2017). Importantly, it is the combination of multiple lines 

of biochemical evidence (TOC, fluorometric quantitation, fatty acid GC-MS, and protein LC-MS), 

and an emphasis on residue taphonomy that allows us to be confident about our claims.   

 

 

 

 

 

 

 

 

 



71 
 

CHAPTER 4 

PROSPECTS: PROTEIN RESIDUE ANALYSIS AND CONSERVATION BIOLOGY‡ 

4.1 Introduction 

 In Chapters 2 and 3, I presented experimental results that validated the extraction 

protocol reported in Barker et al. (2012), assessed protein taphonomy, and, in general, framed 

the current methodological limitations that will need to be addressed (see discussion in Chapter 

5) in order for MS-based analysis of ceramic-bound archaeological proteins to become a more 

widely implementable tool for the archaeologist. Challenges notwithstanding, there are several 

reasons  why pursuit of this methodology is important for both archaeologists/paleontologists 

and the public at large. Aside from simply satisfying the curiosity of archaeologists, the more 

widespread development and implementation of protein residue analysis -from both 

archaeological ceramics and the diverse array of other sample media- has the potential to help 

us address longstanding questions about natural history and the role of ancient humans in 

shaping the biosphere.   

 It is well-established that zooarchaeological research is relevant to modern wildlife 

management, particularly in regards to species reintroduction or exotic species extirpation 

efforts (Lyman 1996). Simply put, by studying the biogeographic distributions of species and 

their interactions with humans during prehistoric times via zooarchaeology, a deep temporal 

perspective of human-environment interaction is revealed. This is important because 

evolutionary and ecological change, at least for multicellular organisms, occurs on time scales 

                                                           
‡ This chapter contains excerpts from Barker, A. 2011. Archaeological Protein Residues: New Data for 

Conservation Science. Ethnobiology Letters 1:58-65. 
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that are longer than the human lifetime and than most written histories (Callicott 2002), 

meaning that attempts to return an ecosystem to a ‘natural’ state require careful consideration 

of its history beyond the past few hundred years.  

 Following Lyman (1996), many studies (e.g., Cannon and Cannon 2004; Wolverton et al. 

2007) have demonstrated the value of zooarchaeological data for addressing important 

conservation questions. However, the fragmentary nature of the zooarchaeological record, 

both in terms of the skeletal remains that are preserved over time in addition to the limited 

geographic areas over which zooarchaeological analyses have been conducted, has proven to 

be a challenge. Further, like protein residue analysts, zooarchaeologists must contend with 

issues of homology; skeletal elements of closely related species are not always distinguishable 

from each other. Although continued development of methods for the identification of bone 

fragments and a growing appreciation for the importance of preserving and analyzing the 

zooarchaeological record go a long way toward addressing these challenges, new developments 

in the chemical analysis of organic archaeological residues, particularly proteins, show promise 

for providing an alternative line of evidence that can provide additional resolution.  

 As discussed in Chapter 1, archaeologists are increasingly turning to the study of organic 

residues as a source of information about past cultures. Artifact function, the origins of 

domestication, prehistoric dietary patterns, and the extent of trade networks have been 

revealed through studies examining the range of organic compounds including DNA, lipids, 

proteins, and alkaloids (Eerkens and Barnard 2007). In one of the most surprising recent 

examples of protein residue analysis, collagen, a structural protein found in bones and 

connective tissues, was recovered and identified from a fossilized hadrosaur 
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(Brachylophosaurus canadensis) bone dated to approximately 80,000,000  years ago 

(Schweitzer et al. 2009). Other studies( e.g. Nielsen-Marsh et al., 2005; Welker et al., 2015) 

similarly demonstrate that protein residues are capable of persisting for tens of thousands of 

years in native tissues. That proteins are capable of surviving across such extraordinary times, 

albiet in somewhat ideal conditions, suggests that the potential for the recovery of much more 

recent residues from both native tissues and from artifacts is greater than might be assumed.  

 Insofar as conservation science is concerned, this revelation is important because it 

suggests the feasibility of using proteins -and other organic residues-  to gain insight into 

environmental history across spatial and temporal scales that are relevant to modern wildlife 

management policies. As stated by Loy (1983:1270), one of the pioneers of archaeological 

blood protein residue analysis, “ancient blood proteins from dated contexts will assist in 

paleozoological and protein-evolutionary studies. The results of this research make possible a 

better understanding of past animal distributions and [hu]man's use of those animal 

resources.” Thus, the study of archaeological and/or paleontological protein residues may 

enable us to improve wildlife management strategies by providing information related to 

targets for conservation, restoration, or extirpation.  To date, not much has been achieved on 

this particular front, likely due to the novelty of these techniques as well as their expense. 

Nevertheless, there are several current scenarios to which protein residue data are 

theoretically applicable. Below, I describe three such scenarios, suggesting that while protein 

residue analysis may not provide a 'smoking gun,' it has the potential to provide alternate lines 

of evidence when traditional zooarchaeological evidence is scant or altogether lacking. 
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4.2 Case Studies  

4.2.1 Mountain Goats in Washington State 

 Lyman (1996, 1998) discusses the status of mountain goats (Oreamnos americanus) in 

Olympic National Park in northwestern Washington State. Although ‘introduced’ to the area in 

1928, it is unclear whether this species should be considered as native or exotic. As Lyman 

notes, this is due to two underlying issues. First, the National Park Service definitions of ‘native’ 

and ‘exotic’ are poorly constructed, leaving room for contradictory interpretations. Second, 

however, is the fact that the paleozoological record from this region is poor, leaving park 

managers with little prehistoric data. This problem is compounded by the ambiguous, pre-

1920’s historic record and conflicting public opinion today regarding whether or not extant 

goats should be eradicated. Clearly, more information is needed to resolve this debate. 

 In their analysis of woven, Coast Salish blanket fibers from the Pacific Northwest, 

Solazzo et al. (2011) used MS-based methods to identify species of origin, revealing that several 

19th century blankets contained hair from both mountain goats, sheep (Oves aries) and dog 

(Canis familiaris). It is unclear whether Solazzo et al. are aware of the debate regarding 

mountain goats in Washington. However, considering that Salish-speaking tribes are native to 

the Olympic Peninsula, it is relevant to suggest that the results presented by Solazzo et al. may 

shed light on the issue of goats in the Olympic goat controversy. Simply put, if pre-1920’s Salish 

blankets from the Olympic Peninsula can be shown to contain mountain goat hair, then a more 

convincing argument for the native status of this species in the area can be made. Certainly, 

there are other factors that must be weighed if such evidence is to be used, such asthe 

likelihood that blankets/wool were traded over long distances. Thus, protein analysis does not 
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provide a 'smoking gun' in this particular case. Nevertheless, the point here is not to suggest 

that Solazzo et al. (2009) have provided a definitive answer to this issue, but rather to illustrate 

that useful biogeographic evidence can be obtained through archaeological protein residue 

analysis. 

 

4.2.2 Missouri Elk  

 In a similar vein, Harpole (2004) reports on the difficulty of ascertaining the prehistoric 

status of the North American elk (Cervus canadensis) in a proposed reintroduction area 

consisting of ten counties in southeastern Missouri. Although elk were certainly native to 

Missouri in general, as suggested by paleozoological and historic records alike, debate exists 

regarding their native status within the reintroduction area. Decision-making is hindered by a 

lack of evidence, with proponents seeming to favor reintroduction of elk for economic (e.g., 

hunting, tourism) rather than ecological reasons.  

 Of the archaeological sites within the region that Harpole considered, only one, the 

undated, mixed-deposit, open-air Lepold site, was found to have elk remains. As Harpole points 

out, this site is hardly representative considering that it lies east of the Ozark Escarpment in the 

Mississippi River floodplain, an area that is considerably different from the proposed 

reintroduction sites. For the remaining sites, an important question must be addressed: are elk 

absent from the record because they were never there, or are they absent for other reasons, 

e.g., because the soil and weather conditions of the Ozark Plateau and surrounding areas are 

generally not conducive to the preservation of faunal remains?  
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  In Missouri, pottery is commonly recovered from archaeological sites, including sites on 

the Ozark Plateau (Lynott et al. 2000). To date, no research has been conducted to ascertain the 

likelihood of protein survival in these artifacts, but the successful recovery of protein residues 

in this case would go a long way toward resolving the debate over the appropriateness of elk 

reintroduction efforts.  

 

4.2.3 Pacific Otters 

 As discussed by Valentine et al. (2008), extensive hunting during the eighteenth and 

nineteenth centuries led to drastic reductions in sea otter (Enhydra lutris) populations in the 

eastern Pacific Ocean, particularly in Oregon, where they were extirpated. Attempted 

reintroductions of sea otters to this region have been largely unsuccessful, despite more fruitful 

results in areas to the north. However, recent research has provided several important clues as 

to why the Oregon reintroduction failed. 

 Studies of morphological (Wilson et al. 1991) and genetic (Valentine et al. 2008) 

variation suggest that there are several distinct genotypes associated with three different 

subspecies of sea otter: the common sea otter (E. l. lutris), the southern sea otter (E. l. nereis), 

and the northern sea otter (E. l. kenyoni). In the case of Oregon reintroduction efforts, a 

population of northern sea otters was transplanted from Alaska. However, examination of the 

zooarchaeological record via morphometric (Lyman 1988) and DNA (Valentine et al. 2008) 

studies demonstrated that this particular subspecies has never been common in Oregon and 

that it is likely not well-suited to the unique environmental conditions of the Oregon coast. 

Instead, the extirpated populations more closely resemble southern sea otters currently living 
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in California. Although time will tell, the zooarchaeological evidence indicates that the latter 

taxon would provide better (that is, more likely to survive and reproduce) candidates for 

transplantation. 

 I suggest that archaeological proteins may provide a supporting or alternative line of 

evidence in this, or similar cases. It is well-documented, for example, that particular proteins 

can vary in structure not only across but within species (Zeidler 2000). Such proteins perform 

the same essential function(s) and have similar structures. However, they feature subtle 

variations in amino acid composition as a result of genetic mutations, allowing them to be 

distinguished through relatively simple procedures such as gel electrophoresis. Several studies 

(e.g., Mateu-Andrés 2004) have used these differences as a means of measuring overall genetic 

diversity in extant populations of threatened species.  

 Although archaeological samples would likely provide unique challenges, as discussed 

below, a similar approach could be used as a method for distinguishing different subspecies in 

the archaeological record. The real benefit is that samples could be obtained not just from 

skeletal remains or tissues, but from many other contexts (e.g., mineral matrices) where 

proteins have been demonstrated to preserve. Further, using this method as an alternative to 

DNA testing may reduce the associated cost and/or the amount of time and training required 

for sample processing (Buckley et al. 2010; Zeidler 2000, but also see cautionary comments). In 

sum, this strategy may represent an opportunity to gain meaningful evidence at a lower cost in 

the absence of well-preserved skeletal remains.  
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4.2.4 Other Relevant Examples 

 Several recent archaeological studies, despite not being tailored to address conservation 

questions in particular, suggest the plausibility of using protein-based approaches for revealing 

relevant information. For example, LC-MS analysis of a ~750 year old jackrabbit (Lepus sp.) tibia 

from the Goodman Point Pueblo (5MT604) site in southwestern Colorado reveals the presence 

of intact collagen peptides (Figure 4.1). Although additional research is needed in order to 

establish appropriate reference databases, this result is important in that traditional 

zooarchaeological analyses have not always been able to distinguish between the variety of 

leporid species that are present in this region (Yang et al. 2005). Though DNA analysis has been 

useful in this instance, protein analysis may remedy this issue by providing resolution between 

zooarchaeological/paleontological specimens at a reduced cost. In another example, Buckely et 

al. (2010), using mass spectrometry, recently developed a method for distinguishing between 

Neolithic-era sheep (Ovis spp.) and goat (Capra spp.) remains on the basis of a single collagen 

peptide. The value of this technique, aside from its expense relative to DNA-based methods, is 

that it provides a new means to distinguish between morphologically ambiguous (e. g., 

immature, highly fragmented) specimens from closely related species. Insofar as the value of 

protein analysis to conservation science is concerned, this is clearly relevant.   

4.3 Conclusion 

 Through discussion of these examples I have argued that protein residue analysis is a 

valuable form of paleobiological inquiry in conservation science. Such research would enable 

better wildlife management decisions by revealing a more accurate picture of prehistoric 

biogeography and of the interaction of prehistoric humans with past environments. 
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Figure 4.1 Representative mass spectrum (top) and recovered peptide sequences (bottom) from a ~750 
year old jackrabbit tibia from the Goodman Point Pueblo (5MT604). Because jackrabbit is not included in 
typical protein databases, a match to the European rabbit, Oryctolagus cuniculus, was assumed to 
reflect a correct identification.  

 

Although other residue types, including DNA, lipids, and alkaloids, may provide similarly useful 

information, the unique characteristics of proteins, particularly in terms of their widespread 

occurrence and apparent potential for preservation within mineral matrices, make them ideal 

candidates for applied archaeological research.   

 In order for this method of analysis to reach its fullest potential, however, scientists 

must turn their attention to developing a reliable and valid methodology. To accomplish this 

task, we need to challenge long-held assumptions, fill in the aforementioned gaps in 

knowledge, and promote multidisciplinary approaches. My critique is not an attempt to 

challenge or downplay the important discoveries to date. Rather, I seek to demonstrate the 
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value of the work done while simultaneously pointing out areas for improvement. As these 

challenges are met, protein residue analysis will hopefully come to be seen not just as a method 

of studying the past, but as one of several valuable archaeological tools that can be used in the 

development of management practices that result in sustainable ecosystems. 
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CHAPTER 5 

SUMMARY CONCLUSIONS AND FUTURE RESEARCH 

5.1 Summary Conclusions 

 In the preceding chapters, I have presented evidence of the following: 1. Protein sorbs 

strongly to ceramic matrices despite vigorous attempts at removal. 2. Variability in protein 

chemistry, initial loading amount, and protein-protein carrier effects influence the quantity of 

protein that strongly sorbs to ceramic. 3. The methodology presented herein -utilizing hot SDS 

extraction followed by FASP and LC-MS/MS analysis- is valid for detecting both archaeological 

and experimentally prepared proteins. 4. The success of this extraction method is in theoretical 

agreement with the binding model proposed by Kleber et al. (2007). 5. In native contexts (i.e. 

bone), and under the weather and soil conditions of this particular investigation,  some proteins 

consistently preserve in identifiable forms over several centuries. 6. Proteins in non-native 

contexts (i.e. ceramic) do not preserve to the same degree, a conclusion that is supported by 

alternate lines of chemical evidence. 7. The degradation of experimentally-prepared proteins 

under sub-optimal conditions for preservation is rapid and severe. 8. Under the limitations of 

this study design and instrumentation, some proteins/peptides are more 'cooperative' than 

others in terms of residue analysis. 9. There appear to be certain peptide sequences that are 

more resilient to degradation relative to others, and these may be the best suited for targeted 

analyses. 10. With continued development, there is potential for this type of research to 

provide information that is suitable for addressing immediate archaeological questions as well 

as having broader implications for our understanding of human impacts on the environment.   
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 In sum, these conclusions indicate that in regards to ceramic-bound archaeological 

protein residues, while there is potential, additional method optimization and research is 

needed in order to fully realize the value of this approach. Considering this, in the next sections 

I provide a constructive criticism of the field to date, suggestions for future research and field 

development, and closing comments. 

 

5.2 A Critique 

 As discussed above and in previous chapters, despite some successes in the recovery 

and identification of archaeological protein residues, several limitations have hindered the 

widespread application of ceramic-bound protein studies. These limitations are, in part, rooted 

in the shortage of published methodological research (but see Barnard et al. 2007; Buckley et 

al. 2010; Brandt et al. 2002; Craig and Collins 2000, 2002; Solazzo et al. 2008; Stevens et al. 

2010). Too often, it seems that the focus of residue research has been on providing 

archaeologically meaningful results rather than on addressing fundamental assumptions 

regarding the behavior of organic chemicals over long periods of time and the suitability of the 

analytical techniques that have been applied for recovering and identifying archaeological 

proteins. 

 Immunological assay, for example, has been employed in a number of cases (on 

residues recovered from various sources) with apparent success (e.g., Kooyman et al. 2001; Loy 

and Dixon 1998; Marlar et al. 2000; Matheson et al. 2009; Meissner and Rice 2015; Shanks et al. 

1999; Yohe et al. 1991). Despite these positive results, there is legitimate reason to be skeptical 

of immunoassay. In most cases, archaeological immunoassay techniques are borrowed from 
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modern forensic techniques, which are designed to address residues that have much different 

taphonomic histories.  Ancient proteins, for example, are likely to be contaminated with a 

variety of proteins from exogenous sources (e.g., soil bacteria) that can ultimately yield false 

positives (Brandt et al. 2002), particularly if ample consideration is not given to testing the 

antibodies used. Further, the denaturation, degradation, and/or modification of proteins due to 

cooking processes, bacterial activity or other sources of weathering (i.e. taphonomic history) 

may sufficiently alter proteins so that they no longer react predictably with antibodies in an 

immunological assay (Barnard et al. 2007). Although not insurmountable, these challenges have 

not been adequately addressed via a comprehensive analysis that details the effects of these 

factors in terms of the success or failure of immunological techniques when applied to 

archaeological samples. Multiple, independent analyses, as recommended by Brandt et al. 

(2002), may remedy this problem to some degree, but further experimental research into the 

chemical behavior of degraded proteins is essential.  

 Like immunoassay, MS-based methodologies for studying ancient proteins are derived 

largely from laboratory methods that were originally designed for the analysis of residues that 

do not feature the same taphonomic histories as archaeological ones. However, one major 

advantage of MS-based techniques, relative to immunoassay, is that MS techniques incorporate 

probabilistic scoring. While homology and residue taphonomy are still challenges, the fact that 

the analyst is provided with a measure of statistical confidence makes MS techniques more 

trustworthy. Further, because the analyst can view the actual spectral sequence of a recovered 

residue (including whether or not there are chemical modifications), MS approaches offer a 

level of insight not provided by immunoassay, which at best offer a, 'strongly present,' 'weakly 
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present,' or 'absent' result. A secondary advantage of MS is that a priori knowledge is not 

required when the instrument is run in a non-targeted mode. However, this relates to a major 

limitation of MS; relative to immunoassay, non-targeted MS suffers from decreased sensitivity. 

Cross-over immuno electrophoresis (CIEP), for example, features detection limits in the 10-8 g 

range (Barnard et al. 2007). While MS is capable of reaching similar detection limits in general, 

with regards to archaeological proteins there is wide variation depending on the chemistry of 

the target analyte, purity/complexity of sample, chromatographic resolution, type of mass 

spectrometer and general instrument configuration. Because most archaeological samples 

consist of low amounts of mixed proteins amidst an array of other residue types and 

degradation products, the challenge is concentrating and purifying proteins such that they fall 

within the detection range of the instrument. Further, as discussed in Chapter 3, and depending 

on instrument configuration used, sensitivity of MS approaches is typically reduced in non-

targeted mode, as only the most abundant/best performing peptides are identified.   

 Another limitation that has not been adequately considered, regardless of analytical 

approach employed, is the influence of context on both the quality and quantity of preserved 

protein residue. To what degree, for example, do clay types differ in terms of their ability to 

sorb and preserve proteins? It is well-established that the plasticity, shrink/swell capability, and 

ion-exchange capacity of clays can differ greatly depending on the ratio(s) of clay types present 

(Shepard 1956). However, most relevant archaeological publications dealing with the analysis 

of proteins in ancient and/or experimental samples typically do not include a detailed analysis 

of ceramic composition. This is understandable considering the workload involved in both 

protein and ceramic analyses. However, such cases represent a missed opportunity for 
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collaboration between residue analysts and geologists/geoarchaeologists that would likely 

result in improved methodology. 

 Similarly, the effects of environmental conditions such as temperature, humidity and pH 

have not been considered in detail.  It is well-established that cold, dry and/or anoxic 

environments favor the preservation of biomolecules. However, the limits of these variables 

have not been fully ascertained in experimental protein studies. Without additional knowledge 

to this effect, sampling strategies are reduced to guesswork and key opportunities may be 

missed due to a potentially misguided assumption that proteins are not likely to preserve under 

certain conditions.  

 Further, much current research is limited by the failure to report quantitative data (but 

see Craig and Collins 2000, 2002; Shanks et al. 2004; Solazzo et al. 2008; Stevens et al. 2010). 

Without knowing quantitative information, such as the amount of protein that sorbs to ceramic 

matrices, the percentage of total protein recovered using different extraction strategies, the 

quantity of protein residues recovered from archaeological samples, or a probability estimate 

of a particular protein match, it is difficult to gauge the validity of results. These data are 

relatively easy to obtain when proper methodologies (e.g., total organic carbon analysis, 

spectrometric assay, statistical analyses) are employed. Approaches that incorporate the 

generation of these types of data lend much-needed credibility to protein residue analysis, and 

it is essential that they are included in future reports so that comparisons can be made across 

studies.  

 Lastly, as discussed in Chapter 3, there is a shortage of published studies of ceramic-

bound archaeological residues that report negative results. Such studies would go a long way in 
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addressing the critiques described above. Simply put, by developing baseline expectations 

based on reported negative results, archaeologist would be better able to anticipate which 

samples are worthy of prioritization.  

 

5.3 Future Research  

 In order for ceramic-bound protein residue analysis to realize its potential, future 

research will need to address the aforementioned criticisms. To do so, I propose the following 

as future areas of research and improvement: 

 1. Additional actualistic studies are needed in order to better understand protein 

taphonomy. Similar to Barker et al. (2012), which used a matrix of physical and chemical 

combinations in order to ascertain an optimal extraction methodology, future experiments 

should employ a matrix that evaluates the role of varying physical and chemical conditions on 

protein taphonomy. Ideally, this would initially involve single, purified proteins, which would be 

experimentally prepared in ceramic, buried, and then evaluated over the course of several 

months based on parameters such as protein type (e.g., hydrophilic versus hydrophobic, 

globular versus fibrous), clay composition, soil type, temperature, moisture, and/or pH. A 

parallel or subsequent study, similarly structured, would evaluate the role of biochemical 

mixtures on preservation, utilizing either purified protein/fat/carbohydrate mixtures, or real 

foodstuffs. By doing so, we would gain a better understanding of protein taphonomy and how it 

is influenced by burial context, thereby enabling archaeologists to make better-informed 

decisions regarding where and how to collect ceramic samples for protein residue analysis. 
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Further, gaining a better understanding of these taphonomic processes will enable 

archaeologists/biochemists to better assess important claims about residue results.   

 2. Further effort must be given towards the dissemination of negative results. As 

discussed above, from a publications perspective, the predominant focus in terms of 

archaeological residue analysis to date has been on the acquisition of positive results (as 

evidenced by the near complete lack of negative results reporting). From the perspective of 

archaeological science, this harms the credibility of archaeologists insofar as it demonstrates a 

greater concern for meaningful claims than for rigorous scientific inquiry and methods 

development. Additional effort must be given towards the publication of negative results 

papers, with increased emphasis on critically challenging claims that are not backed by 

validated methodology and sound quality control. 

 3. Expanding on the above points, a standardized methodology for ceramic-bound 

protein residue analysis, to include protocols for sample collection, handling, residue 

extraction, identification, data sharing, and peer review, is needed. Though the current lack of 

such protocols is understandable given the novelty of this particular field, their implementation 

will be a key component of both evaluating the validity of results, in general, and of comparing 

results obtained from different archaeological contexts. In this regard, Hendy et al. (2018) 

provide an excellent starting point for protein residue analysis in general. Following their lead, 

ceramic-specific protocols must be developed and implemented.  

5.4 Closing Remarks 

 Ceramic-bound protein residue analysis holds great potential for gaining a better 

understanding of ancient diet and human-environment interactions. Though destructive (at 
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least in most current methodologies), this type of analysis presents a unique opportunity to 

derive new evidence from artifacts, such as fragmented potsherds, that because of sheer 

abundance and low aesthetic value are in most cases relegated to indefinite storage. The 

results and analyses I have presented herein are an attempt to help realize this potential by 

gaining a better understanding of how protein behaves, at the chemical level, in archaeological 

samples. With continued methods development, standardization, and improved analytical 

tools, it is my hope that the true value of ceramic-bound archaeological proteins is realized.               
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