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Abstract

Palaeoproteomics focuses on studying the past by analysing proteins preserved in historical,
archaeological, and palaeontological materials. Over the past fifteen years, the number of
publications and research questions in this field has grown substantially, as has the number
of researchers and research groups utilising palaeoproteomic methods. PAASTA (Palaeopro-
teomics And Archaeology, Society for Techniques and Advances) is an international early career
researcher-driven community, which aims to bring together researchers from all subdisciplines
of palaeoproteomics by providing a platform for open communication. Here, we discuss ways in
which this fast-growing research field can benefit from adopting principles of open science and
increased communication and collaboration between researchers. We approach this question
from all stages of a typical research project, from experimental design and sample selection, to
data analysis and raw data sharing. Although we acknowledge that each of these guidelines
and recommendations may not be applicable to every research project, we aim to provide a
foundation which, when applied collectively, will strengthen the future of palaeoproteomics.
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Introduction

The field of palaeoproteomics concerns the study of the past through proteins preserved in
historical, archaeological, and palaeontological materials (Warinner et al., 2022). The number of
publications per year in this field has increased significantly over the last fifteen years (Figure 1), with
palaeoproteomics being applied to an ever-expanding number of material types and research
questions. Broadly, the field can be classified into three categories of questions, each progressively
focusing on finer details of the proteome: ) identification of proteins, Il) identification of protein
sequence variation, and lll) identification of amino acid modifications.

A large fraction of palaeoproteomic studies utilise the detection of a specific protein to identify
certain events or practices from the past. For example, the detection of proteins relating to milk
consumption from dental calculus is a way of identifying the use of animals for dairying in the past
(Warinner et al., 2014a; Hendy et al., 2018a; Scott et al., 2022). Similarly, proteins deriving from
pathogens or the immune response can give indications of the presence of a disease (Warinner et al.,
2014b; Fotakis et al., 2020; Wilkin et al., 2024), while the presence of one or both of the amelogenin
proteins, which are encoded on the sex chromosomes, can be used to assign genetic sex (Stewart et
al., 2017). On a wider scale, metaproteomics utilises all proteins present in a sample to collectively
study the material (Hendy et al., 2018a; Jersie-Christensen et al., 2018). Specific questions about the
past can thereby be answered through the identification of proteins in different materials.

Amino acid sequence variation in proteins between species has led to palaeoproteomic
approaches for taxonomic identification being developed, such as ZooMS (Zooarchaeology by Mass
Spectrometry; Buckley et al., 2009) and SPIN (Species by Proteome INvestigation; Rither et al.,
2022). These allow for the taxonomic identification of skeletal remains even when no morphologically
identifiable characteristics are present, or when osteomorphology is too similar between taxa for
distinctions. This approach has also been successful in the study of cloth materials like textiles, fur
and leather (Hollemeyer et al., 2008; Brandt et al., 2014; Azémard et al., 2021; Solazzo & Phipps,
2022; Vihas-Caron & Brandt, 2025), as well as art and heritage objects such as paintings and
manuscripts (Kirby et al., 2013, 2020, 2023; Fiddyment et al., 2015, 2019; Teasdale et al., 2017; Di
Gianvincenzo et al., 2023). Furthermore, variation in amino acid sequences between taxa also allows
for phylogenetic placement (Lowenstein et al., 1981; Buckley, 2015; Welker et al., 2015, 2020; Cleland
et al., 2015, 2016; Schroeter et al., 2017; Cappellini et al., 2019; Harvey et al., 2021; Demarchi et al.,
2022), enabling reconstruction of phylogenetic trees and hypotheses about evolutionary relationships
between extinct and extant species. Long-standing questions in other research fields, such as
zooarchaeology, palaeoanthropology, historical ecology, or zoology, can thereby be addressed
through the study of protein sequence variation.

Finally, identification of post-translational modifications (PTMs) of amino acids can provide
valuable information about the history and preservation of proteins. For example, deamidation of
asparagine and glutamine has been proposed as both a preservation or degradation indicator and a
means of assessing the relative preservation of a detected protein or peptide (Wilson et al., 2012;
Cleland et al., 2015; Schroeter & Cleland, 2016; Ramsge et al., 2020, 2021; Brown et al., 2021a), and
for more specific purposes, such as investigating manufacturing differences in parchment (Nair et al.,
2023). The extent of photo-oxidative modifications can lead to inferences about past light exposure of
artistic or cultural heritage materials, such as paintings (Mackie et al., 2018). However, caution should
be applied when interpreting deamidation for authentication purposes, as factors other than age can
also influence deamidation rates (Brown et al., 2021a). Additionally, amino acid racemisation—the
spontaneous interconversion of L-amino acids to their D-enantiomers over time—provides a valuable
chronological tool for age determination. Amino acid geochronology has been successfully applied to
various materials, such as shells, eggshells, coral, and enamel, enabling relative dating in
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palaeontological and archaeological contexts (Wehmiller et al., 1976; Miller et al., 1992; Penkman et
al., 2011; Dickinson et al., 2024). Evaluating the extent of protein decomposition, through processes
like racemisation, can be useful for screening potential samples for proteomic analysis (Presslee et
al., 2021), and confirming the presence of endogenous amino acids (Cappellini et al., 2019), a key
consideration for older or more degraded samples at the limits of palaeoproteomic analysis. More
broadly, the survival of stable amino acids and the presence of degradation products, first explored by
Abelson (1954), is evidence for the persistence of protein remnants into deep time (Saitta et al., 2024).
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Figure 1 - Number of palaeoproteomics articles published each year since 2010
(excluding preprints). The list of papers was compiled by a Web of Science query
(accessed on 14 June 2024) using the search terms: “palaeoproteomics” OR
“paleoproteomics” OR “ancient proteins” OR “ZooMS” OR *“collagen fingerprinting” OR
“peptide mass fingerprinting”. Preprints, meeting abstracts, and entries that did not
relate to the study of ancient proteins were removed from the WoS dataset.
Palaeoproteomic papers that were missing from this list and papers that were published
after the WoS search date were manually added to the dataset. This figure was made
in R v.4.4.2. with R Studio v.2024.12.0+467 (R Core Team, 2023) using ggplot2
(Wickham  2009). See also the archived Dataset on Zenodo
(https://doi.org/10.5281/zenodo.14793421) for a full record of the curated dataset.

The field of palaeoproteomics is thereby highly diverse in terms of both research questions and
methodological approaches. However, researchers in this field commonly face several issues. For
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example, ancient proteomes are inherently complex and often contaminated. Even in cases where
only one protein or peptide is the object of research, proteins stemming from the burial environment
and subsequent storage and handling may be present on the studied material, or introduced during
the extraction process (Hendy et al. 2018b; Fagernas et al., 2025). Ancient proteins are also degraded
and damaged, complicating analyses (Hendy, 2021). Finally, the materials that are studied through
palaeoproteomics are often rare and/or of significant cultural heritage value. Precautions should be
taken and efforts made to minimise the damage that is caused when sampling for palaeoproteomic
analyses. Since these issues, and many more, are shared by this research community, the solutions
can also be shared.

PAASTA, short for Palaeoproteomics And Archaeology, Society for Techniques and Advances, is
an international, early career researcher-driven community of palaeoproteomics researchers.
Founded in 2023 as an affiliate of the International Society for Biomolecular Archaeology (ISBA),
PAASTA follows the example of other successful early career researcher-driven communities like
SPAAM (Standards, Precautions, and Advances in Ancient Metagenomics). PAASTA’s main mission
is to promote greater collaboration and transparency within the field. By fostering a sense of
community, we hope to minimise the risk of encountering some of the challenges that have emerged
in other fields, especially for early career researchers, through competition and lack of communication
(Callaway, 2017; Jones, 2022; Horsburgh, 2024; Kallén et al., 2024). By providing a platform for
researchers with an interest in palaeoproteomics to communicate with each other in a supportive
manner, the community aims to improve connections between groups at different research institutes
and across the world. In this manner, we aim to advance palaeoproteomics by sharing knowledge and
jointly finding solutions to problems faced by many researchers in the field. In practice, this is achieved
by providing an online space for communication, organising events such as virtual seminars and an
annual conference, as well as facilitating collaborative projects within the community. All researchers
are welcome to join the community, irrespective of research focus or career stage, but we particularly
encourage an open space for early career researchers to ask questions and engage in discussions.

At the core of PAASTA is an aim to make the emerging and fast-developing field of
palaeoproteomics more open, communicative, and collaborative. Here, we walk through the usual
steps of a palaeoproteomics project, and discuss how each step could align with these principles,
while also integrating the FAIR (guidelines for making data Findable, Accessible, Interoperable and
Reusable; Wilkinson et al., 2016) and CARE (guidelines for sharing Indigenous Peoples data;
Collective benefit, Authority to control, Responsibility and Ethics; Research Data Alliance International
Indigenous Data Sovereignty Interest Group, 2019) principles. We are aware that each archaeological
science project is unique and all suggestions below are unlikely to be applicable to all projects.
However, by discussing and promoting different options and guidelines, we can establish a baseline
for this community and collectively strengthen the research field step-by-step.

Experimental Design

The first step in any palaeoproteomics project is setting up an appropriate research design and
sampling strategy that can answer the specific research question asked. Such a strategy should be
thoroughly discussed with all relevant stakeholders and planned prior to sampling. Depending on the
context of the material being studied, ethical sampling guidelines by discipline may already be in place
and available for consultation (e.g. Institute of Conservation Heritage Science Group (Quye & Strli¢,
2019)), Paleontological Research Institution’s Special Terms and Conditions for Technical
Analysis/Destructive Sampling). Such documents can provide palaeoproteomics researchers with
initial insight into the perspectives and guidelines of their collaborators. Various factors should be
taken into account, such as preservation differences within samples (Asmundsdéttir et al., 2024) or
sites (Le Meillour et al., 2024), sample treatment (e.g., legacy samples or museum specimens;
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(Haghighi et al., 2024)) and manufacturing processes (e.g. liming, tanning, dyeing; (Solazzo et al.,
2014; Ebsen et al.,, 2019; Nair et al., 2023)). Curators have become increasingly wary about
destructive analysis as a result of the “... tension between the professional obligations of curators to
faithfully steward archaeological collections and ensure their ongoing integrity and the “harvesting”
desires of specialists intent on industrial-scale aDNA research in the absence of a research question”
(Kallén et al., 2024). To avoid a breakdown in relationships between communities, archaeologists and
museums, we must ensure that destructive sampling is minimised, thoroughly discussed and
understood by all parties in advance, and that additional research opportunities have been carefully
considered. Wherever possible, the use of ‘self-sampled’ material-fragments that have already
detached from the object or material-should be prioritised to avoid damage to the main mass.
Conversations supported by visual aids (e.g., Kirby et al., 2020) demonstrating the minimal sample
sizes and minimally destructive approaches used in palaeoproteomics (Fiddyment et al., 2015) can
help illustrate how the field is striving to balance information gain with the preservation of cultural and
natural heritage materials. There is no single right answer for this tradeoff between preservation and
obtaining new information through (potentially) destructive analysis, rather it will be extremely case-
specific, depending on the amount of material available, the research question and the risk of an
unsuccessful analysis. The core of conversations with curators and other stakeholders should
therefore be to obtain ‘informed consent’, with all parties subscribing to the aim of the analysis and
being aware of the risks involved. Given that the methods for extracting aDNA, proteins, and lipids
target different physicochemical characteristics of each material, it should be the intention to sample
in a way that maximises the potential to generate complementary datasets from the same sub-samples
(e.g., for archaeogenetic analysis, isotopic analysis, radiocarbon dating).

Palaeoproteomic analyses are destructive to varying degrees, as part of a specimen is irreversibly
removed, but the degree of destructiveness varies depending on the chosen extraction protocol.
Minimally destructive protocols have also been developed, but vary in their success levels (Evans et
al., 2023; Hansen et al., 2024). Open and collaborative communication with those that provide us with
material to sample (communities, archaeologists, conservators, collection managers, etc.), addressing
the risks of the study and the extent of sampling destructiveness (e.g., the amount of material required
and what will remain), is essential for balancing the needs of palaeoproteomics research with the
conservation of objects or remains (Fiddyment et al., 2015; Palsdottir et al., 2019; Fleskes et al., 2022).
This will also aid in understanding the conservation history of the sample, which may influence which
analyses can be conducted, such as the introduction of modern contaminants or treatment with animal-
based glues (van der Sluis et al., 2023; Haghighi et al., 2024). During the sampling process, it is also
recommended to take high-quality photos before and after sampling of the specimen; additionally,
institutions curating human remains may require 3D or CT scanning of remains prior to destructive
analysis, which adds to the cost. Documentation prior to and after sampling will both aid in identifying
visual indicators that distinguish successful/unsuccessful samples and promote transparency
regarding the traces left by sampling methods on ancient specimens.

Collaboration across different research specialties is both essential and highly beneficial for the
success of a research project. When working with material that originates directly from an
archaeological site, it is vital to work collaboratively with the site specialists, excavation teams, and
any other specialists involved. They have the site-specific knowledge about stratigraphy, taphonomy,
and chronology of the archaeological contexts, all of which should be taken into account when
selecting which material is suitable to sample for palaeoproteomics research. The value of any
archaeological object for our understanding of the past is highly dependent on the archaeological
context it was found in. Engaging with archaeologists, curators or other stakeholders from the earliest
stages of experiment design can be immensely helpful in ensuring that the selected samples match
the research questions and that the research questions themselves will meaningfully contribute to
advancing our understanding of the past. Palaeoproteomic research offers the opportunity to open up
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new lines of questioning and address research questions that other methodologies are not well suited
for, but its full value can only be achieved through integration in theoretical frameworks including data
obtained from other methodologies. For example, in the case of ZooMS and SPIN, active collaboration
with zooarchaeologists that work with the faunal material is crucial to the development of a suitable
sampling strategy that not only takes into account the palaeoproteomic perspective, but that also helps
address specific research questions stemming from zooarchaeology (Sinet-Mathiot et al., 2019, 2023;
Hansen et al., 2024). Additionally, an understanding of the faunal spectrum is essential for maximising
the specificity of the taxonomic identifications made with methods like ZooMS and SPIN. Whilst certain
taxa may share the same peptide sequences, they can often be distinguished based on their temporal
and geographic distribution. Further, closer collaboration with specialists in other fields in biomolecular
archaeology (e.g., isotope ratio mass spectrometry, archaeogenomics, and organic residue analysis)
can lead to the development of simultaneous or sequential extraction protocols that minimise the need
for duplicated destructive sampling (Rusu et al., 2019; Fagernas et al., 2020). Where possible, any
remaining material following analyses should be carefully returned to collections to support future
research opportunities and reduce the need for additional sampling. Finally, collaboration with
bioinformaticians and statisticians can help enhance data analysis and interpretation, as well as
ensure that the research design has the power to answer the research question. While a single sample
may be enough for taxonomic identification of a specimen, other applications such as method
development and comparisons between populations or archaeological sites need more samples, and
it is essential to ensure that a statistically robust experimental design is set up prior to sampling. We
also want to emphasise the necessity of equality between fields in a multidisciplinary study. All
methods, including biomolecular techniques such as palaeoproteomics, but also macro- or
microscopic methodologies, have their own limitations and advantages. The added value of
multidisciplinarity lies in the integration of the contributions from different analyses in a single
framework.

The rights of Indigenous peoples and the colonial nature of resource-intensive ancient
biomolecular research have long been debated in archaeology and archaeological science, and most
recently heavily discussed in the field of archaeogenetics (Somel et al., 2021; Fleskes et al., 2022;
Kallen et al., 2024; Kallén, 2025). As an emerging field, palaeoproteomics can learn from the
discussion on the ethics of archaeological research and has the potential to democratise ancient
biomolecular research by promoting communication and collaboration with stakeholders and
researchers in the country of origin of the samples (Paterson et al., 2024). Participation in
palaeoproteomic research can also be broadened through citizen science projects (Brandt et al.,
2022). Since proteins can be analysed from materials that are significantly older than those used for
aDNA studies (Harvey et al., 2018; Cappellini et al., 2019; Welker et al., 2020; Demarchi et al., 2022),
the ethical dimensions of palaeontological research, which have not been much discussed in aDNA
research, may become a challenge for palaeoproteomics. For example, palaeontological specimens
are sometimes commercially traded or privately owned. Although more rarely the case in archaeology,
similar ethical concerns arise in the study of privately owned or commercially traded art objects, such
as paintings, where issues of provenance, access, and research use must also be carefully
considered. The research use of such specimens is debated in palaeontology (Santucci et al., 2016;
Rayfield et al., 2020; Haug et al., 2020), and an open interdisciplinary discussion among researchers
within palaeoproteomics is essential to establish clear ethical guidelines that balance scientific
advancement with respect for the cultural, legal and ownership complexities surrounding these
materials. Existing frameworks, such as the Society for Vertebrate Paleontology’s ethical guidelines
regarding the use of commercial specimens (Society of Vertebrate Paleontology, 2025), may provide
useful models for developing such standards.
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Protein Extraction and Data Acquisition

Protein extraction protocols are continuously being developed to increase the amount of high-
quality data that is obtained from each sample. Sharing laboratory protocols is essential for
reproducibility of studies and for advancing the field as a whole. Methods sections in traditional journal
publications are, however, often limited in the amount of detail that can be included. Recreating a
protocol based on methods reported within an article can therefore be highly challenging. Furthermore,
citations to methods in previous publications often lead to issues with finding the original protocol,
including broken citation chains and publications being paywalled (Standvoss et al., 2024). Sharing
detailed stepwise protocols on open platforms, such as protocols.io, ensures that the method can be
accurately adapted by other researchers, while also ensuring that the original publication is cited, and
that different adaptations of the same protocol can be traced using a version-tracking system (e.g.
Brown et al., 2020; Scott & Warinner, 2020; Poujois & Le Meillour, 2023). For methods sections in
journal articles, guidelines have been created for what should be included (Giraldo et al., 2018),
containing details ranging from the protocol version that is used, to the precise equipment,
consumables and reagents, and exact procedures used at each step. This level of detailed method
sharing ensures that for each destructive sampling of archaeological specimens, the most appropriate
protocol can be selected and applied, irrespective of which research group is analysing the specimen.

Considering the unique nature of archaeological samples, it can be difficult to evaluate the
effectiveness of a protocol at extracting proteins, even if its details have been shared fully. A more
widespread inclusion of positive controls or standards would facilitate the comparison of protein
extraction between different protocols. These might include standards added to every MALDI plate to
overcome issues related to batch effects, as well as the inclusion of biological or technical duplicates
to assess the efficiency of each protein extraction and data acquisition batch (Vifias-Caron et al.,
2023). Ideally, the same protein standard or positive control would be shared between different
research groups in order to also enable inter-laboratory comparisons. The PAASTA community can
serve as a forum to facilitate discussions on selecting appropriate materials for positive controls,
ensuring that decisions are collectively made and that the protein standards are accessible to all
members of the community. In a similar manner, the robustness of results can be enhanced by
replication in different laboratories, by different researchers, which the PAASTA community is ideally
placed to facilitate.

Mass spectrometry methods are also constantly developing and improving; however, researchers
in the field of palaeoproteomics are rarely involved in such methodological improvements to
instrumentation, in part because many palaeoproteomics groups rely on core facilities where they may
have limited input or control over instrument operations. Closer collaboration with researchers in the
broader fields of protein mass spectrometry and proteomics may lead to significant steps forward in
palaeoproteomics due to the faster adoption of new methodologies. This would ensure both that new
developments are also considering the needs of palaeoproteomics, as well as that palaeoproteomics
researchers are aware of the limitations of the applicability of new methodology to their research.
Moreover, such collaborations might also lead to the development of methods specifically designed to
suit the challenges of palaeoproteomics. For example, SPIN (Rither et al., 2022) was developed for
palaeoproteomics in parallel to the development of bead-based protein capture and digestion
approaches, EvoSep-based liquid chromatography workflows (Bache et al.,, 2018), and DIA data
acquisition strategies (Venable et al., 2004). These developments are primarily aimed for clinical
proteomics, but are also suitable for the analysis of ancient proteins. In the context of
palaeoproteomics, efforts to standardise LC-MS/MS workflows, such as the adoption of systems with
predefined, reproducible chromatographic settings, can facilitate direct comparison between datasets
and enhance reproducibility across experiments and laboratories. Although the use of fixed
chromatographic methods limits the degree of optimisation for specific sample types, it promotes
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consistency, which is critical for building comparable palaeoproteomic datasets across the research
community.

As manuscripts typically focus on successful protocols and analyses, negative results are often not
shared with the scientific community. We recognise that this may be due to pressure to publish
polished high-impact studies, however, avoiding dissemination of negative results is in the end
detrimental to the field as a whole. This may lead to repeated unsuccessful attempts at using a specific
method, or analysing a particular type of sample, as researchers may not be aware of previous
negative outcomes due to a lack of communication. In addition to wasting time and funding, this also
risks a waste of archaeological samples, and may overinflate the image of how successful certain
types of studies are. Often, publications featuring positive results can also publish associated negative
results, such as a failure to assign taxonomy (Demeter et al., 2022), absence of protein preservation
in a certain tissue (Chen et al., 2019) or at certain sites (Peters et al., 2023), or unexpectedly poor
performance of a protease (Fagernas et al., 2024). Mentioning negative results in the main text (as
opposed to only being included in the supplementary information) will ensure that they reach the
scientific community. Journals are increasingly willing to publish high-quality research that led to
negative results, and specialised journals have also been founded purely for the purpose of reporting
negative results (Brazil, 2024). Negative results can also be shared at conferences, where they will
reach a relevant audience, and associated conference abstracts may be published and become citable
resources (e.g. Paleoanthropology Society & European Society for the Study of Human Evolution,
2024), although it should be noted that the amount of detail that can be shared is very limited, and as
such, evaluating negative results is challenging. Additionally, preprints can be used to share reports
on negative results, and empty or otherwise failed raw data files can be shared in data repositories.
Finally, as colleagues, reviewers and editors, we can collectively avoid stigmatising non-significant
test outcomes or negative results.

Alternatively, the recent development of pre-registering publications, known as Registered
Reports, aims to circumvent the issues associated with publishing negative results (Chambers &
Tzavella, 2022). The details of what needs to be included in a Registered Report differ between
journals, but the core concept is to submit a research plan including hypotheses, methodologies and
planned analyses (Soderberg et al., 2021), which is subjected to peer review and can be either
published separately or result in an in-principle acceptance of a later publication by a journal. This
form of publication moves the peer-review to the start of the publication process (Lakens et al., 2024),
so that an experiment is judged by the merits of its planning and negative results will not reduce
opportunities for publication.

Data Analysis and Interpretation

With improvements in protein extraction and mass spectrometry technology, and accompanying
increased sizes of palaeoproteomic datasets, there is an increasing necessity of field-specific or
adaptable software and pipelines for data analysis. In the wider proteomics community there is a call
for increasing use of FAIR and open-source software (Perez-Riverol et al., 2025), and these principles
should be applied also to palaeoproteomics analysis tools, to ensure transparency and replicability.
Development, comparisons and benchmarking of software and pipelines can greatly benefit from a
community-wide effort and communication, ensuring wide applicability and reliability across study
materials, research groups and computing systems.

The analysis of palaeoproteomic data is fundamentally different between ZooMS peptide mass
fingerprinting and shotgun proteomics experiments. ZooMS taxonomic identifications are often
obtained by manually comparing the observed peaks to a reference list of biomarkers or reference
spectra. Some pre-processing steps of the spectra have become standard, such as averaging triplicate
spectra, automatic peak picking and setting minimum signal-to-noise thresholds, but the association

Peer Community Journal, Vol. 5 (2025), article e77 https://doi.org/10.24072/pcjournal.576


https://doi.org/10.24072/pcjournal.576

Joannes Adrianus Antonius Dekker et al. 9

between an observed peak and a biomarker remains a manual step in most studies. Consequently,
there is potential for a degree of subjectivity and inter-observer variability. To address this issue, there
have been improvements in the development of automated tools for biomarker identification (Gu &
Buckley, 2018; Hickinbotham et al., 2020; Baker et al., 2023; Végh & Douka, 2024). Such tools are of
great interest and utility to the palaeoproteomics community, if the developed tools are made freely
and openly available (e.g., https://github.com/touzet/pampa/). Reporting and interpretation guidelines
have been established for ZooMS (Brown, 2021) using mMass (Strohalm et al., 2010), which is
currently the most popular tool for analysis of ZooMS data. It is a freely available and user-friendly
software tool that easily allows the processing and display of MS1 spectra, but is no longer supported
by its developer (though it remains accessible on GitHub: https://github.com/xxao/mMass). The
development of a new open-access standard tool for visualising and processing ZooMS data would
therefore be of great value to the palaeoproteomics community.

Of great importance to ZooMS analysis is the choice of biomarkers with which to compare the
spectra. Since the initial publication of seven collagen peptide biomarkers for a small selection of taxa
(Buckley et al., 2009), the repertoire of these biomarkers has been expanded to an increasingly wide
range of species (Buckley et al., 2014; Speller et al., 2016; Welker et al., 2016; Xia et al., 2024). An
overview of all available biomarkers can be found in a Google Spreadsheet kept by the University of
York (University of York, 2025). This is a live document that is continuously being updated as new
biomarkers are published. A key study in the biomarker development has been the standardisation of
biomarker nomenclature and their explicit coupling to specific peptides rather than primarily being
based on particular m/z windows (Brown et al., 2021b). This has facilitated the communication,
discussion and validation of new biomarkers (Janzen et al., 2021; Peters et al., 2021; Dierickx et al.,
2022; Codlin et al., 2022; Winter et al., 2023; Nel et al., 2023) and sets a standard against which
proposed homologous biomarkers between taxa can be compared. Furthermore, the increasing
number of species for which biomarkers are available has resulted in the rise of community-based and
collaborative projects that aim to enhance accessibility, as well as ensure robustness through
independent validation of biomarkers; something that the PAASTA community aims to play a key role
in.

In contrast to the predominantly manual data analysis in ZooMS, shotgun proteomics experiments
utilise protein search engines to match observed precursor and fragment ion spectra to peptide and
protein databases. There are a large number of different protein search engines available, some of
which are free to use - e.g.,, MaxQuant (Cox & Mann, 2008), Fragpipe (Kong et al., 2017),
MetaMorpheus (Solntsev et al., 2018) and pFind (Chi et al., 2018), while others require a paid license
- e.g., Mascot (Perkins et al., 1999), PEAKS (Zhang et al., 2012), and Byonic (Bern et al., 2012). The
number of options in protein search engines can make it overwhelming to make appropriate selections.
Key features that help distinguish between different programmes are de novo sequencing and open
searches. The usefulness of such features for data analysis depends greatly on the nature of the
samples and the aim of the analysis. De novo sequencing is often applied in cases where it is known
that there is no proteomic reference data available for all expected target species, and open searches
are frequently applied when a high number of PTMs are expected. Beyond features such as open
searches or de novo sequencing, there are more subtle differences in the scoring algorithm used to
identify peptides and proteins. Consequently, there are differences in the number of peptides and
proteins that different protein search engines identify (Rodriguez Palomo et al., 2024), as well as which
peptides and proteins they identify (Parker et al., 2021). It may therefore not always be possible to
completely replicate the same peptide and protein identifications when analysing the same data using
a different protein search engine. This also means that the use of proprietary software for protein
analysis imposes a barrier to the reproducibility of the experiment. Furthermore, specific software may
be more suited for the identification of short peptides, or high numbers of PTMs, and therefore
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comparing different search engines before deciding which one to use in the analysis may lead to
improved protein and peptide identifications.

Pipelines for the analysis of shotgun proteomics datasets increase reproducibility and transparency
in palaeoproteomics studies. Such pipelines have, for example, been developed for phylogenetic
analyses based on palaeoproteomic data, including both the creation of a set of reference sequences
translated from genomic sequences, as well as subsequent phylogenetic analysis (Patramanis et al.,
2023). Additionally, a pipeline has been written for collagen-based taxonomic classification through
LC-MS/MS data, which is also capable of identifying mixtures of species in a sample (Engels et al.,
2025). Further development of such pipelines, shared openly and including thorough documentation
and tutorials, will help the entire palaeoproteomics community, as they can be applied to different
datasets and be thoroughly tested by different researchers.

Apart from the choice of a particular protein search engine, the choice of a protein reference
database has a large impact on the identification of peptides and proteins. The most straightforward
effect is that any proteins not present in the database will not be identified in the sample. Instead, ions
belonging to a protein present in the sample, but not in the protein reference database, may be
erroneously assigned to a different protein or taxon (Knudsen & Chalkley, 2011). Additionally, the
relative size of the database, in terms of the number of protein sequences included, compared to the
number of proteins present in the sample, can also impact protein identification (Rodriguez Palomo et
al., 2024). This effect is described elsewhere (Li et al., 2016) in more detail, but perhaps the most
significant implication of this phenomenon is that relatively small and constrained databases are
preferred compared to broad databases (Sticker et al., 2017). Despite this, the latter are still frequently
used especially in the analysis of organic residues where little can be assumed regarding the
composition of the sample. Finally, protein sequences available in reference databases can be
incorrectly annotated (Harvey et al., 2021), which, if not caught, can cause issues for downstream
interpretations. Considering the substantial effect of the composition of the database on the outcome
of the analysis, many researchers create their own custom targeted databases. Although the use of
custom databases has many advantages for protein analysis, it can complicate matters for those
reviewing or interpreting the published data. If the database itself is not included in the publication it
can be challenging to recreate it and, consequently, to replicate the analysis. Moreover, detailed
metadata, including protein accession numbers, species names, and taxonomic identification
numbers, are required to understand which proteins of which taxa are included in the database and
therefore what taxa can or cannot be excluded as potential sources of the observed proteins. It is
therefore recommended to either share the database or to provide highly detailed metadata for
recreation of the database.

Considering the risk to reproducibility that comes with variety in protein analysis software, pipelines
and databases, we reiterate earlier metadata reporting standards (Taylor & Goodlett, 2005; Hendy et
al.,, 2018b) in asking that any palaeoproteomic publication should strive for maximum openness
regarding used parameters and at the minimum contain:

e Software, including version number, used to perform analysis.

e MS1 and MS2 search tolerances (i.e., precursor and fragment ion tolerance).

¢ Allowed fixed and variable PTMs and the maximum number of PTMs per peptide.

e Any cut off values, including peptide score, FDR (false discovery rate), and/or g-value.

e Minimum peptide length and, when relevant, maximum peptide length.

e Protease, or lack thereof, and protease specificity settings (e.g., specific, semispecific,
missed cleavages, etc.)

e The type of search (i.e., open, error tolerant, de novo).

o Details regarding the database used for the analysis, including accession numbers and
date of download, and optionally protein names, and taxonomic identifiers. Ideally the
FASTA file should be made available, or otherwise all necessary metadata provided to
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replicate the database. Translated sequences with gene annotations, if available, should
also be shared for species not covered in current protein databases.

To ensure reproducibility, reliability and transparency, it is also essential to share information
supporting protein and peptide identification, for example as part of a ProteomeXchange project or as
supplementary files of a manuscript. For identified proteins, at the very least the accession number
from the used database should be shared, to ensure that it is possible to trace the origin and additional
information for the identification (such as protein name and taxonomy). Additionally, the number of
supporting peptides and the peptides themselves should be shared. For identified peptides, the amino
acid sequence and the assigned start and end positions within the protein are important information
to share, as well as the number of supporting spectra, and any PTMs and their location. Sharing this
information allows reuse of data without the need to re-generate protein and peptide identifications,
as well as independent analysis of the results.

For ancient proteins, assessing their authenticity is essential, as they are often low-abundance and
found in a mixture of proteins originating from a variety of sources (Hendy et al., 2018b). Reporting
deamidation values for proteins or proteomes of interest, and comparing them with laboratory blanks
or more recent samples, can aid in assessing the authenticity of endogenous proteins (Ramsge et al.,
2020). Additionally, processing and analysing laboratory blanks alongside samples will ensure that
contamination from the laboratory or reagents are not interpreted as endogenous to the samples. As
contamination has been shown to impact the reconstructed ancient proteome (Fagernas et al., 2025),
decontamination with a protocol appropriate for each sample type is recommended prior to protein
extraction. Additionally, for example, if dietary items are targeted in a study, analysing samples from
the surrounding sediment or other tissues may ensure that environmental taxa are not mistakenly
assumed to stem from the sample of interest (Mann et al., 2020).

Ultimately, considering that in some cases the volume of evidence obtained in a palaeoproteomic
study can be extremely limited, but that a single identification of a species has the potential to
substantially rewrite the archaeological narrative, both caution and rigour must be exercised in
interpreting the protein data. Not only should a protein identification meet identification standards,
there should also be a reasonable expectation of its presence, based on an understanding of the
material properties of the sample. For some materials, such as bone, enamel and dentine, there are
both detailed proteome-wide studies using modern samples (Alves et al., 2011; Eckhardt et al., 2014;
Jagr et al,, 2019; Bell et al., 2019), as well as experiments on archaeological samples of known origin
(Cappellini et al., 2012; Sawafuji et al., 2017; Asmundsdéttir et al., 2024). However, for other materials,
such as organic residues, there is much less of an understanding of which proteins can be expected
to be incorporated, and persist through time. There have been some targeted experiments on beta-
lactoglobulin (Ramsge et al., 2021; Fonseca et al., 2024) and the effects of cooking on protein survival
(Barker et al., 2012; Evans et al., 2024; Dekker et al., 2025a), but a generalised understanding remains
to be formed. To gain a clearer understanding of the capabilities and limitations of the application of
palaeoproteomic methods to these types of materials, we would therefore promote the execution of
blind tests and benchmarking studies, as have been done for other archaeological science fields
(Barnard et al., 2007; Pestle et al., 2014) and modern proteomics (Van Den Bossche et al., 2021). For
metaproteomic analysis, this process is even more essential, as variations in results have been
detected depending on the used workflow even in modern metaproteomic studies (Van Den Bossche
et al., 2021).

Archaeological sciences are increasingly utilising code-based analysis methods tailored to specific
research requirements, such as workflows written in R (R Core Team, 2023) or Python. This allows
for optimisation of analyses for each specific project's needs, automation of processes and
standardisation of analysis workflows. Simultaneously, this requires code sharing for a study to be
reproducible, and for it to be possible to thoroughly evaluate results. Methods sections in standard
journals are often restricted in how much detail can be included. Code sharing with version tracking is
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possible through resources such as GitHub, and can be assigned a persistent identifier (e.g., digital
object identifier, DOI). This can be done by, for example, archiving the code using Zenodo (e.g., Vifas-
Caron et al., 2023, for the code see: https://doi.org/10.5281/zenodo.7406296). A study can thereby be
fully transparent in precisely how essential steps, such as filtering of contaminant proteins or removal
of low-quality peptides, were performed. This also allows for adaptation of analysis workflows written
by other researchers, saving time and effort and allowing for citation of the original code document.

Although palaeoproteomic analyses can provide novel insights about our past, the proteomic
results most often cannot stand on their own. For example, without dating and archaeological context,
the taxonomic identification of a specimen cannot be meaningfully interpreted. Similarly, identification
of pathogen or immune-related proteins should have a basis in clinical studies to ensure that
conclusions are based on clinically reliable evidence. It is therefore essential to collaborate with
researchers from other fields, from the very beginning of a project, to ensure that all available
information is combined into a holistic interpretation of the proteomic results. Archaeogenetic and
palaeoproteomic analyses should not be seen as competing, but rather as complementary. For
example, genetic sequences contain more phylogenetic information than protein sequences, but DNA
degrades at a higher rate than some proteins, and the two fields therefore have different points of
strength. They may also have differing strengths in the type of information they can provide. For
example, in studies of archaeological dental calculus, genetic studies have been more promising for
studying the oral microbiome (Warinner et al., 2014a; Fellows Yates et al., 2021; Ottoni et al., 2021),
whereas proteomics has provided more information about past diets (Warinner et al., 2014a; Scott et
al., 2021; Wilkin et al., 2021). Additionally, other emerging fields such as palaesometabolomics (Velsko
et al., 2017; Brownstein et al., 2020; Barberis et al., 2022; Huber et al., 2023) can be integrated for a
comprehensive biomolecular toolkit for analysis of archaeological materials.

Data Sharing and Metadata Availability

The consensus to make data openly available has strengthened and driven development of
bioinformatic methods in many fields (e.g., Anagnostou et al., 2015; Lapatas et al., 2015; Celi et al.,
2019). This development seems to still be in progress in the field of palaeoproteomics, whereby data
is being produced and analysed but not always being made available alongside those publications
(Figure 2). This issue is most prominent for ZooMS studies, where raw data is only available for 26%
of all studies that produced data (Figure 2A). The picture is more positive for shotgun
palaeoproteomics, with data being available for 64.3% of studies that produced data. Despite these
low percentages, we do see an increase in publications with available data in recent years (Figure
2B), most likely due to the concurrent increase in palaeoproteomics studies in recent years, and
perhaps a response to an earlier call for the public sharing of raw and processed data by Hendy et al.
(2018b). Although the problem of low reporting of raw data for ZooMS manuscripts has been
previously discussed (Richter et al., 2022), there is currently no agreed-upon standard for what data
to publish, or how, alongside ZooMS manuscripts. We aim for the PAASTA community to facilitate the
development of data publishing standards for both ZooMS and shotgun palaeoproteomics datasets,
and we also hope to encourage researchers to revisit their prior work and, where possible, make that
data available. It is worth noting that it is never too late to make data from prior publications available.
We do, however, acknowledge that there might be factors that complicate open data sharing, for
example, the importance of indigenous communities holding stewardship over their own data (Carroll
et al., 2020).
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Figure 2 - Data availability in palaeoproteomics. A) Percentage of ZooMS and shotgun
palaeoproteomics studies with available datasets. Preprints and papers that did not
produce any data were excluded from this calculation. B) Number of palaeoproteomics
datasets in online repositories (since 2010). "Other” repositories include Dryad,
Figshare, Github, Mendeley Data, and the OSF Framework. The dataset was compiled
by manually going through the list of publications compiled for Figure 1 and checking
raw data availability. This figure was made in R v.4.4.2. with R Studio v.2024.12.0+467
(R Core Team, 2023) using ggplot2 (Wickham 2009).

Equally important as open data sharing is the appropriate description of metadata. If the nature of
the sample or the relationship between the analysed data and the samples is not clear, the reusability
of data will decrease or disappear. The MAGE-TAB-Proteomics format (Dai et al., 2021) has been
proposed by ProteomeXchange as a metadata format (Deutsch et al., 2023). MAGE-TAB-Proteomics
has two components: the Investigation Description Format (IDF) and the Sample and Data
Relationship Format (SDRF-Proteomics, updated in (Claeys et al., 2023). The IDF, which is a general
description of the research, is automatically generated from the mandatory information for registration
in the ProteomeXchange repository, but the SDRF-Proteomics, which describes the details of the
samples and the experiments, needs to be created and registered by the researcher. Since SDRF-
Proteomics was not designed for archaeological materials, some information, such as the age or
region of origin, specific to archaeological or paleontological materials, lacks a corresponding data
input column. It may thus be necessary to create a revised format for archeological/paleontological
material-specific metadata, as has been necessary in the field of archaeogenetics (Bergstrom et al.,
2024).

To aid in alleviating these concerns going forward and in an effort to establish best practices in the
field, we propose the following as minimum reporting standards for palaeoproteomics, additionally
adhering to the FAIR and CARE principles:

e When LC-MS/MS data is generated, the raw files should be made available in a public data
repository. This should include raw data files from all analysed specimens, as well as
extraction blanks. Our recommendation is to submit these files to ProteomeXchange, to
which data can be deposited via several platforms including PRIDE and MassIVE.
Submissions should ideally include the required files for a complete submission as detailed
in their guidelines.
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e Reconstructed protein sequences should be shared as FASTA files in supplementary data
with the manuscript, or uploaded alongside raw data files to a repository such as
ProteomeXchange. Note that GenBank and other protein data repositories do not accept
submissions of reconstructed partial protein sequences derived from palaeoproteomics
research, as there is no evidence for the length of the unknown sequence regions. Protein
sequences should not be shared in .pdf format as this is a less accessible method of
sharing.

e For MALDI-ToF or MALDI-FT-ICR data (for ZooMS), the raw data should be made
available in a public data repository. Ideally, files with the processed data should also be
made available for the sake of reproducibility. Our recommended repository for this data is
Zenodo in .mzXML or .txt file format, or ProteomeXchange, as .mzXML files can be
uploaded.

o Where code has been used to analyse data, the code should be provided so that analyses
can be replicated and results/interpretations are transparent. We recommend sharing code
through a version-tracked repository system such as GitHub or Zenodo, and we
recommend that the code be archived using a persistent identifier, such as a DOI.

e Appropriate and relevant metadata of samples should be included in the form of a metadata
file, such as SDRF-Proteomics, highlighting information such as:

¢ Ancient and modern samples: links between samples and raw file names/spectra, sample
IDs, batch and plate numbers, method of protein extraction, details of analytical machines
used (including name of instrument and vendor) and precise parameters employed.

o Ancient samples: context of the samples, dating method of samples and corresponding
time period, notes of any treatments post-excavation.

¢ Modern samples: source of reference materials, details of how species were identified, and
if the sample was macerated, include notes on how this was done and how the sample has
been stored and treated.

o All of the shared files should be in an accessible format, from which data can be readily
extracted (i.e., not PDFs, images, etc.).

o Ideally, research should be published in an Open Access format, but at a minimum, authors
should place accepted versions in institutional repositories to meet public access
requirements. However, we are aware of the, at times, prohibitively expensive costs of
publishing Open Access in numerous journals. There is an increasing number of Open
Access journals, as well as alternative publishing platforms, which can circumnavigate this
issue. Ensuring that the corresponding data is made publicly available, even if the
manuscript is not, is recommended and in spirit with our recommended best practices.

Future Perspectives

The field of palaeoproteomics has advanced significantly over the past years, thanks to a range of
emerging analytical and computational methodologies. Such innovations have enhanced the
sensitivity and accuracy of ancient protein analysis, thereby providing deeper insights into the past.
With these innovations leading to an ever-growing number of researchers and research applications,
we are advocating to advance palaeoproteomics through keeping open science, collaboration and
communication at the center of our research. These practices will enable our growing community of
researchers to validate and build on each other's work, collaborate more effectively, and ultimately
accelerate scientific progress in palaeoproteomics. We additionally hope that this paper can serve as
a starting point for our collaborators outside of palaeoproteomics (e.g., curators and archaeologists)
to understand what standards and approaches our community holds as best practices.
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Future developments in both mass spectrometry and data processing are likely to further transform
the field in a multitude of ways. Mass spectrometry instrumentation used in palaeoproteomics is crucial
for advancing the field, although often accompanied by considerable costs and the need for proprietary
software. Recently, new technologies for single-molecule proteomics that do not necessarily rely on
mass spectrometry, such as nanopores or molecular markers, are being developed (Alfaro et al., 2021;
Floyd & Marcotte, 2022), and these new technologies have the potential to be applied to
archaeological and paleontological samples (Alfaro et al., 2021). Frequent incremental upgrades in
instrumentation and software or drastic technological innovation are often necessary to stay at the
forefront of research, posing a potential barrier to widespread method adoption. However, continued
investment in state-of-the-art instrumentation is essential for advancing palaeoproteomics research.
Artificial intelligence (Al) systems have revolutionised protein tertiary structure prediction (e.g., Jumper
et al., 2021; Tunyasuvunakool et al., 2021), which may impact the future of palaeoproteomics. In
palaeoproteomic research, where recovered protein sequences are highly degraded, Al systems may
aid researchers in inferring protein structure, thereby improving understanding in evolutionary
relationships and functionality (Demarchi et al., 2022), as well as potentially enhance the annotation
and characterisation of ancient proteins. The use of Al in palaeoproteomics is likely to significantly
advance the identification and analysis of proteins and proteomes (Chiang & Collins, 2024), but will
need to be extensively validated. These types of major advances can be efficiently evaluated and
adapted into the field where appropriate, through collaboration between researchers from different
subfields of palaeoproteomics.

Importantly, many of the challenges, opportunities and problems outlined above can be overcome
by communication between researchers and research groups. This is true both within the field of
palaeoproteomics, as well as between research fields. Working together on projects (such as the
creation of an open access, community-curated database of ZooMS peptide markers), software, and
applications ensures that advances—and failures—are properly communicated. Such collaborative
projects can also be used by the community to steer the direction of method development.
Experiments that are valuable to the community, but are not easily funded by individual grants, such
as reproducing previous results, validation of new methods or benchmarking tests, may become
feasible if shared by many researchers from different institutions. Especially in the case of software
validation, for which it can be prohibitively time consuming for the developer to test on a wide range
of sample sets, a community-based approach may provide the large scale of diverse datasets needed
and share the time-load required to validate new tools for palaeoproteomic applications.

Currently, a lot of palaeoproteomics expertise on the use of various extraction protocols, mass
spectrometry settings and software is limited to a small number of individuals and institutions, and
detailed (and practical) knowledge of palaeoproteomics is rarely taught at universities. As the
palaeoproteomics community grows and the number of institutes with palaeoproteomics researchers
increases, the importance of sharing knowledge and experiences increases as well. Not only will
facilitating the sharing of technical know-how make palaeoproteomics more accessible to new
researchers, it will also ensure that community conventions and high research standards are
maintained, and provide researchers with an overview of the range of research tools available. Building
a community such as PAASTA provides researchers with a platform for such conversations, allowing
networking, collaboration, method development and validation, and knowledge sharing.

Conclusions

The PAASTA community aims to create an open and supportive environment for palaeoproteomics
researchers to share knowledge and expertise, and to foster collaborations and open science. We
have written this manuscript as a means to establish and renew standards for best practice in
palaeoproteomics research, emphasising data sharing and reporting, and promoting open science
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among the rapidly growing community of researchers within this field. Our key recommendations and
proposed guidelines are as follows:

e Open and collaborative discussions with various stakeholders in cultural and natural
heritage regarding sample selection, documentation, planned proteomic analyses and
interpretation.

e Detailed and reproducible protocols, as well as increased sharing of negative results.

e Development of analysis methods and pipelines in a community-supported manner, and
detailed sharing of analysis methods and parameters.

e Raw data, protein databases, and relevant code to be made available alongside
publications and in an accessible format and provide appropriate accompanying detailed
metadata.

By adopting these guidelines of openness and collaboration, the palaeoproteomics community can
enhance the quality, transparency and impact of its research. By jointly coming together from different
research institutions, groups, and backgrounds we hope to be setting standards of best practices
which will resonate with our community of researchers as a whole. PAASTA is an ever-evolving and
growing community which welcomes all palaeoproteomics researchers to join. For more details we
can be contacted at paasta.community@gmail.com.
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(Dekker et al., 2025b)
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