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A perspective on the evidence for
keratin protein preservation in fossils:
An issue of replication versus validation

Evan T. Saitta and Jakob Vinther

ABSTRACT

The preservation potential of biomolecules within vertebrate integument through
deep time has recently been subject to much research and controversy. In particular,
the preservation potential of proteins, such as collagen and keratin, is currently
debated. Here, we examine claims from a recent study (Schweitzer et al., 2018, PLoS
One), which concludes that feather keratin has a high preservation potential. We argue
that this work provides insufficient evidence for protein preservation due to issues of
methodology and data interpretation. Additionally, we contrast their approach and
claims to those of other recently published studies in relation to the question of keratin
protein preservation in fossils. We worry that most of the perceived evidence for Meso-
zoic polypeptide survival stems from repeated replication of methods prone to false
detection, rather than triangulation by validating these claims with alternative methods
that provide independent lines of evidence. When alternative explanations exist for the
evidence cited as support for dinosaur proteins far exceeding their predicted preserva-
tion limits, it is most parsimonious to reject the more extreme taphonomic hypotheses.
The evidence is instead more consistent with a mode of preservation in which kerati-
nous structures do not fossilize organically as polypeptides, but rather as largely pig-
ment and/or calcium phosphate remnants, which were originally held within the keratin
matrix that is now lost. Unsupported taphonomic models (e.g., keratin polypeptide
preservation) have the potential to influence our interpretation of fossil data, potentially
resulting in erroneous paleobiological or evolutionary conclusions, as illustrated in
another recent paper (Pan et al., 2019, PNAS) that we also discuss.

Evan T. Saitta. Integrative Research Center, Field Museum of Natural History, Chicago, lllinois, USA. evansaitta@gmail.com

Jakob Vinther. School of Earth Sciences and School of Biological Sciences, University of Bristol, Bristol, UK.
jakob.vinther@bristol.ac.uk

Keywords: keratin, feathers, protein, maturation, taphonomy, immunochemistry

Saitta, Evan T. and Vinther, Jakob. 2019. A perspective on the evidence for keratin protein preservation in fossils: An issue of
replication versus validation. Palaeontologia Electronica 22.3.2E 1-30. https://doi.org/10.26879/1017E
palaeo-electronica.org/content/2019/2890-commentary-keratin-protein-preservation

Copyright: December 2019 Paleontological Society.

This is an open access article distributed under the terms of Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA
4.0), which permits users to copy and redistribute the material in any medium or format, provided it is not used for commercial
purposes and the original author and source are credited, with indications if any changes are made.
creativecommons.org/licenses/by-nc-sa/4.0/



SAITTA & VINTHER: KERATIN PROTEIN PRESERVATION

Evan T. Saitta. Integrative Research Center, Field Museum of Natural History, Chicago, lllinois, USA.

evansaitta@gmail.com

Jakob Vinther. School of Earth Sciences and School of Biological Sciences, University of Bristol, Bristol,

UK. jakob.vinther@bristol.ac.uk

Keywords: keratin, feathers, protein, maturation, taphonomy, immunochemistry

Submission: 1 August 2019. Acceptance: 10 December 2019.

INTRODUCTION

Proteins have commonly been thought to
have low preservation potential through fossiliza-
tion (Kriausakul and Mitterer, 1978; Armstrong et
al., 1983; Lowenstein, 1985; Eglinton and Logan,
1991; Mitterer, 1993; Bada, 1998; Briggs and Sum-
mons, 2014), in large part due to the thermody-
namic instability of peptide bonds and susceptibility
for hydrolysis, among other degradation reactions.
The oldest, arguably non-controversial peptide
sequences are ~3.8 Ma, resulting from a unique
molecular stabilization mechanism arising from
close association of proteins involved in mineral-
ization with the calcite of avian eggshell (Demarchi
et al. 2016), and ~3.4 Ma, resulting from extremely
low temperatures of the permafrost in which the
bones derived (Rybczynski et al. 2013). Even
when amino acids within calcite matrices have
been reported in much older Palaeozoic fossils
(Abelson, 1954), they only consist of a small sub-
set of thermally stable amino acids, inconsistent
with peptide sequence preservation. Claims of pre-
served proteins far older, including Mesozoic pro-
teins (Asara et al., 2007; Schweitzer et al., 2007,
2009; Cleland et al., 2015; Schroeter et al., 2017),
have been met with mixed support or criticism
(Buckley et al., 2008, 2017; Kaye et al., 2008;
Pevzner et al., 2008; Bern et al., 2009; Saitta et al.,
2019).

Antibodies

In their recent article, Schweitzer et al. (2018)
argue that keratin protein can preserve organically
in fossils as old as the Mesozoic (e.g., feather fos-
sils), with sequence and higher order protein struc-
ture preserving such that they can be detected
using immunochemistry, which relies on the bind-
ing of antibodies with 3-dimensional epitopes that
may be very specific to a certain protein (Sch-
weitzer et al., 1999a, 1999b; Moyer et al., 2014,
2016a, 2016b; Pan et al., 2016). Note that kerati-
nous structures, such as feathers (whose modern
fractal structure consists of a central subcutaneous
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calamus and exposed rachis, second order
branching barbs, and third order branching bar-
bules [Lucas and Stettenheim 1972]), can contain
keratin protein matrix (Fraser et al., 1971), mela-
nin-bearing vesicles called melanosomes along
with other types of pigments (Roy et al., 2019), cal-
cium phosphates (Earland et al., 1962; Blakey et
al., 1963), and surficial lipids (e.g., preening waxes
[Jacob, 1978]). Also note that, unlike polypeptides,
the high preservation potential of melanin and mel-
anosomes in fossils has now largely been
accepted (Roy et al., 2019), with the alternate
hypothesis that these microbodies actually repre-
sent preserved bacteria (Pinheiro et al., 2012;
Moyer et al., 2014; Lindgren et al., 2015a; Sch-
weitzer et al., 2015) having been rejected along
several lines of evidence using multiple analytical
and experimental methods (Barden et al., 2015;
Vinther, 2016).

Some investigations into molecular fossil
preservation are designed with a strong molecular
biology approach, often without considering tapho-
nomic factors such as time and diagenesis. These
efforts rely heavily on immunostaining to identify
putative protein fragments, often of collagen or ker-
atin, in fossils (e.g., Schweitzer et al., 2007, 2009,
2013; Lindgren et al., 2018). For detailed reviews
of immunochemistry see Coons et al. (1941),
Ramos-Vara (2005), and Maity et al., (2013).
Immunostaining is a molecular biology technique
that uses antibodies, which are immune system
proteins, raised against a target protein of interest,
for example antibodies derived from a rabbit
injected with the target protein. When immunos-
taining is applied to tissues, typically as thin sec-
tions, it is referred to as immunohistochemistry,
and when immunostaining is applied to cells, it is
referred to as immunocytochemistry. Specimens or
regions of specimens to which the antibody binds
can then be visualised in a variety of ways. In direct
labelling (Figure 1), the primary antibody that is
raised against the target protein is labelled directly
with an attached fluorescent compound (i.e., fluo-
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FIGURE 1. Diagram depicting key concepts of direct and indirect labelling methods in immunohistochemistry. Arrows
indicate inoculation with or production of biomolecules in organisms. In this example, a rabbit is inoculated with an
antigen in order to produce primary antibodies raised against that antigen that are capable of binding to a particular
epitope on that antigen. A goat is inoculated with rabbit immunoglobulin to produce secondary antibodies raised
against the rabbit immunoglobulin that are capable of binding to the primary antibodies. Visualization markers often
involve fluorophores or enzymes, but other molecules can be used. Rabbit (credit: Sarah Werning, https://creative-
commons.org/licenses/by/3.0/legalcode, Creative Commons Attribution 3.0 Unported, CC BY 3.0) and goat (credit:
Public Domain Dedication 1.0, CCO 1.0 Universal, https://creativecommons.org/publicdomain/zero/1.0/legalcode) sil-

houettes were obtained through phylopic.org.

rophore) or an enzyme that can catalyse the pro-
duction of a coloured product. The fluorescence or
colouration can then be visualised with light
microscopy to determine where the antibodies bind
and localise to on the specimen. Light absorbance
at particular wavelengths can also be used as a
quantitative measure of a sample’s antigenicity
(e.g., Collins et al., 1992). It should be noted that,
beyond the fluorophores or enzymes commonly
used in conjunction with light microscopy, other
visualisation markers, such as gold particles, can
be used in conjunction with electron microscopy. In
indirect labelling (Figure 1), the primary antibody
raised against the target protein binds to the speci-
men. Then, a labelled secondary antibody raised
against the immunoglobulin proteins of the primary
antibody is applied to the specimen, which binds to
the primary antibody in order to visualise the locali-
sation of the primary antibody. For example, the
secondary antibodies could be produced by a goat
raised against rabbit antibodies, when rabbit was
used to produce the primary antibodies raised
against the target protein. Signal amplification can
also be achieved (e.g., using secondary antibodies
that have multiple labelling compounds attached to
each antibody), but these may amplify nonspecific

antibody localisation on the specimen (i.e., false
positives) (Coons et al., 1941; Ramos-Vara, 2005;
Maity et al.,, 2013). These immunochemistry
approaches, particularly when performed on puta-
tive dinosaur proteins, cells, and tissues (e.g., Sch-
weitzer et al., 2007, 2009, 2013), have had a
tremendous impact on taphonomy research and
public interest in palaeontology over the last
decade or two.

However, immunostaining techniques, espe-
cially those that treat fossil bone as they do fresh
tissues, might be prone to false positives (True,
2008) and require careful and thorough compari-
son to positive and negative controls. Fossils pose
particular challenges for immunostaining. One
must control for excavation, handling, storage, and
laboratory contamination. Fossils, especially open-
system fossil bone, should also be considered as
environmental samples that microbes can prefer-
entially inhabit, even while buried (Saitta et al.,
2019). Paleontological preparation techniques can
introduce organic consolidants and preservatives,
such as cyanoacrylates that can influence immu-
nostaining (Saitta et al., 2018b). Even possibly
endogenous ancient organics in fossils must be
considered as potential sources of non-specific
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antibody binding, such as melanoidin-like polymers
(Collins et al., 1992).

Purpose of This Perspective

Here, we first illustrate our concerns with the
recent study by Schweitzer et al. (2018). We clarify
some of our positions on taphonomy in general.
We then raise concerns about the samples used,
the methods employed, and the results and discus-
sion as presented by Schweitzer et al. (2018).
Next, we discuss the implications that unsupported
taphonomic models can have on our attempts to
study paleobiology and evolutionary biology as in
Pan et al. (2019), for which we also present a cri-
tique. Finally, we present our view of keratinous
structure fossilization and compare it to other types
of organic preservation, along with discussion of
broader themes in scientific epistemology, includ-
ing replication versus validation. We also provide
recommendations for future work on the question
of keratin polypeptide preservation in fossils. In this
perspective, we attempt to limit our discussion to
studies of fossil keratinous structures as much as
possible (e.g., as opposed to fossil bone).

AN EXPERIMENTAL INVESTIGATION INTO
KERATIN PRESERVATION: SCHWEITZER ET
AL. (2018)

The recent study by Schweitzer et al. (2018)
analysed a coot specimen from a hot spring sinter
reported to be 10 Ka, as well as extant feathers
which were experimentally exposed to one of three
conditions in an attempt to simulate degradation
over long periods of time. Treatment 1 exposed
feathers intermittently watered with distilled water
to 60° C while buried in sediment (sand from the
Judith River Formation in Montana, USA) for three
years, then allowed them to dry, and finally stored
them at room temperature for 14 years still buried.
Treatment 2 exposed feathers to 350° C for 10
years while buried in sediment, and these were
then stored for seven years at room temperature
either still buried or in sealed laboratory tubes. Also
included was a control feather sample that was
covered but not buried at room temperature for 17
years. These natural and experimental samples
were analysed by light and scanning electron
microscopy (SEM), immunohistochemistry (includ-
ing a combined immunogold labelling [secondary
antibody/indirect labelling] and transmission elec-
tron microscopy [TEM]), and time-of-flight second-
ary ion mass spectrometry (TOF-SIMS). In all
samples, they report structural preservation of
feather anatomy as well as positive anti-keratin
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antibody binding, although the binding was
observed at low levels and appears patchy in the
sinter coot and the treatment 2 experimental feath-
ers (350° C, 10 years). Melanosomes were not
observed using TEM in the treatment 2 experimen-
tal feathers (350° C, 10 years) or the sinter coot.
Furthermore, the control and treatment 2 (350° C,
10 years) experimental feathers both yielded N-
containing secondary ions when analysed with
TOF-SIMS (no other samples were analysed with
TOF-SIMS). Schweitzer et al. (2018) interpreted all
of these results as evidence for keratin protein
preservation in the samples and an indication of its
stability through fossilization, presumably exceed-
ing that of melanosomes.

Comments on Taphonomy in General

Schweitzer et al. (2018) point to the extensive
fossil record of soft tissues in exceptional fossils as
an indication of natural mechanisms for their stabi-
lization. Of course, it should first be kept in mind
that the preservation of various non-biomineralised
tissues and molecules in exceptional fossils deep
into the geologic record should not be interpreted
as an indication that all types of soft tissues or bio-
molecules have roughly equal fossilization poten-
tial, even when under conditions favourable to
organic preservation (Eglinton and Logan, 1991;
Briggs and Summons, 2014). In other words, inher-
ent stability or instability of the molecule itself is a
factor in preservation, beyond just favourable envi-
ronmental conditions. It should also be noted that
exceptional preservation might involve drastic
decay or diagenetic breakdown/alteration of certain
tissue components into more thermodynamically
stable compounds such that their resulting resi-
dues are what make up the fossil (e.g., labile lipid
in situ polymerization into kerogen [Stankiewicz et
al., 2000; Gupta et al., 2009]), rather than chemical
fixation from an external agent or environmental
conditions preserving original chemical structures
with high fidelity. For example, the black staining of
a fossil feather might indicate the survival of diage-
netically altered residues of certain thermally stable
feather components (e.g., melanin [Vinther 2008;
Saitta et al., 2018a]), rather than fixation of the pro-
teinaceous feather as a whole (i.e., keratin matrix)
through surficial mineral deposition as hypothe-
sized by Schweitzer et al. (2018). Furthermore,
resistance of a molecule to microbial or autolytic
decay does not necessarily imply thermal stability
through diagenesis (Parry et al., 2018).

In an attempt to dismiss kinetic models of bio-
molecule degradation (e.g., Allentoft et al., 2012),



Schweitzer et al. (2018, p. 1) state that “... models
are hypotheses, and thus subject to testing. Empir-
ical data are more valid than models, and can be
used to either support or overturn them.” Although
empirical data are indeed used to ‘ground-truth’
scientific models, such data must still be properly
interpreted to draw well-supported conclusions
about the natural world. Does the methodology
yield data appropriate for addressing the posited
question and is it accurate (i.e., no false positives
or false negatives)? Models become useful to
inform our understanding of underlying natural pro-
cesses and systems. Model development (e.g.,
experimental taphonomy or kinetic calculations)
and empirical ‘ground-truthing’ (e.g., direct analy-
ses of fossils) thereby work in conjunction to con-
tinuously refine our understanding of fossilization
(Briggs and McMahon, 2016).

Schweitzer et al. (2018) note that various
pathways exist which might alter molecules and
stabilize them through geologic time. It is true that
molecular interactions and chemical reactions can
slow the degradation of certain biomolecules (e.g.,
the ‘molecular cooling’ of short peptide sequences
bound to ~3.8 Ma eggshell biocalcite [Demarchi et
al., 2016]) or convert them into a substance that
can survive in organic form through the conditions
of deep-burial diagenesis and over long periods of
time (e.g., the polymerization of resin terpenoids
into amber [Lambert and Poinar ,2002]). However,
not all biomolecules undergo the same diagenetic
alterations or have the same preservation poten-
tial, and our previous work, based on methods
developed to study the formation of fossil fuel or
related sedimentary organic matter (Rhead et al.,
1971; Peters et al., 1981; Lewan, 1983; Monthioux
et al,, 1985; Lewan et al., 1986; Rullkétter and
Marzi, 1988; Teerman and Hwang, 1991; Behar et
al., 1995, 1997, 2003; Koopmans et al., 1996; Ver-
steegh et al., 2004; Schimelmann et al., 2006), has
supported the hypothesis that the keratin protein
component of keratinous tissues is lost largely due
to hydrolytic fragmentation, even when these ana-
tomical structures recognizably preserve in excep-
tional fossils (Saitta et al., 2017a, 2018a). Note that
partial shielding of peptide bonds between hydro-
phobic amino acid monomers from the hydrolytic
action of water molecules (as discussed by Pan et
al. [2019]) due to peptide folding, for example in
globular proteins, does not halt protein fragmenta-
tion entirely as only the internal peptide bonds are
shielded from hydrolysis and eventually these
shielded peptide sequences should become
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exposed (Nielsen-Marsh, 2002). Also note that col-
lagen and keratin are not globular proteins.

According to thermodynamics, keratinous tis-
sues are expected to primarily preserve in fossils
either organically via melanin pigment (Vinther,
2015) (non-protein organic geopolymers like N-het-
erocyclic polymers or kerogen that form through
diagenesis could feasibly produce an amorphous
matrix, but melanosome exposure in fossil integu-
ment is inconsistent with a predominance of such
organics in at least some fossils) or inorganically
via endogenous calcium phosphate (Saitta et al.,
2018b). These organic and inorganic constituents
have a demonstrably higher preservation potential
than protein based on theoretical (e.g., reaction
kinetics [Nielsen-Marsh, 2002]) and non-controver-
sial empirical evidence (e.g., the fossil record of
biomineralized tissues). On the other hand, Sch-
weitzer et al. (2018) use the prevalence of kerati-
nous structure preservation in exceptional fossils
as a line of evidence in favour of keratin protein
preservation, but their model of keratinous struc-
ture preservation does not consider that such tis-
sues contain multiple molecular components of
varying preservation potential, and that only a sub-
set of these needs to preserve, not necessarily the
keratin protein itself, for an originally keratinous
structure to be identified as such in a fossil. For
example, a keratinous structure such as a feather
can contain both protein and pigment in vivo, which
then results in a carbonaceous fossil after protein
loss and pigment retention.

Comments on Materials

The coot specimen from a siliceous hot spring
deposit studied by Schweitzer et al. (2018) is pre-
sented as having an age of 10 Ka. However, in the
original description of the specimen, this is
described as a maximum age based on the upper
bound dictated by the mineralogy of the encrusting
sinter (Channing et al., 2005). The silica phase of
sinter transforms from opal-A to opal-C/CT about
10,000 years after deposition (Herdianita et al.,
2000), and the encrusting silica phase of the sinter
around the specimen was determined to consist of
amorphous opal-A by X-ray diffraction. The mini-
mum age of the specimen, based on seral develop-
mental stage and trunk diameter of lodgepole pine
trees growing on the inactive hot spring sinter from
which the specimen was found (Despain, 1990;
Kaufmann, 1996), was reported as 300 years.
Clearly, the age of the specimen is poorly con-
strained, and the possibility that the specimen is far
younger than the 10 Ka presented by Schweitzer
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et al. (2018) should be kept in mind. It is also diffi-
cult to constrain precisely what local elevated tem-
peratures this specimen experienced since the
encrusting sinter would have been deposited
through evaporation and cooling of the hot spring
water. The soft tissues associated with this speci-
men are also reported to be difficult to identify at
the microscopic level, particularly among infiltrating
organisms (e.g., fungal hyphae), and were inter-
preted as external moulds in the initial description
of the specimen (Channing et al., 2005).

Comments on Methods

Possibility of sample contamination. Storing
samples for 7-14 years before analysis (Sch-
weitzer et al., 2018) provides an opportunity for
and increases the risk of proteinaceous contamina-
tion (even if covered). This issue is further com-
pounded by the fact that samples were buried in
collected sediment, which could have contained
contaminating organic material/organisms (unless
sterilized beforehand) or been colonized during the
years of storage (Salonius et al., 1967; also see
Roll-Hansen [1979] for a discussion of Louis Pas-
teur’s refutation of ‘spontaneous generation’ by
demonstrating microbial colonization of sterilized
media).

Thermal maturation concerns. The two experi-
mental treatments would be expected to lead to
rapid dehydration. In treatment 1, the 60° C would
promote evaporation and drying of the specimen,
which was only watered intermittently as reported.
After three years this specimen was then allowed
to dry. Additionally, if this treatment was intended to
promote microbial proliferation in order to simulate
long-term decay (i.e., greater than 3—17 years), the
60° C conditions can be above the optimal growth
conditions of many common bacteria. For example,
optimum temperature for growth and keratinolytic
enzyme production is about 20-30° C for at least
four species of keratinolytic bacteria (Sangali and
Brandelli, 2000; Allpress et al., 2002; Yamamura et
al., 2002; Brandelli and Riffel, 2005) although other
species of keratinolytic bacteria show optimal
enzyme production at about 40-50° C (Lin et al.,
1999; Kim et al., 2001; Balaiji et al., 2008). In treat-
ment 2, 350° C is well above the boiling point of
water at atmospheric pressure, and after 10 years,
this sample would have been very dehydrated. The
loss of liquid water in the experimental samples is
important since one of the most common degrada-
tion reactions for proteins and other biomacromole-
cules is hydrolysis, which requires the presence of
water (Lang, 1986). Furthermore, dry conditions
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are not realistic of the sorts of burial environments
that most fossil keratinous structures, and indeed
fossils in general, are found (i.e., sediment depos-
ited by the action of water or below a ground water
table [Nichols, 2009; Boggs, 2014]). The forma-
tions that preserve keratinous structures as organic
remains are often from marine or lacustrine envi-
ronments with low sedimentation rates, indicating
that carcasses would have been within highly
water-logged and possibly reducing sediments for
extended periods of time (Benton et al., 2008;
Bergmann et al., 2010; Li et al., 2010; Brown et al.,
2017). As such these experimental conditions are
highly problematic.

In contrast, our simulation of deep-burial dia-
genesis over long periods of time (e.g., tens of mil-
lions of years) by thermal maturation in either
sealed noble metal capsules (Saitta et al., 2017a)
or compacted sediment (Saitta et al., 2018a) uses
an approach commonly used to simulate the for-
mation of fossil fuels and other diagenetically
altered sedimentary organic matter (Rhead et al.,
1971, Peters et al., 1981; Lewan, 1983; Monthioux
et al.,, 1985; Lewan et al.,, 1986; Rullkétter and
Marzi, 1988; Teerman and Hwang, 1991; Behar et
al., 1995, 1997, 2003; Koopmans et al., 1996; Ver-
steegh et al., 2004; Schimelmann et al., 2006). The
conditions are often on the order of 250° C and 250
bar for 24 hours (McNamara et al., 2013a, 2013b,
2017). Raising the pressure during heating keeps
water in the liquid phase and prevents dehydration
of the sample from the boiling off of water (Poole et
al., 1992). This maintains the proper aqueous
chemistry required to not simply simulate geother-
mal heat during deep burial, but aqueous degrada-
tion over long periods of time under diagenetic
conditions. Recent maturation experiments con-
trolling for the same temperature and duration
(200° C, 1 hour), either with or without elevated
pressure (135 bar), appear to illustrate how the
keratin matrix shows greater loss and melano-
somes become more exposed when pressure is
raised above the boiling point of water (see figure
2C-D of Slater et al., 2019).

Depending on burial depth as well as spatial
and temporal variations in geothermal gradients
(e.g., Hitchon, 1984), not all fossils will have been
buried deeply enough to experience the exact tem-
peratures used in thermal maturation experiments,
but elevated temperatures kinetically simulate dia-
genetic conditions over millions of years within the
timeframe of the experiment. Although high tem-
peratures help to simulate extended durations of
time (i.e., accounting for the kinetics of the reac-



tion), care must be taken to not ascribe certain
chemical reactions to natural fossilization pro-
cesses when activation energies are only
exceeded in the laboratory conditions (e.g., when
compared to fossils of low thermal maturity). This
concern can be mitigated with respect to certain
questions. For example, the temperature condi-
tions used by Saitta et al. (2018a) (i.e., 210-250°
C, 225-300 bar, 12-23 hours within compacted
sediment) can likely be assumed to exceed the lim-
its of protein survival (contra Schweitzer et al.
[2018]). Therefore, when the matured products are
comparable to natural fossils at the macroscopic
and ultrastructural scale, a model of keratinous
structure fossilization that involves the loss of pro-
teinaceous tissue is supported. On the other hand,
moderate maturation at 100° C and 250 bar for 24
hours (Saitta et al., 2017b) allows for appreciable
structural preservation in keratinous tissues that
does not appear to be present in fossils (e.g., plu-
mulaceous-barbule-like fibrous rachidial subunits
[see discussion of claims of keratin fibers in fossils
below]). Therefore, these low temperature condi-
tions are likely insufficient to simulate fossilization,
at least for fossils of appreciable age and/or ther-
mal maturity.

Note that in addition to sufficient temperature,
sufficient time is also needed in experimental matu-
ration. Recent experiments have used tempera-
tures of 200° C (either at 135 bar or atmospheric
pressure) for only 1 hour (Slater et al., 2019), simi-
lar to some treatments in earlier experiments
(McNamara et al., 2013b, 2017). However, this
duration also appears to result in dramatic keratin
structural preservation and, therefore, likely unreal-
istic simulation of fossil diagenesis when compared
to the lack of structure apparent in fossils. To high-
light this, consider that the treatment of feathers to
conditions of 200° C and atmospheric pressure for
1 hour is equivalent to the conditions sometimes
used in cooking, such as baking a potato. Since an
edible baked potato would not likely be considered
to be chemically equivalent to a hypothetical fossil
potato, this would be an indication that these condi-
tions are possibly insufficient at least with respect
to relatively robust biomolecules such as starches.
Of course, proteins are less stable than these car-
bohydrates and so this analogy is imperfect.

Melanosomes had been shown to survive
thermal maturation in sealed, metal capsules under
conditions commonly used to study deep burial
diagenesis in fossils (Colleary et al., 2015). By run-
ning these maturation experiments on samples
encased in compacted sediment, we were able to
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simultaneously and experimentally demonstrate
the hypothesized dynamic of melanosome survival
and keratin protein degradation and loss during the
production of dark stains directly comparable to
fossil feathers at the macroscopic and microscopic/
ultrastructural level, likely as a result of a sediment
filtration mechanism (Saitta et al., 2018a). The fact
that our sediment-encased maturation experiments
yield samples directly comparable to carbona-
ceous fossils down to the ultrastructural level
observed by SEM (i.e., exposed melanosomes
resting on the sediment [Vinther, 2008]) is a testa-
ment to the appropriateness of our simulation of
fossilization in at least some aspects (Saitta et al.,
2018a).

Immunochemistry concerns. The immunochem-
istry controls used by Schweitzer et al. (2018)
include 1) primary antibody omission to control for
nonspecific binding of secondary antibody, 2)
attempting to block primary antibody binding sites
through incubation with excess antigen source pro-
tein in order to control for nonspecific antibody
accumulation on the samples, and 3) “incubating
feather specimens with a non-relevant protein
(human alpha keratin, [Moyer et al., 2016a]) [to
control] for nonspecific binding of primary antibod-
ies” (Schweitzer et al., 2018, p. 6). While these
sorts of methodological controls are useful, as dis-
cussed below they are likely insufficient to fully rule
out false positive results and their descriptions are
spread across the supplemental material of more
than one publication (Moyer et al., 2016a; Sch-
weitzer et al., 2018), increasing the difficulty of their
interpretation. Instead, we propose below that con-
trols based on exposing non-keratinous biological
samples to antibody techniques be used in addition
to these methodological controls. A powerful con-
trol would be to experimentally treat non-keratin
proteinaceous tissues, as well as non-protein-rich
tissues (e.g., plant tissues), as the feathers were
treated to see if the resulting browning products
can induce anti-keratin antibody binding (Collins et
al., 1992).

It should also be noted that the use of immu-
nogold labelling can improve the resolution of
immunochemical analyses, but that improved reso-
lution of a technique does not necessarily mean
improved accuracy, and the potential for false posi-
tives should still be considered. The assertion that
immunochemistry has been used to distinguish
between a- and -keratins in fossils (Schweitzer et
al., 2018) is dependent on these results represent-
ing true positives, notwithstanding the fact that
these fossil analyses only examined tissues typi-
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cally thought to be dominated by B-keratin (Sch-
weitzer et al., 1999a, 1999b; Moyer et al., 20163,
2016b; Pan et al., 2016), at least in extant organ-
isms.

Comments on Results and Discussion

Some of the results reported by Schweitzer et
al. (2018) are unexpected. Recognizable structural
preservation of the treatment 2 experimental feath-
ers (350° C, 10 years) differs from our attempts to
expose feathers to these sorts of high tempera-
tures at atmospheric pressure. In Saitta et al.
(2018b), we briefly described supplemental results
of modern feathers placed into a laboratory oven
set to 350° C in an attempt to replicate the tem-
perature conditions of Schweitzer et al. (2018).
Within minutes of turning on the oven, the feathers
began to produce copious amounts of smoke,
prompting us to halt the attempt, and were con-
verted into a black ash-like material without readily
discernible macroscopic structural preservation
(Figure 2) (although running these conditions
within compacted sediment would likely have
helped to prevent disassociation of the ash). Struc-
tural preservation in the experimental feathers of
Schweitzer et al. (2018) is also different from fossil
feathers preserved as carbonaceous compression
fossils, which are relatively 2-dimensional and
largely consist of dark stains composed of exposed
melanosomes resting on the sediment as evi-
denced by scanning electron microscopy (Vinther
et al. 2008; also see our commentary on the coun-
terargument of Pan et al. [2019] below).

The blackened ash-like material produced by
our supplementary attempts (Saitta et al. 2018b) as
well as the browned/blackened experimental and
natural samples of Schweitzer et al. (2018) are
consistent with the formation of melanoidin-like oxi-
dation and condensation products (Pamplona,
2011). These N-heterocyclic polymers could, for
example, represent advanced lipoxidation end
products between the degradation and subsequent
condensation of keratin protein and feather preen-
ing waxes, such as the waxes detected on the con-
trol feathers of Schweitzer et al. (2018) using TOF-
SIMS. The increased electron density of the matrix
surrounding the melanosomes in the treatment 1
experimental feather (60° C, three years) might
therefore be indicative of condensation reactions
producing N-heterocyclic polymers. If degradation
of original biomolecules and subsequent polymer-
ization of their products can occur without a loss of
structural fidelity to the overall soft tissue, then
these thermally stable polymers could explain the

structural preservation reported by Schweitzer et
al. (2018) as has been suggested in fossil bone
soft tissues (Wiemann et al., 2018; with similar
organic signatures reported by Kiseleva et al.
[2019] and Ulimann et al. [2019]). However, note
that issues of potential biofilm infiltration into bones
still remain (Kaye et al., 2008; Saitta et al., 2019).
Ultimately, there are three key issues with respect
to the results of Schweitzer et al. (2018), as dis-
cussed below: 1) such polymers are not preserved
proteins, 2) they can vyield false positive immu-
nochemistry results, and 3) their formation may not
be favoured in the sorts of depositional environ-
ments that yield organically preserved fossil feath-
ers.

1) Lack of evidence for protein preservation. To
corroborate their findings, Schweitzer et al. (2018)
performed TOF-SIMS to reveal certain positive
secondary ions that might be consistent with pro-
tein fragments. While their control feather is com-
parable to previously published spectra for keratin
(K0253, Sigma-Aldrich), their treatment 2 experi-
mental feather (350° C, 10 years) did not yield a
spectrum as consistent with keratin or an unaltered
protein source.

The secondary ions detected by TOF-SIMS
consistent with a protein source in the treatment 2
experimental feather (350° C, 10 years) could, of
course, derive from contamination (e.g., from the
surrounding sediment or the external environ-
ment), given the extended period of time the sam-
ples were stored prior to analysis. Additionally,
even if these secondary ions indicate the presence
of amino acids, they do not necessitate the pres-
ence of polypeptides capable of providing epitopes
for antibodies. Furthermore, a N-heterocyclic poly-
mer, without associated proteins, would presum-
ably produce a variety of N-containing secondary
ions. The presence of high mass (m/z = 100-500)
secondary ions in the treatment 2 experimental
feather (350° C, 10 years) was taken by Sch-
weitzer et al. (2018) to represent polypeptide frag-
ments of various lengths, but these could also
represent fragments of various masses derived
from a long N-heterocyclic polymer. These high
mass, positive secondary ions are lacking, or at
least extremely weak, in their control feather (room
temperature, 17 years) compared to the treatment
2 experimental feather (350° C, 10 years) (see fig-
ure S5b in Schweitzer et al. [2018]). If these high
mass secondary ions were indeed polypeptide
fragments, then they should also appear in the
control feather (room temperature, 17 vyears).
Instead, the fact that they are more prevalent in the
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FIGURE 2. Our attempt to replicate high heat feather combustion. White chicken contour feather before, A, and after,
B, and brown and white turkey flight feather before, C, and after, D, wrapping in foil and heating in a Carbolite labora-
tory oven set to 350°C. The oven was turned off a few minutes after it was turned on due to excessive smoke produc-
tion. The samples were removed shortly after, when the oven had cooled. Modified from the supplemental material of
Saitta et al. (2018b).

treatment 2 experimental feather (350° C, 10
years) is consistent with their formation through
thermally induced polymerization. Additionally, the
detection of organic secondary ions with low hydro-
gen content in the treatment 2 experimental feather
(350° C, 10 years) could be indicative of condensa-
tion (i.e., dehydration) reactions that help to form
N-heterocyclic polymers.

The secondary ion reported as m/z = 70 (with-
out decimal places) and identified by Schweitzer et

al. (2018) as C4HgN*, if indeed deriving from unal-
tered protein or amino acids, would actually cor-
relate more closely with a secondary ion C3H4NO*
(m/z = 70.03) deriving from the amino acid Asn,
rather than C4HgN™* from the amino acids Pro, Arg,
Val, or Leu (m/z = 70.07) (Hedberg et al., 2012).
Asn contains an amide-bearing R group side chain,
but deamidation is a common protein degradation
reaction (Robinson and Rudd, 1974). Therefore,
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preservation of this amino acid would be unex-
pected, particularly in the treatment 2 experimental
feather (350° C, 10 years). Furthermore, in this
highly heated feather, the prevalence of secondary
ions m/z = 30 and 70 is not detected across the
entirety of the preserved structure. Although an
argument could be that such patchy secondary ion
(as well as antibody) signatures are indicative of
the degradation (or antiquity) of these purported
proteins, if these structures are claimed to be kera-
tin protein preservation, then the secondary ion
signature should be present across the structure;
otherwise, another explanation must be provided
for the retention of their recognizable feather struc-
ture. In other words, if the structures consisted of
protein that had undergone significant degradation
such that only trace amounts of protein were pre-
served in a patchy manner, then an explanation
must be provided as to how the structures per-
sisted at all (see our discussion of how N-heterocy-
clic polymers are not proteins per se).

What is surprising is that Schweitzer et al.
(2018) do not discuss the presence of many S-
bearing secondary ions other than HSO3- and SO,
(possibly derived from breakdown products of the
keratin protein through oxidation of S-bearing
amino acids), but instead rely on a relatively small
number of N-containing secondary ions to support
their conclusion. If keratin protein was still present,
one might expect S signatures deriving from cyste-
ine in the form of secondary ions of such as
CoHgNS* (m/z = 76), S- (m/z = -32), or SH- (m/z = -
33) (Wagner and Castner 2001), at least relative to
non-keratin protein-derived material. The treatment
2 experimental feather (350° C, 10 years) had a
reduction in peaks near m/z = -32 and -33 com-
pared to the control feather and keratin standard,
although note that the peak near m/z = 76 is fairly
low even in the keratin reference spectrum (Sch-
weitzer et al., 2018). Given that disulphide bonds
provide structural integrity to keratin fibers
(Strasser et al., 2015), if these fibers are claimed to
be molecularly preserved such that their structure
is still present, one might expect disulphide bonds
to be preserved and detectable. Could some S-
bearing breakdown products also have escaped
from the sample via volatile products like H5S, thi-

ols, or others (i.e., the sorts of gases that might
have been responsible for the strong odour of the
smoke produced during our attempt to heat feath-
ers)? The 350° C conditions of treatment 2 exceed
the reported thermal decomposition and melting
points of some amino acids (Dunn and Brophy,
1932; Lien and Nawar, 1974), including cysteine
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(Weiss et al.,, 2018), which is the amino acid
responsible for the formation of disulfide bridges
that provides stability and mechanical resilience to
keratin protein (Strasser et al., 2015). If thermal
decomposition of individual amino acids is occur-
ring, we stand by our previous assertion (Saitta et
al., 2017a) that it is indeed likely impossible to pre-
serve an amino acid sequence (a prerequisite for
epitope survival), regardless of whether hydrolytic
cleavage of peptide bonds has occurred.

Many types of ancient organismal remains
often become darker with time and diagenesis due
to chemical alterations (e.g., conodont elements
[Epstein et al., 1977]), some which have been
linked to the sorts of chemical reactions involved in
the browning of food during cooking (Collins et al.,
1992; Wiemann et al., 2018). But even if the initial
reactants of complex geopolymer products include
proteins, can these products be called ‘fossil pro-
teins’? Proteins are defined by their complex struc-
ture and function, with some extreme biochemical
perspectives even requiring that a denatured pro-
tein be described simply as a polypeptide due to a
loss of metabolic function (Collins et al., 1998). To
consider stable N-heterocyclic polymers, if these
are indeed what is being produced in the experi-
ments of Schweitzer et al., (2018), as preserved or
fossilized protein per se would be ill-advised. Pro-
tein function/folding and various amino acid side
chains are lost (e.g., deamidation) through diagen-
esis (Eglinton and Logan, 1991). Also lost are the
amino acid sequences (Lang, 1986) and, in ther-
mal conditions that exceed the decomposition
points of some amino acids (Dunn and Brophy,
1932; Lien and Nawar, 1974; Weiss et al., 2018),
some of the peptide monomers themselves. Addi-
tionally, these N-heterocyclic polymers form in
association with the products of other types of bio-
molecules such as lipids or polysaccharides (Fu et
al., 1996; Hidalgo et al., 1999). When melanoidins
(e.g., those present in ancient carbonate skeletons
[Collins et al., 1992]) are formed from protein-poly-
saccharide mixtures, crosslinking occurs at the N-
terminal amino group of amino acids, meaning that
peptide bonds, and therefore peptide sequences,
are lost (Singh et al., 2001; Vistoli et al., 2013). In
such an example, the resulting polymer might
equally be referred to as ‘fossil polysaccharide’.
Therefore, claiming that the results of Schweitzer
et al. (2018) represent protein preservation would
be inappropriate.

2) Potential false positive immunochemistry
results. The reduced, patchy binding of antibodies
in the treatment 2 experimental feather (350° C, 10



years) as well as the coot found in the sinter is
indicative of protein degradation. Again, if the pre-
served, morphologically recognizable structures
themselves are claimed to be keratin protein pres-
ervation, then the epitope signature should likely
be present across the structure rather than patchy.
The low levels of antibody reactivity in these sam-
ples could be from nonspecific binding (James and
Tawfik, 2003) of antibodies to resulting N-heterocy-
clic polymers, not preserved polypeptide
sequences. Cross reactivity of antibodies to such
browning products has been reported (Collins et
al., 1992). Diverse, heterogeneous, thermally
resistant, and insoluble N-heterocyclic polymers as
a cause of low levels of antibody binding could
explain why patchy antibody staining can occur
even when the larger feather structure is preserved
in the experimental or sinter feathers (e.g., visible
filamentous structures or recognizable feather mor-
phology).

Calcified materials have also been reported to
interfere in immunochemistry experiments (Sedivy
and Battistutti, 2003), so any phosphatic ash
resulting from thermally degraded feathers should
also be considered as a potential explanation of
their antibody results. The claim by Schweitzer et
al. (2018) that most keratins are not biomineralized
requires supporting evidence since calcium phos-
phates have been detected and quantified in a
wide variety of extant keratinous tissue types from
phylogenetically diverse taxa (Earland et al., 1962;
Blakey et al., 1963; Pautard, 1963, 1964, 1966,
1970; Blakey and Lockwood, 1968; Baggott et al.,
1988; Hieronymus et al.,, 2006; Szewciw et al.,
2010). For example, whale baleen contains rela-
tively high amounts of calcium phosphate in vivo
for mechanical reinforcement (Pautard 1963; Sze-
wciw et al., 2010), and Miocene fossil whale baleen
preserves as phosphate (Gioncada et al., 2016).
Even the mechanical properties and wear patterns
of rhinoceros horn are influenced by melanin and
calcium phosphate (Hieronymus et al., 2006). Spe-
cifically, their claim that extant feathers have not
been shown to contain biominerals is in direct con-
flict with reported calcium phosphate in calami
(Earland et al., 1962; Blakey et al., 1963). One
method of quantifying calcium phosphate in extant
keratinous structures even involves exposing the
tissues to high heat in a laboratory oven to com-
bust the organics (Pautard, 1964), a process anal-
ogous to cremation but using temperatures higher
than the experimental conditions discussed here
(e.g., 650° C), and then exposing the resulting ash
to acid dissolution to observe weight changes.
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TOF-SIMS revealed Ca* secondary ions in the
control and treatment 2 experimental feathers
(350° C, 10 years) despite the prevalence of dark
organic material (Schweitzer et al., 2018), which
could be consistent with the presence of calcium
phosphates, bearing in mind that extant feathers
can contain various metals, including trace metals
(Howell et al., 2017). The fact that the material
properties of keratinous tissues can also be influ-
enced by inherent properties of the keratin protein
component itself (e.g., through secondary structure
or crosslinks [Fraser and Parry, 2014]) does not
preclude a role for calcification to contribute to the
tissue’s material properties and biomechanical
function.

We also note that the samples need to be
washed carefully to remove excess antibody, but
we assume that this precaution would be standard
procedure in any laboratory, and there is currently
no reason to suspect this as an explanation.

Assuming this was a pigmented feather (the
species used [Perdix perdix] is fairly pigmented in
plumage), the failure of transmission electron
microscopy to reveal melanosomes in the treat-
ment 2 experimental feather (350° C, 10 years)
might indicate that the extreme conditions resulted
in significant degradation of even some relatively
stable organics. For experimental illustrations of
the relative thermal stability of melanin compared
to keratin protein see Colleary et al. (2015) and
Saitta et al. (2017a, 2018a). Note that melanin and
melanosomes can also be susceptible to oxidation
(Slater et al., 2019), which could have occurred in
this treatment. The observation of a lack of mela-
nosomes might further emphasize the potential
role for highly altered organic polymers (Collins et
al., 1992) or phosphates (Sedivy and Battistultti,
2003) to yield false positive antibody results.
Another possible explanation is that altered mela-
nosomes exist in the darkened mass of degraded
keratin protein that has been converted into N-het-
erocyclic polymers of similar colour and electron
density.

3) Environmental conditions that promote
organic fossil preservation appear to differ
from those that promote N-heterocyclic poly-
mer formation. Organically preserved, as
opposed to phosphatically preserved (e.g., Shu-
vuuia fibers [Saitta et al., 2018b]), fossil keratinous
structures are found most often in marine or lacus-
trine environments, particularly euxinic or hypoxic/
anoxic environments (e.g., Brown et al., 2017). The
dry, oxic conditions in the experiments of Sch-
weitzer et al. (2018) not only fail to simulate these

1



SAITTA & VINTHER: KERATIN PROTEIN PRESERVATION

environments, they are also the conditions that
might be expected to limit dry peptide hydrolysis
and favour oxidation and condensation reactions to
form N-heterocyclic polymers, such as through
Maillard-like reactions (Singh et al., 2001; Vistoli et
al.,, 2013). In contrast, our maturation conditions
are run under elevated pressure to keep water
from boiling off, and when run within compacted
sediment, yield results directly comparable to car-
bonaceous fossils of keratinous tissues (e.g., the
Jehol biota of China) at the macro- and ultrastruc-
tural level with a preferential loss of proteinaceous
tissue that exposes melanosomes, as can be
examined using SEM (Saitta et al., 2018a).

Assessment: Schweitzer et al. (2018)

We find it most probable that the organics
detected by Schweitzer et al. (2018) are highly
degraded, altered, and nitrogenous browning poly-
mers rather than keratin polypeptide preservation.

UNSUPPORTED TAPHONOMIC MODELS
MIGHT NEGATIVELY IMPACT PALEOBIOLOGY
AND EVOLUTIONARY BIOLOGY: PAN ET AL.
(2019)

A recent study by Pan et al. (2019) illustrates
how failure to reject a particular taphonomic model
can begin to muddy the waters of investigations
into paleobiology and evolution. In this case, their
model is that keratin protein can preserve organi-
cally in fossils with sequence survival of a degree
capable of eliciting a specific immunological
response. Without thorough examination of amino
acid composition or racemization in fossil avian
and non-avian dinosaurs, Pan et al. (2019) used
SEM, TEM (including ChemiSTEM), immunofluo-
rescence, and immunogold labelling to not only
conclude organic preservation of keratin protein
sequences, but to also reconstruct keratin molecu-
lar evolution and feather ultrastructural evolution in
non-avian dinosaurs and early birds with arguably
surprising results. Pan et al. (2019) suggest that
early paravians like Anchiornis had non-embryonic
feathers that not only contained detectable levels
of a-keratin in addition to feather-specific B-keratin,
unlike modern feathers, but were dominated by a-
keratin filaments of diameters not seen in modern
feathers. Furthermore, they concluded that feath-
ers containing a-keratin were present even up
through some early avians, with modern feathers
dominated solely by feather-specific B-keratin
appearing in neornithines. These unique molecular
compositions were hypothesized by Pan et al.
(2019) to influence the mechanical properties, and
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therefore biomechanics, of early feathers, making
them less suitable for powered flight. Also, the out-
group feathers of the alvarezsaur Shuvuuia were
reported as containing non-feather B-keratin, with-
out a-keratin, as were the claw sheaths of the ovi-
raptorosaur Citipati.

Seemingly, there are some contradictions
within their interpretation of the purported fossil
data. For example, the asserted dramatic and
mosaic molecular evolution of feather protein com-
position might yield challenges in producing spe-
cific antibodies for those ancient proteins when
antibodies are raised against extant proteins; this
would make true positive immunological binding
more difficult to conclude. Additionally, if a combi-
nation of feather-specific B-keratin and a-keratin is
suspected to be the plesiomorphic condition in
feathers, the results whereby the outgroup Shu-
vuuia feathers contained solely non-feather 3-kera-
tin are potentially unexpected. Contrary to Pan et
al. (2019), without additional outgroups it cannot be
determined phylogenetically based on this data
alone whether Shuvuuia represents a loss of a-ker-
atin in feathers. Furthermore, their conclusion that
the ~160 Ma Anchiornis possessed feather-specific
B-keratin is on the older end of or potentially in con-
flict with estimates from extant molecular phyloge-
nies that place the diversification of this protein
family at ~143 Ma (~176—-110 Ma at 95% highest
posterior density [Greenwold and Sawyer, 2011])
or even ~124 Ma (Greenwold and Sawyer, 2013).

However, there are more fundamental prob-
lems with this study involving the data itself, similar
to those described in the largely experimental work
of Schweitzer et al. (2018). For example, keratin,
particularly a-keratin such as in human integument,
is an extremely common laboratory contaminant
(Keller et al., 2008). Any reports of such in unex-
pected samples (e.g., tissues typically dominated
by B-keratin in extant taxa) should consider this
possibility.

There isLikely no Keratin Preserved in
Shuvuuia deserti Fibres

Pan et al. (2019) do not discuss the counterar-
guments of Saitta et al. (2018b) about the fibers
from the Shuvuuia specimen that they claim con-
sist of non-feather B-keratin, and as such, the topic
deserves further discussion here. Our work has
shown that previous reports of keratin protein pres-
ervation based on antibody binding in the feather
fibres associated with this specimen of the dino-
saur Shuvuuia deserti (Schweitzer et al.,, 1999b;
reanalysed in Moyer et al., 2016a) likely represent



false positive results (Saitta et al., 2018b). These
findings can probably be extended to a very similar
study of the claw sheaths of the oviraptorosaur Citi-
pati from the same formation (Moyer et al., 2016b).
By analysing a fibre from this Shuvuuia specimen
using a combination of light microscopy, laser-stim-
ulated fluorescence, focused ion beam SEM,
energy dispersive X-ray spectroscopy, and TOF-
SIMS, we showed that not only was this fiber inor-
ganic and non-proteinaceous, but that it consisted
primarily of calcium phosphate with some clay min-
eral infiliration and was covered in cyanoacrylate
from preparation of the fossil (Amy R. Davidson
[preparator of the Shuvuuia specimen] pers.
comm., 2018; Saitta et al., 2018b). While the cya-
noacrylate glue yielded several N-bearing second-
ary ions under TOF-SIMS, no distinct secondary
ions for amino acids were localized to the fiber
(Saitta et al., 2018b). Both the calcium phosphate
and the applied organic polymers used to consoli-
date the specimen (i.e., cyanoacrylate, which was
detected, or butvar, which was also used during
preparation [Amy R. Davidson pers. comm., 2018;
Saitta et al.,, 2018b]) could have influenced the
immunochemical analyses and resulted in false
positives.

Despite recent insinuations by Schweitzer et
al. (2019) that these organic consolidants were
only applied to the specimen after the 1999 study
(Schweitzer et al., 1999b), there is no evidence
provided for this claim, and given that the original
preparation of the specimen involved the use of
cyanoacrylate and butvar, it seems very likely that
such polymers could have elicited their observed
antibody results. We are concerned that the etha-
nol used to rinse the fibers in the original study
(Schweitzer et al., 1999b) would have been an
insufficient organic solvent to remove these poly-
mers. Despite their reporting of hollow fibers (Sch-
weitzer et al., 1999b, 2019), the fiber we observed
was not hollow nor did it appear to contain fila-
ments within it.

Furthermore, the suggestion that atmo-
spheric exposure could explain our failure to detect
proteinaceous signatures in the Shuvuuia fiber
(Schweitzer et al., 2019) fails to acknowledge that
the specimen would also have been exposed to
the atmosphere during the original study (Sch-
weitzer et al., 1999b). Additionally, the specimen
would have been exposed to oxidative weathering
from the atmosphere during near-surface burial,
excavation, and preparation due to the large pore
size of the poorly consolidated sediment matrix
(i.e., large grain size combined with little cementa-
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tion) and likely also ground water during both shal-
low and deep burial. The ~17-year gap between
the original study and the reanalysis of Saitta et al.
(2018b) is insignificant in light of the ~75-million-
year taphonomic history of the specimen; if pro-
teins had become fixed or stabilized during fossil-
ization, we should have detected them.

Finding no corroborating evidence for protein
preservation in one of the pioneering studies using
antibodies for protein detection in a paleontological
sample highlights the well-known issues with anti-
bodies frequently dealt with by neontologists and
medical researchers (True, 2008). Antibodies can
often yield false positives but can be a powerful
tool when used appropriately.

Electron Microscopy and Pattern Seeking

Ultrastructural data can often be at risk of mis-
interpretation. There is a risk of falsely perceiving
patterns that might not actually be present in even
random data, a common and normal psychological
phenomenon known as apophenia (Conrad, 1958).
Certain fossil organics, like melanosomes (when
preserved organically and not as molds due to
weathering), appear consistently under electron
microscopy in exceptional fossils of tissues known
to possess them in vivo (Figure 3) and show rela-
tively limited, quantifiable variation in morphology
and organization in line with expected biological
variation (see Vinther, 2015 and Roy et al., 2019
for thorough reviews of published reports of fossil
melanosomes). However, other structural data are
open to subjective interpretation. One example is
likely the recent report of rods, cones, and oil drop-
lets from a fossil bird retina based on low-resolu-
tion electron micrographs (Tanaka et al., 2017).
Other structures show high levels of variation in
size and shape more consistent with abiotically
self-organizing structures than biologically formed
structures (Brasier et al., 2006), such as putative
dinosaur erythrocytes (Bertazzo et al., 2015) which
are most likely degraded organic material, possibly
exogenous, shaped by the low pressure or vacuum
conditions of electron microscopy (Saitta et al.,
2017b).

Pan et al. (2019) report filamentous structures
in the fossil feathers, but these are not readily obvi-
ous to us based on their electron micrographs.
Instead, the fossils appear to show impressions in
the sediment where barbs once were (e.g., figure
1A of Pan et al. [2019]), consistent with experimen-
tal simulations of fossil diagenesis (Saitta et al.,
2018a). Like the SEM data, the TEM data also
appears to be at risk of non-patterned data being
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FIGURE 3. Fossil feather ultrastructure. A, Early Cretaceous feather from the Crato Formation (LEIUG 115562). SEM
images showing, B, exposed melanosomes from a dark region of the Crato Formation feather, C, sediment matrix in
an intervening light region of the Crato Formation feather, D, exposed melanosomes in a Confuciusornis feather from
the Early Cretaceous of China, E, exposed melanosomes in a feather from the Lower Eocene Fur Formation, F,
exposed melanosomes in a Messelornis feather from the Eocene Messel shale. A-C are also described in Vinther
(2008), D is also described in Vinther (2015), and E-F are also described in Colleary et al. (2015).

interpreted as patterned, explaining why Pan et al.
(2019) report several ~8 nm diameter fibers amid a
high-magnification image of electron density varia-
tion containing points of varied diameter (figure 2E
of Pan et al. 2019). It is also not clear why such
points of elevated electron density must represent
the cross section of a long fiber without observing
multiple slices of TEM data. Determining the rela-
tive proportions of B-keratin and a-keratin in the
fossils based on the prevalence of thick versus thin
filaments is therefore ill-advised. Furthermore, Pan
et al. (2019) report an amorphous keratin matrix,
but a rough ultrastructural texture is not unex-
pected when viewing objects like rock under such
high magnifications and an amorphous matrix does
not require the presence of polypeptides. The TEM
data showing accumulated concentrations of mela-
nosomes in all of the studied fossil feathers com-
pared to modern feathers is most consistent with a
model of feather fossilization whereby keratin pro-
tein degrades and is lost, while melanosomes are
left behind.

Lindgren et al. (2015b) described a fossil
feather where arguably fiber-like structures were
relatively more prominent than in the Pan et al.
(2019) images, but these consisted of calcium
phosphate rather than organic material. The idea
of integumentary keratin protein undergoing authi-
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genic mineralization through microbial decay to
preserve fine structural details is not inconceivable
based on the observed phosphatization of other
soft tissues in both fossils and experiments (Briggs
et al., 1993) but requires further evidence, particu-
larly through experimental taphonomy (Saitta et al.,
2018b).

Elemental Signatures: Organic Material
Localized to Fossil Melanosomes

The ChemiSTEM results of Pan et al. (2019)
showed elevated levels of S, N, and Cu in the fossil
melanosomes compared to low levels of these ele-
ments in the surrounding matrix, while a modern
feather showed a matrix enriched in S and N with
Cu concentrated in the melanosomes. The ele-
vated S in the fossil melanosomes could be
explained by either high concentrations of S-bear-
ing phaeomelanin within them or by taphonomic
incorporation of S from external sources under a
process known as sulfurization or vulcanization
(McNamara et al., 2016). Both phaeo- and eumela-
nin contain N, so elevated N in the fossil melano-
somes relative to the matrix is also unsurprising.
Elevated Cu in the melanosomes is consistent with
the fact that Cu can chelate to melanin in modern
and fossil feathers (Wogelius et al., 2011; Vinther,
2015; Howell et al., 2017). What is most concern-



ing is that the surrounding matrices of these fossil
melanosomes are depleted in N (present in all pro-
teins due to the amino group of their constituent
amino acids), S (present in relatively high amounts
in keratin protein compared to other proteins [Fra-
ser and Parry, 2014]), and Cu (an element that can
chelate to various organic geopolymers during fos-
silization [Vinther, 2015]). If present, any small
amounts of organic matrix may instead be a kero-
gen-like substance that formed by polymerization
of labile lipids (Stankiewicz et al., 2000; Gupta et
al., 2009) around the melanosomes after keratin
had degraded away, which would yield an aliphatic
hydrocarbon signature. In contrast, note how the
modern feather they analyzed shows a keratin
matrix enriched in S and especially N, while Cu is
concentrated in the melanosomes (figure 3B-D of
Pan et al. [2019]). This chemical data, like the
structural data, is consistent with a loss of keratin
protein (as opposed to a prevalence of a-keratin
over B-keratin), leaving behind a concentration of
thermally stable melanosomes as the only remain-
ing organic component of the fossil feather (Saitta
etal., 2017a).

Low levels of Ca in the matrix surrounding
some of the fossil melanosomes might be unsur-
prising since calcification (CaPQO4) of feathers

appears to be more heavily localized to the cala-
mus/rachis (Earland et al., 1962; Blakey et al.,
1963; Bergmann et al., 2010; Howell et al., 2017;
Saitta et al., 2018b) (also see relatively low Ca
concentrations of the modern feather, presumably
a barbule based on size, in figure 3E of Pan et al.
[2019]), while melanosomes can often be found in
the barbs and barbules (Vinther, 2015). Ca that is
present in the fossil matrix is likely indicative of the
mineral composition of the rock.

Immunochemistry Issues are Still Present in
Fossil Studies

Despite the methodological and sediment
controls used in the immunochemical analyses of
Pan et al. (2019), a more helpful control would be
to examine fossils organically preserving non-kera-
tinous tissues that would have originally been pro-
tein-rich, such as organically preserved fossil eyes
consisting of melanosomes (Clements et al.,
2016), or organic fossils preserving tissues that
were originally non-protein-dominated, such as
fossils of polysaccharide-dominated leaves or
arthropod chitin. Fossil controls from the same
specimen but of a different tissue type or of a differ-
ent type of fossil from the same formation and
lithology are crucial. For example, a study of Citi-
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pati fossil claw sheaths used modern, decalcified
ostrich bone as a control (Moyer et al., 2016b), but
a better control would have been the fossil bone
from the specimen itself, which might contain recal-
citrant geopolymers or applied organic consoli-
dants from fossil collection/preparation capable of
eliciting immunological false positives (Saitta et al.,
2018b). In contrast, the modern, decalcified ostrich
bone would lack the mature geopolymers, calcium
phosphate, and any applied organic consolidants
that could be causing the fossil claw sheath results.
Exhaustive controls are important for immu-
nochemistry because, although the immune sys-
tem is a powerful and complex adaptation, the well-
studied phenomenon of human allergies serves as
a stark reminder that antibodies can show cross
reactivity (Aalberse et al., 2001) in vivo within the
biological system they evolved in (Morisset et al.,
2003), let alone under laboratory circumstances
(True 2008; Saitta et al., 2018b).

Pan et al. (2019) inadvertently illustrate the
potential for raised antibodies to react with a vari-
ety of proteins in that the antiserum raised against
modern feather extracts was able to react with
more than one type of protein within the B-keratin
family in modern tissues. This issue also appears
to be present in their anti-pan cytokeratin antibod-
ies used to search for epidermal a-keratin more
broadly. Beyond these issues, all of the fossil sam-
ples showed very weak and patchy antibody bind-
ing under both immunofluorescence and
immunogold labelling, far from an unambiguous
indication that the carbonaceous residue of the fos-
sil is formed primarily from ancient keratin protein
matrix (compounded by figure 4 in the main text of
Pan et al. [2019] lacking immunofluorescence
overlay images under normal light microscopy,
making a determination of the extent of fluores-
cence challenging). Assuming proper immu-
nochemistry methodology (e.g., washing), there is
no reason why such results could not be explained
by antibody cross reactivity with non-proteinaceous
organic geopolymers, such as diagenetically
altered melanin or kerogen derived from in situ
polymerization of feather waxes.

Although the sample size is small, the ten-
dency for fossils to yield positive results for multiple
types of antibodies might be an indication of the
method’s propensity for false positives as opposed
to evidence that these primitive structures con-
tained unusual combinations of keratin proteins.
Statistical analysis in which many different types of
antibodies are applied to many different types of
fossil tissues spanning multiple formations could
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help to identify any tendency for cross reactivity. It
would be interesting to increase the number of anti-
bodies from the several used in Pan et al. (2019) to
a larger number with which more detailed statistical
analysis can be applied. Different antibodies could
be applied to various subsamples from a single
specimen. Doing so could help determine if the
staining patterns they ascribe to macroevolution
are instead better explained as statistical noise of
unpredicted antibody cross reactivity. Indeed,
some fossil samples readily show positive staining
with several different antibodies targeting different
proteins (Lindgren et al., 2018), either an indication
of exceptional and diverse protein preservation or
a propensity for antibodies to cross react with
organic geopolymers, calcium phosphate, or con-
solidants. This proposed immunological survey
could be coupled with a detailed investigation into
the nature of the binding between antibodies and
fossil keratinous structures (e.g., the types of inter-
molecular bonds).

Revolutionizing Evolutionary Biology with
Questionable Data?

Observations from the fossils inexplicable
under the taphonomic model of Pan et al. (2019)
are dismissed under nonspecific mechanisms such
as “compression and degradation” (p. 2) or “vari-
ous diagenetic influences” (p. 4). After roughly 20
years of such immunological reports of Mesozoic
proteins, Pan et al. (2019) go the furthest in using
such results to inform upon evolution (e.g., primi-
tive feathers differed radically in keratin protein
sequence and filament diameter from modern
feathers) and paleobiology (e.g., the feathers of
early birds were ill-suited for powered flight).
Despite attempts to justify these conclusions within
the context of evolutionary-development (i.e., evo-
devo), they represent dramatic changes to our
understanding of feather evolution that are poten-
tially at odds with molecular divergence estimates
of feather keratins (Greenwold and Sawyer, 2011,
2013) and also with other lines of evidence about
the flight capabilities of early avians outside of
neornithines (Feo et al., 2015). If such conclusions
are based on faulty data (i.e., that the purported
proteins are not actually preserved), then their
effects on our understanding of paleobiology (e.g.,
biomechanics) and evolutionary biology can be of
great concern.

Assessment: Pan et al. (2019)

We find it most probable that the fossils stud-
ied by Pan et al. (2019) show keratin protein loss
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and fossil melanin retention and that the antibody
results are due to cross reactivity with substances
such as stable organic geopolymers (e.g., fossil
melanin or possibly kerogen) or consolidants from
preparation rather than endogenous keratin poly-
peptides.

CONCLUSIONS: KERATINOUS STRUCTURE
FOSSILIZATION AND SCIENTIFIC
EPISTEMOLOGY IN RELATION TO

MOLECULAR FOSSILS

So far, evidence for organic preservation over
geological timescales has corroborated models
proposed by researchers as far back as Abelson
(1954) of protein and amino acid relative instability
as well as the relative stability of a range of other
organic molecules, as reviewed by Eglinton and
Logan (1991). Under optimal conditions, embed-
ded inside and stabilized by calcite crystal, a very
short peptide sequence survived for ~3.8 million
years (Demarchi et al.,, 2016). Over timescales
covering most of the Phanerozoic, only a few iso-
lated amino acids might preserve inside certain
mineral matrices such as calcite (Abelson, 1954;
Penkman et al., 2013). More stable molecules,
such as polysaccharides like chitin, may reveal
diagnostic residues in at least up to 25 Ma fossils
(Stankiewicz et al., 1997), although occurrences of
far older and diagenetically altered chitin (i.e., a
highly nitrogenous and oxygenated organic geo-
polymer) have also been posited (Cody et al.,
2011). Similarly, melanin pigment has been shown
to survive with moieties of about 10% intact in
Jurassic samples (Glass et al., 2012). Cholesterol
may survive as saturated cholestanes in rocks dat-
ing back 700-800 Ma (Bobrovskiy et al., 2018),
while unsaturated, intact cholesterols were
detected in a Devonian fossil preserved within car-
bonate concretion (Melendez et al., 2013).

Keratinous Structure Preservation in Fossils

Our model of keratinous structure preserva-
tion (i.e., keratin protein breakdown and loss with
largely pigment and/or calcium phosphate preser-
vation) is not only supported experimentally, yield-
ing results comparable to fossils (Saitta et al.,
2017a, 2018a), but can also be explained mecha-
nistically given our understanding of the thermal
stability of the various components of keratinous
tissues (Colleary et al., 2015; Saitta et al., 2018a),
conforming to predications made from paleo-pro-
teomics research (Wadsworth and Buckley, 2014).
Although some mixed results have been reported
in favor of the preservation of certain amino acids



in fossil feathers within amber (McCoy et al., 2019),
these would regardless be inconsistent with long
polypeptide or protein sequence preservation.

Specifically, there appears to be two major
modes of keratinous structure fossilization. 1)
Preservation can be predominantly organic in
anoxic, fine-grained sediments via melanosomes
or amorphous melanin (with possibly an additional
kerogen component deriving from in situ polymer-
ization of labile lipids like waxes present on some
keratinous structures such as feathers, potentially
apparent in the occasional amorphous matrix
observed alongside melanosomes on some fos-
sils). Fine-grained sediments can retain diageneti-
cally stable molecules due to smaller pore sizes,
and anoxic conditions can limit microbial degrada-
tion or oxidative weathering of organic material.
Clays, specifically, can also inhibit some bacterial
decomposers (McMahon et al., 2016). Recent
experiments (Slater et al., 2019) also suggest that
melanin might be more susceptible to oxidative
weathering prior to diagenetic alteration (see Roy
et al.,, 2019 for descriptions of diagenetic alter-
ations of pigments). 2) Preservation can also occur
predominantly as calcium phosphate in coarse-
grained, relatively oxic sediments, such as the
feathers of Shuvuuia (Saitta et al., 2018b) or Mio-
cene whale baleen (Gioncada et al. 2016). These
open conditions and large pore sizes can allow for
loss of organics through microbial degradation,
aqueous hydrolysis and peptide fragmentation, or
oxidative weathering. Questions still remain as to
whether endogenous calcium phosphates are
entirely responsible for this preservation, or if sig-
nificant secondary calcium phosphate can precipi-
tate onto endogenous calcium phosphate that acts
as a nucleation site. Furthermore, the possibility of
microbially mediated phosphatization of keratin
protein has yet to be fully demonstrated (e.g.,
experimentally), although authigenic mineralization
of soft tissues is a known preservation mechanism.
As such, authigenic mineralization of keratin
should be considered as a possibility, albeit not
fully demonstrated, with endogenous calcium
phosphate from in vivo calcification of keratinous
structures being the main driver of phosphatic
preservation under a more conservative hypothe-
sis.

The idea that keratin protein has a higher
preservation potential than melanosomes is con-
trary to several reports from various experimental
and observational studies of melanin/melanosome
stability through fossilization (Glass et al., 2012;
Lindgren et al., 2012; Field et al., 2013; Colleary et
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al., 2015; Vinther et al., 2008; Gabbott et al., 2016;
Vinther 2015, 2016; Saitta et al., 2017a, 2018a).
The fact that macroscopic carbonaceous staining
patterns in fossil integument can present as stripes
(Zhang et al., 2010), spots (Li et al., 2010), and
countershading (Vinther et al., 2016) is evidence
that pigmentation is driving organic preservation of
feathers and scales as opposed to protein because
such gaps would be inconsistent with the idea that
protein or the integumentary structures as a whole
produce these stains. The lack of observed mela-
nosomes in the coot preserved in the sinter in Sch-
weitzer et al. (2018) could either be due to non-
pigmented feathers (although the species has pre-
dominantly pigmented plumage), the fact that
aqueous conditions during thermal alteration have
been known to eliminate melanosome morphology
(Colleary et al., 2015; Brown et al., 2017), or simply
having been missed during inspection.

If Schweitzer et al. wish to provide an alterna-
tive, radical model of protein preservation, then a
detailed and convincing mechanism for long-term
polypeptide preservation through diagenesis must
be presented beyond claiming that “the processes
that result in this preservation are not completely
known” (Schweitzer et al., 2018, p. 11). Schweitzer
et al. (2018) propose three hypotheses for keratin
protein stabilization: 1) macromolecular aggrega-
tion and hydrophobic interactions, 2) macromolec-
ular crosslinking (e.g., with Fe), and 3) post-
mortem mineral deposition onto the keratin sur-
face.

However, 1) aggregation and hydrophobic
interactions cannot completely halt hydrolysis, and
any protected internal hydrophobic regions of pro-
teins are predicted to eventually become exposed
as proteins fragment and denature through diagen-
esis (see the globular protein predictions of Niel-
sen-Marsh [2002]). 2) Although crosslinking during
the production of N-heterocyclic polymers does
produce a thermally resistant residue (Wiemann et
al., 2018) that cannot be said to represent surviving
protein per se, proposed crosslinking with Fe to
preserve amino acid sequences over geologic time
has yet to be fully demonstrated (e.g., the pur-
ported Fe-mediated fossil bone collagen polypep-
tide evidence proposed by Boatman et al.,, 2019
relies on problematic microscopy, immunological,
and FITR data [see Saitta et al., 2019 on FTIR con-
siderations]), especially for proteins such as kera-
tin. Given the conditions, Fe crosslinking might not
be an explanation for surviving residues in the
experimental feathers of Schweitzer et al. (2018)
since no exogenous Fe was added in their treat-
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ments. Experiments on ostrich blood vessels
exposed to Fe-bearing haemoglobin were reported
to survive for over two years at room temperature
conditions (Schweitzer et al., 2014). However, such
durations are still about eight orders of magnitude
younger than Mesozoic samples that additionally
would have experienced some degree of geother-
mal heat during burial. Furthermore, hypoxia
appeared to play a role in vessel preservation in
those experiments (Schweitzer et al., 2014) such
that redox conditions might be driving the observed
preservation patterns as opposed to any molecular
crosslinking of proteins by Fe. Molecular crosslink-
ing of mussel foot protein 1 (mfp-1) via a coordina-
tion complex of Fe with three amino acid residues
of 3,4-dihydroxyphenylalanine (dopa) in the granu-
lar cuticles of the byssal threads of marine mussels
confers hardness and abrasion resistance to these
structures (Harrington et al., 2010); but an influ-
ence on these mechanical properties does not
necessitate that such Fe crosslinking additionally
confers diagenetic stability. 3) The suggestion that
keratin protein might be preferentially preserved in
exceptional fossils due to stabilization from surficial
mineral deposition onto the negatively charged
protein does not consider that proteins other than
keratin can carry a negative electric charge under
certain pH conditions (Xia 2007). Therefore, it does
not fully explain why other types of proteinaceous
soft tissues do not preserve in fossils with more fre-
quency than currently observed, in a manner simi-
lar to integumentary structures. Furthermore, if
such a mechanism was responsible for preserving
fossil protein, then one might predict negatively
charged nucleic acids like DNA to persist deep into
the geologic record as well, a notion which has
been near universally rejected (Cooper and Poinar,
2000), although dubious reports have since
appeared in the literature from a minority of
researchers in rare instances (Schweitzer et al.,
2013).

An interesting hypothesis might be that ther-
mally stable, insoluble organic geopolymers (e.g.,
fossil melanin or N-heterocyclic polymers from pro-
tein and lipid/polysaccharide degradation and con-
densation) shield polypeptides from hydrolysis or
other breakdown pathways and prevent them from
leaching from the fossil. Indeed, amino acid resi-
dues can be found in tight association with such
recalcitrant organics like kerogen (Mongenot et al.,
2001; Riboulleau et al., 2003) or potentially in
ancient eggshell (Crisp et al., 2013). However,
even within closed systems, polypeptides fragment
and only the more thermally stable amino acids
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tend to be detected (Crisp et al., 2013; Riboulleau
et al., 2003); therefore it is unclear to us what thor-
ough evidence exists that protein-derived material
within such recalcitrant organics would persist as
polypeptides, especially polypeptides long enough
and with higher order folding preservation to elicit a
genuine (i.e., specific) antibody response. Unless
precautions are taken to expose such putative
shielded polypeptides from an organic polymer
matrix, which can involve treatments as extreme as
thermochemolysis (Mongenot et al., 2001; Riboul-
leau et al., 2003), then how can antibody binding
be interpreted other than cross reactivity to the sur-
face of this matrix? Would such a treatment also
degrade any polypeptides supposedly held within
this organic matrix, and if so, how would one con-
firm their presence? Furthermore, in exposed,
open systems such as bone (Saitta et al., 2019)
and especially integument, how could an N-hetero-
cyclic polymer and any putative protein-derived
material within it be confidently attributed to endog-
enous biomolecules as opposed to microbes
during decay or within the subsurface biome? If
controversial evidence for Mesozoic keratin poly-
peptides were only to occur in the presence of, for
example, fossil melanin, at what point would we
suspend our belief in the presence of labile bio-
macromolecules alongside this fossil melanin and
simply conclude the presence of fossil melanin on
its own? While a negative feedback loop, whereby
protein breakdown leads to the formation of a resil-
ient, insoluble polymer that slows the breakdown of
the remaining unaltered protein within it is an
intriguing idea, one would have to demonstrate
why such a process would occur in these fossils as
opposed to hydrolytic fragmentation and loss of
protein-derived material (e.g., as in collagen gelati-
nization [Pfretzschner, 2006]). With this in mind, we
still would be somewhat skeptical of an explanation
for supposed trace amounts of polypeptides, only
detectable with highly sensitive and potentially low
specificity methods, that depends on dramatic
breakdown and condensation of the very sub-
stance claimed to be exceptionally preserved.
Currently, we posit that there is no unambigu-
ous evidence for protein preservation (i.e., a
sequence of amino acids bound together in a poly-
peptide chain) older than ~3.8 Ma (Demarchi et al.,
2016). Fragmentary protein sequences with prefer-
ential loss of certain amino acids (e.g., hydrophilic
or thermally unstable amino acids) would likely
have lost quaternary and tertiary structure and
would not be amenable for yielding a specific
immunoreaction with an antibody. Furthermore, N-



heterocyclic polymers, which may be derived in
part from proteins, are so altered from their protein
precursors that their presence and potential cross
reactivity with antibodies do not provide evidence
for preserved or stabilized proteins.

Scientific Epistemology in Relation to
Molecular Fossils

When purported exceptionally preserved bio-
macromolecules become ever more difficult to
detect with alternative analytical methods, we
worry that the claim begins to take on the nature of
Carl Sagan'’s ‘invisible dragon’ (Sagan, 1995).

Contrary to the argument of Schweitzer et al.
(2019), there is a difference between scientific rep-
lication and validation: “Saitta et al., did not attempt
similar studies; thus they did not directly test the
original hypothesis of preservation” (p. 7). Replica-
tion of a scientific protocol can support the idea
that the steps of the protocol were carried out as
intended. However, if the method itself is flawed in
some circumstances (e.g., yielding false positives)
or does not provide the proper evidence by which
to evaluate a particular hypothesis, then replicating
the method does nothing to further support the
conclusion of a study. Instead, alternative methods
can be used to provide independent lines of evi-
dence in favor of (i.e., corroborating) or against
(i.e., rejecting) a hypothesis; this is what was done
by Saitta et al. (2018b) when re-examining Shu-
vuuia fibers as well as Saitta et al. (2019) when re-
examining purported dinosaur bone collagen. For
example, if immunochemistry is suspected to yield
false positives for a sample, then simply repeating
this method would be of limited use, if not uninfor-
mative. Furthermore, high sensitivity of a method
can actually be an impediment when there is con-
cern about a lack of specificity. If fossil feathers
such as the fibers of Shuvuuia are suggested to
preserve via keratin protein, then that might imply
that the structure as a whole would be protein
based rather than containing trace amounts of
degraded peptides, and as such, it might not
require highly sensitive analytical techniques to
detect the corresponding chemical signatures; the
fibers should have an obvious proteinaceous sig-
nature under a variety of methods if supposed ker-
atin polypeptide preservation is producing the
large-scale structure of the fossils.

The importance of validation, also referred to
as triangulation, in addition to simple replication of
scientific studies has recently come to the fore-
front. Munafo and Smith (2019) state:
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These efforts [to replicate results] are
laudable, but insufficient. If a study is
skewed and replications recapitulate that
approach, findings will be consistently
incorrect or biased... replication alone
will get us only so far. In some cases,
routine replication might actually make
matters worse. Consistent findings could
take on the status of confirmed truths,
when they actually reflect failings in study
design, methods or analytical tools. We
believe that an essential protection
against flawed ideas is triangulation. This
is the strategic use of multiple
approaches to address one question.
Each approach has its own unrelated
assumptions, strengths and
weaknesses. Results that agree across
different methodologies are less likely to
be artefacts (p. 399—-401).

Methodological triangulation has been advo-
cated for many years by researchers across disci-
plines, including the social sciences (e.g., Heesen
et al., 2019). Even the famous sociologist and civil
rights activist W.E.B. Du Bois championed the
approached in the late nineteenth century (Du
Bois, 1899).

Another potential fallacy worth noting,
although not quite explicitly stated by researchers
in support of Mesozoic proteins, would be a ‘holy
grail’ mentality. As paleontologists, we often remain
hopeful that taxa known only from minimal skeletal
material might eventually yield a complete or even
articulated skeleton upon additional field work.
Such optimism is often warranted given that bones,
consisting of apatite, are known to be thermally
stable through diagenesis and capable of fossiliza-
tion. However, ‘getting lucky’ might not always be
an option for biomolecules or tissues that are inher-
ently unstable through diagenesis, like proteins.
Given that both polar ice caps are far younger than
the Mesozoic (Barker and Thomas 2004) as well
as our understanding of geothermal gradients and
diagenetic histories of specific depositional basins
(e.g., Hitchon 1984), we can constrain to some
degree the temperatures these fossils would have
been exposed to, leading to kinetic models that are
not very encouraging of Mesozoic protein preser-
vation (Nielsen-Marsh 2002). Any defense that
invokes the idea that certain fossil specimens show
unexpectedly high quality of protein preservation
(e.g., Schweitzer et al., 2007, 2009) while fossils of
similar geographic location and geologic age do
not (e.g., Saitta et al., 2019) would be an illiberal
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position when access to the potentially exceptional
samples is restricted or contingent upon collabora-
tion (John R. Horner pers. email comm., 2015,
2016; Mary H. Schweitzer pers. email comm.,
2015).

It is also worth discussing recent Mesozoic
DNA claims, since these likely suffer from the
same issue of faulty replication as do the claims of
Mesozoic polypeptides. Recently, nuclear DNA has
been suggested to preserve in dinosaur fossil
bones based on propidium iodide (Pl) staining
(Schweitzer et al., 2013; Bailleul et al., 2019)
despite the fact that Pl cannot permeate the
nuclear membrane and recent work has shown
that Pl staining can reveal abundant environmental
(i.e., microbial) DNA contamination on ‘soft tissue’
structures from demineralized dinosaur fossils
(Saitta et al., 2019). Contrasting the results shown
by Bailleul et al. (2019) to those of Saitta et al.
(2019) likely demonstrates that the instances in
which the Pl staining only appears on a small por-
tion of an osteocyte-shaped structure are simply a
select subset of instances in which Pl can adhere
more broadly across the whole structure. These
recent claims also highlight an important issue in
extreme claims of ancient biomolecule preserva-
tion — describing the PI stains as evidence for a
“‘compound chemically consistent with DNA” (Bail-
leul et al. 2019, p. 22) comes across as obscuran-
tism, conveying a sense of hesitancy (through the
use of moderate language) to reach extreme con-
clusions. However, DNA is a molecule, so the
implication in their statement is that a substance
chemically consistent with DNA would be DNA,
and therefore the claim is not moderate despite its
language. Using faulty methods (e.g., PI to search
for nuclear dinosaur DNA) to make vaguely worded
claims can confuse researchers unfamiliar in
molecular methods (e.g., many paleontologists),
leading to false impressions about biomolecule
preservation.

The belief that keratin polypeptides preserve
in fossils continues to be a widespread belief in
dinosaur paleontology influencing the interpretation
of fossil data (e.g., Barbi et al.,, 2019). When
unsupported taphonomic models are used as the
lens by which to view the fossil record, erroneous
conclusions can be drawn on matters of paleobiol-
ogy or evolutionary biology. The utility of the fossil
record as a data source for paleontology and
related fields of science is dependent upon correct
interpretation of such data, emphasizing the impor-
tance of taphonomic research.

Future Work

With respect to the question of keratin poly-
peptide preservation in fossils, particularly Meso-
zoic fossils, further work can still be done to help
resolve some of the concerns we raise in this com-
mentary. 1) The use of improved controls in immu-
nological studies, particularly the inclusion of
modern, experimental, and fossil tissues that are
non-keratinous or non-proteinaceous, as well as
consolidating organic polymers (e.g., cyanoacry-
late or butvar). 2) Increasing the sample sizes of
both applied antibodies and samples/controls in
immunological studies in order to statistically
examine the possibility of cross reactivity. 3) Con-
sidering the effects of pressure and compacted
sediment matrix in thermal maturation experiments
on organic preservation. 4) The open access of
potentially key specimens so that independent
research groups can attempt to validate (rather
than simply replicate) immunological claims using
additional lines of evidence derived from alterna-
tive analytical methods (e.g., amino acid analysis
using high performance liquid chromatography or
pyrolysis gas chromatography-mass spectrome-
try), each with their own benefits and drawbacks.
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