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One of the most well-recognized Cretaceous fossils is Citipati osmolskae
(MPC-D 100/979), an oviraptorid dinosaur discovered in brooding position
on a nest of unhatched eggs. The original description refers to a thin lens of
white material extending from a manus ungual, which was proposed to rep-
resent original keratinous claw sheath that, in life, would have covered it.
Here, we test the hypothesis that this exceptional morphological preservation
extends to the molecular level. The fossil sheath was compared with that of
extant birds, revealing similar morphology and microstructural organization.
In living birds, the claw sheath consists primarily of two structural proteins;
alpha-keratin, expressed in all vertebrates, and beta-keratin, found only in rep-
tiles and birds (sauropsids). We employed antibodies raised against avian
feathers, which comprise almost entirely of beta-keratin, to demonstrate that
fossil tissues respond with the same specificity, though less intensity, as
those from living birds. Furthermore, we show that calcium chelation greatly
increased antibody reactivity, suggesting a role for calcium in the preservation
of this fossil material.

1. Introduction

In 1995, an oviraptorid dinosaur (MPC-D (Mongolian Paleontological Center-
Dinosaur (formerly IGM)) 100/979) preserved upright over a nest of unhatched
eggs [1,2] was recovered from the Djadokhta Formation of Mongolia, estimated
to be Upper Campanian in age [3,4]. Its forelimbs encompass the eggs, and the
hindlimbs are tucked underneath the body and lie parallel to the eggs [1]. The
specimen is entombed by amorphous, massive sandstone; thus a dune-originated
sand slide has been posited as cause of death [3].

The original description [1,2] noted a thin lens of material extending from
the ungual of one of the manual digits (figure 1a, also Fig. 3 in [1]). This
material differed in texture and colour from both the surrounding sandstone
matrix and bone, and was proposed to be the remnants of a claw sheath,
which covers the unguals of living animals, and consists primarily of keratin
proteins. The location and structure of this material suggested the possibility
that original organics may persist.

Here we test this hypothesis using multiple techniques, including electron
microscopy and in situ immunohistochemistry (IHC). We predicted that, if
endogenous, microstructural features comparable with those of extant tissues
would be retained, and the tissue would respond similarly to modern claw
sheath material in immunochemical analyses.

Most researchers recognize two major families of keratins: alpha and beta.
Alpha-keratins [5] are widely distributed across all vertebrates, consistent with an
early evolutionary origin and comprise an alpha-helical central rod, producing a
10 nm intermediate filament [6]. Beta-keratins (or ‘corneous beta-proteins’ [7—-10])
are insoluble, rigid, fibrous, structural proteins distinct from alpha-keratins in com-
position and structure. They are expressed only in reptiles and birds (sauropsids)
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Figure 1. Fossil and extant claw sheath material. (a) Citipati osmolskae (MPC-D 100/979) with exposed claw sheath (white arrow) extending off the ungual of one
of the manual digits. Reprinted with permission from [1] (Copyright © 1995 Macmillan Publishers Ltd). Fossil claw sheath in (b) lower and (c) higher magnification
clearly differentiated from surrounding sediment by colour and texture; sand (arrowhead) is red and granular, sheath is white, dense and cohesive. Higher mag-
nification (c) reveals a fibrous, somewhat rugose texture (arrow). (d) Entire emu claw sheath, with boxed region showing approximate location sampled for

comparative SEM analysis. (Online version in colour.)

[11-13], suggesting that this gene family originated after the
divergence of sauropsids from other vertebrates [5,14—16]. The
beta-keratins have in common a core of approximately 30
amino acids and produce filaments (microfibrils) 3 nm in diam-
eter [17]. The core incorporates amino acids such as proline and
valine [11,17-19] which confers hydrophobicity, therefore,
increasing preservation potential.

Both alpha- and beta-keratins incorporate the amino acid
cysteine, and thus contain sulfur [20]. However, alpha-keratins
exist as both low- (‘soft” keratins like skin), and high-sulfur
proteins (‘hard” keratins like hair and nails) [6,20,21], while
all beta-keratins have a sulfur content and function similarly
to the hard alpha-keratins [15,20]. As they mature, beta-
keratins become increasingly cross-linked through formation
of disulfide bonds [22], adding further rigidity and hardness
to the structures they comprise, thus contributing to preser-
vation potential. Because the outermost cornified layer of the
claw sheath in modern birds is composed primarily of beta-
keratin, it is harder, but is underlain by a more pliable and
softer layer dominated by alpha-keratins [7,23,24].

The composition and structure of beta-keratin suggest
that it may persist in fossil material [25-30]. Furthermore,
because this protein is not found in humans and is vertebrate
specific; its identification eliminates the alternative hypoth-
eses of human or microbial contamination, and when used
with adequate controls is a good indicator of endogeneity.

We performed scanning (SEM) and transmission electron
microscopy (TEM) to compare microstructure of the oviraptorid

claw sheath with homologous extant bird claw sheaths. Then,
we employed an antibody raised against protein extracted
from mature chicken feathers (comprised almost exclusively of
beta-keratin [31,32]) to detect antibody—antigen complexes in
immunohistochemical studies.

2. Material and methods

For additional details of material and methods, see the electronic
supplementary material. Dinosaur claw samples were compared
with extant emu and ostrich claw sheath. Experimental parameters
were identical, but ancient and modern samples were treated in
separate laboratory spaces, and all samples were always handled
using gloves and sterile materials and instruments.

(a) Scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy

An undemineralized fragment of the fibrous material associated
with the MPC-D 100/979 ungual (figure 1b,c) was subjected to
SEM and compared with an approximately 2 mm fragment of
emu claw sheath, taken from the dorsal proximal region
(figure 1d, box).

Fossil material was not coated but emu claw images were cap-
tured after applying a 3—6 nm gold/palladium coating for charge
compensation. EDS data were collected at 20 kV and 10 kV acceler-
ating voltage (for extant and fossil material, respectively), a
working distance of 10 mm and for 100-120 s.
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Figure 2. SEM images of (a) ventral surface of extant emu and (b) Citpati claw sheath material. Both show plate-like layering and rugose texture covering the
surface. Sculpturing in emu occurs as a mat of finger-like projections (inset in a). A similar texture is observed in the fossil material (inset in b), but is less
pronounced than in extant tissue. This may be preservational artefact, or may be due to sampling orientation, which was not noted when collected.

(b) Transmission electron microscopy
After SEM, the same Citipati sheath fragment was embedded in
LR white (hard grade acrylic resin, London Resin Company
Ltd, lot no. 140916, batch no. 409081), and imaged using TEM.
Separately, the ostrich claw sheath was fixed in 10% neutral
buffered formalin, washed in phosphate-buffered saline (PBS),
embedded in LR white, sectioned and mounted following the
protocol outlined in Moyer et al. [33]. Sectioned ostrich claws
were stained with 15% methanolic uranyl acetate and Reynold’s
lead citrate prior to imaging. Fossil material was visualized
without staining.

(¢) In situ immunohistochemistry —immunofluorescence
Citipati samples were demineralized overnight in 0.5 M ethylene-
diaminetetraacetic acid (EDTA) pH 8.0 to chelate calcium (see
Discussion) before conducting immunological tests. Tissue
remaining after demineralization (electronic supplementary
material, figure S4b) was collected and washed in PBS.

In a separate room, ostrich claw sheath, decalcified ostrich
bone and alligator skin were fixed in 10% neutral buffered forma-
lin for a minimum of 1h followed by PBS wash. All samples
were then embedded in LR white resin and sectioned to
200 nm using dedicated ultramicrotome diamond knives.

For complete details on antibodies, IHC methods and speci-
ficity controls, see [33]; electronic supplementary material, figures.

The primary antiserum was exposed to keratinous tissues from
the two extant groups of archosauria: chicken feather and alligator
skin (electronic supplementary material, figure S5). Both were
positive for binding. Using extant phylogenetic bracketing, we
applied the first-order assumption that dinosaur tissue would
also show reactivity in a similar pattern, if epitopes were preserved
[34]. This antiserum was applied at a final concentration of 1 : 500
for all test samples and controls.

3. Results

Location, gross morphology, microstructural features and mol-
ecular reactivity are similar between the fossil claw material
and extant emu and ostrich claw sheaths, supporting the
hypothesis that the original keratinous tissue was preserved
in the Citipati specimen. In hand sample, fossil claw tissue
was white and amorphous (figure 1b,c, arrow), contrasting
with both the surrounding sandstone grains (figure 1b,c,
arrowheads) and textured bone (figure 1a). SEM images
show the presence of thin, plate-like layers, similar to those

observed in extant emu claw sheaths (figure 2). Both fossil
and extant claw possess rugosities over the surface, appearing
as whorls in the emu claw (figure 24, inset) while Citipati tissues
show similar, but less pronounced ridges (figure 2b, inset).

The elemental composition of the oviraptorid claw sheath
was dominated by oxygen and calcium (figure 3, approx.
68% of total X-rays), but no calcium was detected in the emu
tissue (electronic supplementary material, figure S2); rather
carbon, oxygen and sulfur were most abundant (approx. 97%
of X-rays detected). Other elements, including phosphorous,
silicon, aluminium were detected in the fossil claw, which
along with carbon, oxygen and calcium represented appro-
ximately 97% of the X-rays detected (figure 3). Quantitative
data (table 1) showed that calcium was concentrated in
the fossil claw over that detected in the surrounding sediments
(electronic supplementary material, figure S3).

When the fossil and extant claw sheath tissues were observed
under TEM (figure 4), both revealed parallel-oriented fibres
which occasionally separate to form irregularly spaced openings
(figure 4a,b, encircled voids). These do not reflect sectioning
artefact but were part of the original structure (see Discussion).

Electronic supplementary material, figure S5a,b show that
the antibody cross reacts to alligator skin, localizing to the
outermost layer (stratum corneum) of the epidermis, where
beta-keratin dominates [18]. No binding was observed in the
underlying layers, which are composed primarily of alpha-
keratin [24], demonstrating specificity. By contrast, a wider
distribution of binding was seen in the extant feather (electronic
supplementary material, figure S5e,f) and claw sheath material
(figure 5a,b), consistent with higher concentrations of this
protein in these tissues. These data show that epitopes are con-
served between these two extant archosaurian members.
Binding was also observed in Citipati claw tissue (figure 5e,f),
although reduced in intensity relative to extant counterparts.

No binding was observed in any negative controls
(figure 5; electronic supplementary materials, figures S5-S8,
also see [33]).

4. Discussion

Micro- and ultrastructure of the Citipati claw material
observed in both SEM and TEM are consistent with that of
extant emu and ostrich claw sheaths in possessing plate-like
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Figure 3. SEM-EDS analyses of Citipati claw sheath material. These six elements represent approximately 97% (by mass) of the X-rays detected. Quantitative data
show oxygen is dominant in both white claw sheath material and sediment; however, there was a relatively greater amount of calcium detected in the claw sheath
than in the sediment. No calcium was detected in the emu claw (electronic supplementary material, figure S2). See table 1 for quantitative data. (Online version
in colour.)

Table 1. SEM-EDS quantitative data for the emu claw sheath (electronic supplementary material, figure S2), fossil Citipati claw sheath (figure 3) and sediment
associated with the fossil (electronic supplementary material, figure S3), in decreasing abundance. Data are presented by weight (ms%) and molar (mol%)
percentages. Intriguingly, iron is present in the sediment but is not detected in the fossil claw sheath, indicating little transfer between the oviraptorid claw
sheath tissues and entombing sediments. Note the difference in relative abundance of calcium (italicized) in the fossil claw sheath compared to the extant emu

claw sheath (see Discussion).

emu Citipati sediment

element element element

C 75.48 81.85 0 36.76 4837 0 41.39 44.49
0 20.08 16.34 (a 31.57 16.58 24.68 35.34
S 3.22 131 C 11.88 20.82 Si 18.64 1.4
a 0.67 0.25 p 11.85 8.05 Al 7.2 459
Na 0.29 0.16 Si 476 3.57 (a 237 1.02
K 0.26 0.09 Al 1.94 1.52 Fe 2.04 0.63

morphology with regular rugosities on the surface. This
sculpturing may serve to increase surface area, for greater
adhesion to the underlying bone. In fact, similar rugosities
on bony surfaces are used as an osteological correlate for
the presence of a keratinous covering, e.g. on the rostrum of
dinosaurs with beaks [37-39], or covering the bony shield,
specifically the epiparietals of ceratopsians (e.g. [40,41]).
The voids between fibres of ostrich claw sheath tissue
observed in TEM are also seen in Citipati, and may be remnants
of lipid droplets which deform keratin fibres around them,
forming rounded openings, which remain even after corni-
fication in extant forming keratinous tissues [35,36,42,43].

Alternatively, these voids may represent amorphous corneous
material, containing glycine-rich beta-keratins, in a poorly
stainable, electron-pale matrix ([10] and references therein).

Although carbon was much higher in the emu claw sheath,
consistent with its organic composition, carbon was also
the third most abundant element in the fossil material,
supporting the possibility of organic content remaining in
these tissues.

Determining the mode of preservation is beyond
the scope of this paper, but several aspects of our study
suggest calcium may have played a role in the preservation
of this oviraptorid claw sheath material. Calcium was not
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Figure 4. TEM micrographs of (a) ostrich claw sheath and (b) Citipati claw sheath. In both samples, parallel fibres can be seen running diagonally, and identical
voids (encircled regions) were observed among the fibres in both samples. We hypothesize that voids may represent structural remnants of original lipid droplets in
developing claw sheath tissue [35,36]. Alternatively, these voids may represent amorphous corneous material in a poorly stainable, electron-lucent matrix ([10] and

references therein). (Online version in colour.)

Figure 5. Immunohistochemical staining results for (@a—d) ostrich claw sheath and (e—h) Citipati claw sheath exposed to antiserum raised against avian feathers
[33]; (a, ¢, e and g) are imaged using a FITC filter; (b, d, f and h) are overlay images, superimposing fluorescent signal on a transmitted light image of sectioned
tissue to reveal the localization of antibody —antigen complexes to tissue. Positive binding is observed in both extant and fossil claw sheath material. Controls using
secondary antibody only are negative for both (c,d) ostrich and (g,h) fossil material. (Online version in colour.)

detected in the emu claw sheath, and was only minimally
present in sediments directly surrounding the fossil, but
was greatly elevated in the fossil claw sheath. The source of
this calcium may be mobilization, possibly microbially
mediated, either from the underlying bone [25] or from a
calcium carbonate lens described in the Citipati burial sedi-
ments [44]; however, the detection of iron in the burial
sediments but not in the Citipati claw sheath (table 1) suggests
minimum transfer from sediments to tissue. Such rapid
mineral deposition, regardless of source, may have acted to
stabilize the keratinous sheath before its complete degrada-
tion [45,46]). Future taphonomic experiments will examine
the mechanisms and role of calcium in the preservation of
claw sheath tissue.

Another, but untestable hypothesis, is that dinosaur claw
sheaths were biomineralized in life. Calcification of kerati-
nous structures has been reported in alpha-keratinous
structures in mammals [47,48], but the majority of keratinous
structures in extant animals are not biomineralized and, to
our knowledge, no beta-keratinous tissues are reported to

undergo biomineralization in life. It is more parsimonious
to assume the concentration of calcium in the oviraptorid
claw sheath is diagenetic in origin. It may, nonetheless,
have contributed to the molecular preservation we observed.

Although calcium may have played a role in preserving
the organic residues detected by our methods, its remouval
greatly enhanced immunohistochemical results. This effect
was demonstrated in experiments with other heavy metal
ions, i.e. iron, associated with fossil soft tissues [49].

Because beta-keratin is not produced by mammals or
microbes [50], which are the most likely sources for contami-
nation, specific binding and localization of beta-keratin
epitopes to these fossil tissues strongly supports the hypo-
thesis that endogenous protein components are preserved
in MPC-D 100/979. The reduced binding observed in the
fossil sample relative to extant ostrich tissue may have
resulted from: (i) less tissue incorporated into sections,
(ii) the presence of fewer cross-reacting epitopes in this dino-
saur in vivo because of evolutionary distance and/or (iii) the
preservation of fewer reactive epitopes.
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Binding was negative when antiserum was exposed to con-
trols not expected to possess beta-keratin (e.g. decalcified
ostrich bone; electronic supplementary material, figure S8c,d;
human fingernail [33]); similarly, the Citipati claw sheath did
not react when exposed to an antibody to human elastin (not
present in any keratinous tissue) applied under the same par-
ameters as beta-keratin antibodies (electronic supplementary
material, figure S7a,b). These controls testify to the specificity
of these antibodies, and refute the possibility that our anti-
bodies were binding randomly, or that secondary antibodies
were binding non-specifically. Furthermore, when antiserum
was inhibited with purified feather extracts prior to exposure,
antibody binding was greatly reduced or eliminated, support-
ing the hypothesis that these antibodies are specific to keratin
epitopes remaining in the tissue (electronic supplementary
material, figures Séc,d and S7c,d). Finally, localization of
antibody—-antigen complexes to the outermost layer of alligator
skin shows this antiserum to be specific to and cross-reactive
with beta-keratin epitopes in other tissues, but not with
alpha-keratin (also see figure S3 in [33]), and demonstrates
that specific antibodies can be used to delineate compositional
differences in tissues.

Keratinous tissues preserved with fossils are rare, and in
general, the amount of available working material is much
less than that recovered from fossil bone or other biominera-
lized remains. This limits the methods that can be employed
and requires methods that yield the most amount of infor-
mation from the least destruction of irreplaceable, limited
material. For these tissues, chemical extraction to recover pro-
teins for electrophoresis and/or mass spectrometry to recover
sequence information are precluded. However, in situ immuno-
histochemical analyses, when used with appropriate controls,
can be employed to support endogeneity and inform on the
presence of proteinaceous components also present in modern
homologues. When antibodies support the presence of
endogenous proteins, these can be used in immunoprecipita-
tion to isolate and concentrate peptides for mass spectrometry
and inform on epitope retrieval.

Because these keratinous tissues are often preserved as
small, thin structures (compared with skeletal material), they
are susceptible to destruction during preparation; our study
calls for an increased awareness on the part of both palaeontol-
ogists and preparators that these originally proteinaceous
structures may be preserved, particularly when other aspects
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