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Abstract

Ancient proteins possess higher preservation potential than ancient DNA, and
thus proteomic research can help elucidate biological characteristics of extinct
organism groups that lie beyond the scope of ancient DNA studies. The old-
est peptide discovered to date was found in ostrich eggshell fossils from the
Late Miocene Linxia Basin in northwestern China, representing a portion of
the eggshell mineralization-related protein struthiocalcin (SCA-1). Previous re-
searchers believed that SCA-1 was uniformly distributed throughout the eggshell
and could be preserved over geological time scales due to its capacity to bind
with calcite crystals. The present study conducted histological, scanning elec-
tron microscopy, and Raman spectroscopy analyses on the same ostrich eggshell
fossil, revealing that the crystal nuclei within the inner cone layer of the eggshell
contained partial apatite, while other regions were composed entirely of calcite;
these nuclei regions must have undergone phosphatization during diagenesis.
Following decalcification treatment of the fossil eggshell sample, residues were
observed in the cone layer nuclei regions, exhibiting a network-like fibrous struc-
ture whose location and morphology resemble those of organic matter residues
after decalcification in modern ostrich eggshells. These results indicate that an-
cient peptides in this fossil eggshell may be concentrated and preserved at the
cone layer nuclei rather than being uniformly distributed throughout the entire
eggshell. Phosphatization may represent an additional taphonomic process con-
ducive to the long-term preservation of organic matter. The paleoclimate and
burial environment of the Linxia Basin may have provided favorable conditions
for the preservation of this ancient protein molecule. It is recommended that
future research conduct more comprehensive histochemical and mineralogical
analyses to further elucidate the preservation mechanisms of organic matter
and ancient proteins in this basin.
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Abstract: Ancient proteins have higher preservation potential than ancient
DNA, enabling proteomic studies to illuminate the biology of extinct groups
beyond the reach of ancient DNA research. The oldest peptide discovered to
date is part of struthiocalcin (SCA-1), a protein involved in eggshell mineral-
ization, found within an ostrich egg from the Late Miocene Linxia Basin of
Northwest China. It was originally hypothesized that SCA-1 was evenly dis-
tributed throughout the eggshell and survived for so long because it was bound
to calcite crystals. We conducted histological, scanning electron microscopy,
and Raman spectroscopic analyses on this same fossil egg to test whether pro-
tein or organic matter could be observed in specific eggshell regions and indeed
bound to calcite crystals. Our results show that the eggshell is composed en-
tirely of calcite except at the base layer, which contains mammillary knobs at
least partially made of apatite. These knobs were secondarily phosphatized dur-
ing diagenesis. After decalcification, the fossilized mammillary knobs displayed
fibrous residues consistent in location and morphology with remnants of origi-
nal organic material forming a network, similar to the organic matrix observed
in extant ostrich eggshell using the same method. These results suggest that
SCA-1 may have been concentrated in the mammillary knobs rather than evenly
distributed throughout the eggshell.

Phosphatization may represent another taphonomic process that favors organic
preservation over deep time. The paleoclimate and taphonomic environment of
the Linxia Basin may have provided favorable conditions for molecular preser-
vation in this egg. More in-depth histochemical and mineralogical analyses will
certainly increase our understanding of organic and ancient protein preservation
in this basin.
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1. Introduction

The analysis of ancient proteins is an emerging field in paleontology and pa-
leoanthropology that can reveal insights into the physiological, ecological, and
evolutionary traits of extinct organisms, including our own ancestors (Hendy
et al., 2018; Thomas and Taylor, 2019; Warren, 2019; Hendy, 2021). Among
ancient proteins, those involved in biomineralization specifically demonstrate
good preservation potential (Demarchi et al., 2016).

Recently, Demarchi et al. (2022) extracted a polypeptide from a fossilized ostrich
eggshell found in the Linxia Basin of Northwest China using liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS), representing the oldest
ancient peptide sequence discovered to date, dating back to 6-9 Ma (Demarchi
et al., 2022). This polypeptide is part of the protein called struthiocalcin SCA-1,
homologous to ovocleidin OV-17 of the chick (Arias et al., 2007; Gautron and
Nys, 2007; Gautron et al., 2021). Molecular dynamics analysis shows that SCA-
1 is tightly bound to calcite particles, making the polypeptide more stable and
resistant to degradation (Demarchi et al., 2016). The authors suggested that
binding to calcite crystals is one reason why the protein survived over deep time
and that the protein was distributed evenly among the eggshell layers (Demarchi
et al., 2016, 2022).

Currently, many hypotheses exist about how molecules (e.g., DNA, proteins)
are preserved over deep time within tissues. Besides the proposal for SCA-1, re-
searchers think that dry and cold environments slow organic matter degradation
and benefit ancient protein preservation (Kendall et al., 2018). Dehydration is
believed to favor preservation of non-mineral-bound polypeptide chains (Collins
and Riley, 2000). However, without histological analyses, these hypotheses re-
main speculative. A unification of the fields studying and sequencing ancient
biomolecules and paleohistology is necessary to answer these questions. Here, we
begin testing pre-existing hypotheses proposed by molecular paleontologists and
experts in ancient molecules using this eggshell bearing the oldest known peptide.
To test the calcite-bound peptide hypothesis, we analyzed the histology (with
ground sections and scanning electron microscopy, SEM) and chemistry (with
energy-dispersive X-ray spectroscopy, EDS) of an adjacent eggshell fragment
from the same egg. Additionally, we removed all calcite from another fragment
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using the decalcifying solution EDTA (ethylenediaminetetraacetic acid) to visu-
alize potential organic matter remaining after calcite dissolution. Overall, the
main goal of this study was to improve understanding of peptide preservation
in this eggshell and its mode of fossilization.

2. Materials and Methods
2.1 Material

Two fragments were sampled from the fossil ostrich eggshell (Struthio linxiaensis,
IVPP V 26107) from the Late Miocene Liushu Formation of the Linxia Basin in
Gansu Province, Northwest China (Demarchi et al., 2022). One fragment was
used for petrographic ground-sectioning and SEM-EDS analyses, and another
was used for demineralized paraffin sectioning and histological staining. Extant
common ostrich (Struthio camelus) eggshell fragments were collected from the
IVPP collections for both ground and demineralized paraffin sections for com-
parison with the fossil material. Due to contrasting material properties, the soft
egg membrane of the extant eggshell was removed from the fragment used for
ground-sectioning.

2.2 Petrographic Ground-Sectioning

Fragments of both fossil and extant eggshell were embedded in EXAKT Tech-
novit 7200 (Norderstedt, Germany) one-component resin, which was cured for
12 hours. The embedded blocks were then mounted onto glass slides. Sections
were cut with an EXAKT 300CP accurate circular saw and ground and pol-
ished with the EXAKT 400CS grinding system (Norderstedt, Germany) until
the desired optical contrast was reached at approximately 30-50 m thickness.
Sections were observed under natural and polarized light with a Nikon Eclipse
LV100NPOL microscope and photographed with a DS-Fi3 camera and the built-
in NIS-Element v4.60 software.

2.3 Demineralized Paraffin Sections and Histological Staining

The fragments were embedded in 3% agar (AoBoXing Product 01-023) and
demineralized with EDTA (Invitrogen, Thermo Fisher Scientific, 0.5 M, pH 8.0)
for 3 days until the eggshell fragment became transparent. The agar blocks
were then washed with water to remove any leftover EDTA and subsequently
subjected to routine paraffin section protocol (Schweitzer et al., 2016; Bailleul
et al., 2020), including dehydration, clearing in xylene, and paraffin infiltration
and embedding. Sections were cut at 5 m on a rotary microtome (Leica Biosys-
tems RM2265), placed into a warm water bath (at about 44 °C) with water
bath adhesive (Electron Microscopy Sciences Cat.#71303-01) and mounted on
charged slides (Superfrost Plus, Fisher Scientific). Slides for SEM and EDS ex-
aminations were simply deparaffinized in different xylene solutions for about 15
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min. Some other slices were stained with standard alcian blue for the organic
matrix of the eggshell following the protocol used in Schweitzer et al. (2016).
Stained sections were observed under transmitted and polarized light using the
same equipment and software as the ground-section slices.

2.4 SEM and EDS

SEM images and energy-dispersive X-ray spectroscopy (EDS) of the ground-
section slices and the deparaffinized demineralized paraffin section slices of both
fossil and extant samples were taken at the Chinese Academy of Geological
Sciences (Beijing) using an FEI Quanta 450 (FEG) at 20 kV without coating.
BSE (back-scattered electrons) modes were applied to the slices.

2.5 Raman Spectra Analysis

Spot Raman analyses were performed using an Alpha300R Raman spectrometer
with a 600 grooves/mm grating and a CCD detector. Data were collected using
a laser wavelength of 532 nm and a laser power of 15 mW. The spectra were
obtained in the range from 100 to 3900 cm™! at an exposure time of 0.4 s with
two data accumulations on the eggshell cross-sections. Acquisition time was 0.4
S per spot.

3. Results
3.1 Paleohistology, SEM and EDS on Ground Sections

The fossil eggshell IVPP V 26107 has a thickness of 3.15 mm, significantly
greater than that of the extant common ostrich eggshell (2.02 mm). The ground
section of the fossil eggshell under transmitted light reveals at least two layers
from the inside out: a mammillary layer and a palisade layer [Figure 1: see
original paper]. A pore connects the inner and outer surfaces of the shell [Figure
1: see original paper]|. The lower quarter of the shell (the mammillary layer)
is lighter in color than the upper part, which has a thin dark layer on the
inner surface [Figure 1: see original paper]. This thin dark layer corresponds
to the location of the mammillary knobs [Figure 1: see original paper]. Under
polarized light, the center of the knobs shows an extinction pattern similar to
the resin used to embed the samples and quite distinct from the calcite crystals
of the eggshell [Figure 1: see original paper|. This is also observed in the extant
ostrich eggshell [Figure 1: see original paper].

Backscattered electron (BSE) images of the ground section show that both the
fossil and extant eggshells are dense, except for the mammillary knobs which are
relatively porous [Figure 2: see original paper]|. EDS analysis revealed calcium-
rich elements throughout both eggshells [Figure 2: see original paper], consistent
with calcite as the major component (Hincke et al., 2012). In the fossil eggshell
IVPP V 26107, the pores of the mammillary knob are fewer in number but
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larger in size than those of the extant ostrich eggshell [Figure 2: see original
paper]. The mammillary knobs of V 26107 are composed of calcium (Ca), some
oxygen (O), and are highly enriched in phosphorus (P) [Figure 2: see original
paper]. Raman spectra analysis on the mammillary layer of V 26107 showed the
presence of both calcite and apatite in the knobs, while only calcite was found
in other parts of the mammillary layer.

In the extant ostrich eggshell, the core of the mammillary knob shows higher
carbon content and lower calcium content than other parts, with relatively low
density indicated by darker color [Figure 2: see original paper]. Although some
phosphorus is present in the extant specimen, the concentration is relatively low
and evenly distributed without local enrichment [Figure 2: see original paper],
unlike what is observed in the fossil. Contrary to IVPP V 26107, Raman analysis
did not find any apatite in the extant ostrich eggshell, either in the mammillary
layer or the palisade layer, which is consistent with previous studies (Cusack et
al., 2003; Yang et al., 2018).

Additionally, some layered material adheres to the mammillary knob of the fossil
eggshell [Figure 2: see original paper|, which is rich in oxygen (O), aluminum
(Al), and silicon (Si) elements [Figure 2: see original paper], indicating it may
be clay and silica from sediments, consistent with the burial environment of
the Liushu Formation (Deng et al., 2004b). At the bottom of the EDS images
of both the fossil and extant eggshell, the embedding resin shows a significant
high carbon (C) signal, indicated as bright yellow in the fossil sample [Figure 2:
see original paper| and bright red in the extant sample [Figure 2: see original

paper].

3.2 Paleohistology, SEM and EDS on Demineralized Paraffin Sections

The second fragments of both fossil and extant eggshells were decalcified in
EDTA, transformed into 5 m sections, deparaffinized with xylene, and stained
with alcian blue [Figure 3: see original paper].

After decalcification, most mineral matrix of both the fossil and extant eggshell
dissolved, including calcite and apatite. Some residues with a radial and fan-
shaped appearance can be seen at the internal surface of the fossil eggshell
[Figure 3: see original paper]. These residues are consistent in morphology,
distribution, and size with the mammillary knobs of both the fossil and ex-
tant ostrich eggshell [FIGURE:1, FIGURE:3|, while all other eggshell layers
were completely dissolved in the EDTA solution or did not adhere to the slide
[Figure 3: see original paper]. The micro-fibers found in these residues appear
connected to each other, forming a network [Figure 3: see original paper]. In the
demineralized section of the extant ostrich eggshell, the knobs are connected to
the soft egg membrane with a more regular shape [Figure 3: see original paper].
The core of the knobs in the fossil sample appears empty after demineralization
[Figure 3: see original paper] and was probably also dissolved in the EDTA
solution, just as the other eggshell layers were.
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Under SEM, residual calcite crystals (rich in calcium) in the middle of the V
26107 fragment are indicated by bright yellow in [Figure 4: see original paper].
We observed fibrous matter attached to the residual calcite crystals (indicated
by white arrows, [Figure 4: see original paper]). The fibrous matter is approx-
imately 42 microns long and 6.5 microns wide at its widest point, tapering at
both ends and slightly wider in the middle where it attaches to a calcite crystal
[Figure 4: see original paper].

The elemental composition of this fiber is significantly different from that of the
surrounding calcite, with very little calcium but rich in carbon, suggesting it
may be a remnant of original organic material that was slightly calcified.

3.3 Raman Spectra Analysis on Ground Sections

Raman spectra of the mammillary knob on ground sections of both fossil and
extant ostrich eggshell show obvious bands at 283 cm™' and 1085 cm™*!, cor-
responding to the calcite vibrational pattern and consistent with calcite as the
main mineral in eggshells [Figure 5: see original paper].

Raman spectra of the fossil samples also show a clear band at ~961 cm ™! [Figure
5: see original paper], which can be attributed to the symmetric stretching
vibration of the P-O bond in phosphate radical (PO,3"). This observation,
along with results from SEM and EDX analysis [Figure 2: see original paper],
indicates that the mammillary knob of the fossil eggshell contains not only
calcite but also apatite.

Bands at 1434 cm ™! and 2933 cm ™! in both fossil and extant eggshell samples
may represent some organic matter, which is consistent with bands in the resin
used for sample embedding [Figure 3: see original paper], rather than indicat-
ing any endogenous organic matter. The resin may penetrate the sample during
embedding due to the porous feature of the mammillary knob observed by SEM
[Figure 2: see original paper]. Considering the definitive evidence for endoge-
nous organic matter in this fossil and extant specimen [FIGURE:1, FIGURE:3,
FIGURE:4] (Demarchi et al., 2022), this implies that Raman spectroscopy may
not be effective for detecting organic matter in such resin-embedded samples,
or that the endogenous organic matter (protein or peptide) may be too trace to
be identified by Raman spectroscopy. This also reminds us to be cautious when
testing for organic matter in this type of sample.

4. Discussion
4.1 Phosphatization of the Mammillary Knobs of the Fossil Eggshell

EDS and Raman spectroscopy results show apatite concentration specifically at
the mammillary knobs of IVPP V 26107 (not in the palisade layer or anywhere
else in the eggshell) [FIGURE:2, FIGURE:3, FIGURE:5]. Since no apatite
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has ever been reported in the mammillary and palisade layers of extant avian
eggshells (also supported by Raman data from this study showing no apatite
anywhere in the extant ostrich egg fragment, [Figure 5: see original paper]), and
apatite is only found in the cuticle layer of extant avian eggshells (Cusack et al.,
2003; Yang et al., 2018), the apatite in V 26107 is diagenetic. The small amount
of phosphorus found in the extant ostrich eggshell comes from the organic matrix
of the eggshell.

Phosphatization is a relatively common phenomenon during fossilization of soft
eggshells, probably through apatite replacement of the membrana testacea (shell
membrane). This was observed in the egg of Hamipterus from the Early Creta-
ceous (Li et al., 2022), the egg of Lufengosaurus from the Early Jurassic (Stein
et al., 2019), and in Antarcticoolithus from the Late Cretaceous (Legendre et
al., 2020). In extant avian eggshells, the mammillary knobs have significantly
higher organic matter content than other parts of the eggshell (Nys et al., 2004;
Solomon, 2010; Hincke et al., 2012). Therefore, the phosphatization mechanism
involved in the Struthio linxziaensis egg studied here may have been similar to
soft egg fossilization, where apatite grew onto the template formed by original
organic matter at the molecular scale (Zhang et al., 2011; Li et al., 2022).

4.2 Preliminary Insights on Organic Preservation

In this study, we found fibrous residues after decalcification from the fossil os-
trich eggshell similar in morphology, location, and size to the mammillary knobs
of the extant eggshell [FIGURE:3, FIGURE:4]. Since the decalcification solution
removed calcium from minerals like calcite and apatite, and since EDS analy-
sis excluded the presence of silica [Figure 2: see original paper], these residues
are most likely organic, probably remnants of the original proteinaceous fibrous
network found within the mammillary knobs.

A previous study suggested that SCA-1 protein was evenly distributed among
the layers and bound to calcite crystals (Demarchi et al., 2016). However, our
results suggest a different story. Among mineralized eggshells in extant birds,
the mammillary knob is the site of calcification initiation and is rich in organic
matter (Nys et al., 2004; Solomon, 2010; Hincke et al., 2012). SCA-1 and its ho-
mologous protein OV-17 are not distributed evenly throughout the shell matrix
but are concentrated in the mammillary knobs (Hincke et al., 1995; Gautron
et al., 2021). The residue found here in the mammillary knobs of the dem-
ineralized fossil ostrich eggshell [Figure 3: see original paper]| is consistent with
the abundance of organic matrix in mammillary knobs and the concentration
of SCA-1 in extant avian eggs. Hence, the ancient peptide belonging to SCA-1
found by Demarchi et al. (2022) in the very same egg we re-analyzed here may
not be evenly distributed among the layers but instead concentrated within the
mammillary knobs.

Additionally, since the mammillary knobs of V 26107 were enriched in phospho-
rus [Figure 2: see original paper] and contained apatite [Figure 5: see original
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paper], our combined results and literature knowledge suggest that phosphati-
zation may also have contributed to the survival of the polypeptide found by
Demarchi et al. (2022).

Phosphatization, as an important taphonomic process for fossil preservation,
represents the finest taphonomic mode that can preserve subcellular structures
(Briggs et al., 1993; Schiffbauer et al., 2014). Some organic molecules such as
proteins can interact with apatite crystals and become embedded or adsorbed
within the mineral structure, similar to what occurs during bone and teeth
formation (e.g., Iline-Vul et al., 2020; Hong et al., 2022). It has been shown
experimentally that phosphatization of soft tissues can occur within several
weeks (Briggs and Kear, 1993), preventing decomposition of organic matter
early during burial and facilitating long-term preservation.

4.3 Hypothesized Diagenetic Pathways of the Ostrich Eggshell from
the Linxia Basin

During phosphatization, organic tissues such as the egg membrane are a poten-
tial source of phosphorus (Schiffbauer et al., 2014). Phosphorus could also come
from the environment or decaying organic matter (Orr, 2014), and abundant an-
imal bone fossils found in the strata of the Linxia Basin (Bergmann et al., 2010).
As a closed structure, the eggshell can isolate external oxygen and microorgan-
isms, which is conducive to organic matter preservation (McCoy, 2014). During
the Late Miocene, uplift of the Tibetan Plateau caused monsoon changes, re-
sulting in arid climates in central Asian regions including the Linxia Basin (Li
and Fang, 1999; Deng, 2004a, 2009; Liu and Dong, 2013). A dry environment
is also thought to favor preservation of ancient proteins, since breakdown of
polypeptide chains into amino acids requires water participation (Demarchi et
al., 2016).

Combining microstructural results with EDS and Raman analyses, our study
proposes a diagenetic pathway for phosphatization of original organic matter in
this ostrich eggshell and other organic preservation in the Linxia Basin [Figure
6: see original paper] (Li et al., 2021).

The process of avian embryonic development leads to resorption of mammillary
knobs and separation of the hard eggshell from the shell membrane (Hincke et
al., 2018). In V 26107, the mammillary knobs are well preserved, indicating
that no embryo ever developed in this egg and that the eggshell including the
shell membrane remained intact. Initial decomposition of organic matter in the
eggshell may have been prevented by the arid or semiarid environment of the
Late Miocene Linxia Basin. After the egg was buried by sediment brought by
seasonal precipitation, phosphatization may have occurred quite rapidly, and
phosphate minerals may have replaced some organic material within the mam-
millary knobs. This most likely helped preserve peptides within this eggshell,
such as SCA-1, specifically identified by LC-MS/MS in Demarchi et al. (2022).
Further work is needed to verify this hypothesis to better understand modes of
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organic preservation in this eggshell and throughout the Linxia Basin.

5. Conclusions

This study reports the preservation and unique phosphatization process of mam-
millary knobs in a fossil ostrich eggshell from the Linxia Basin, representing a
case of avian eggshell phosphatization during fossilization. We suggest that
protein distribution in this fossil eggshell is concentrated within the mammil-
lary knobs, as in extant bird eggshells, rather than homogeneously distributed
throughout the eggshell. We propose that phosphatization, perhaps in addition
to calcite binding of some proteins, may also play a role in preserving peptides
over geological time. This is a preliminary study, and additional in-depth anal-
yses involving protein stains and immunohistochemistry will be necessary to
confirm our phosphatization and new apatite-bound peptide hypothesis. We
further propose a hypothetical diagenetic pathway for organic preservation in
this eggshell and throughout the Linxia Basin. We encourage further analysis
of more specimens from the same strata within the Linxia Basin to provide
more evidence of molecular preservation and to fully understand mechanisms
for organic preservation over deep time.

Acknowledgments

We thank ZHANG Shukang for preparing the ground-section slices. We thank
WANG Qiang, Zhang Shukang, YANG Yimin, RAO Huiyun, Dana RASHID,
and Susan CHAPMAN for discussions. This work was supported by the
National Natural Science Foundation of China under grants 42288201 and
42350610256, and the Youth Innovation Promotion Association Grant of the
Chinese Academy of Sciences under grant 2023078.

References

Arias J L, Mann K, Nys Y et al., 2007. Eggshell growth and matrix macro-
molecules. In: Bauerlein ed. Handbook of Biomineralization. Weinheim: John
Wiley & Sons, Ltd. 309-327

Bailleul A M, Zheng W, Horner J R et al., 2020. Evidence of proteins, chro-
mosomes and chemical markers of DNA in exceptionally preserved dinosaur
cartilage. Natl Sci Rev, 7: 815-822

Bergmann U, Morton R W, Manning P L et al., 2010. Archaeopteryx feathers
and bone chemistry fully revealed via synchrotron imaging. Proc Natl Acad Sci
USA, 107: 9060-9065

chinarxiv.org/items/chinaxiv-202404.00069 Machine Translation


https://chinarxiv.org/items/chinaxiv-202404.00069

ChinaRxiv [$X]

Briggs D E G, Kear A J, 1993. Fossilization of soft tissue in the laboratory.
Science, 259: 1439-1442

Briggs D E G, Kear A J, Martill D M et al., 1993. Phosphatization of soft-tissue
in experiments and fossils. J Geol Soc, 150:

Collins M J, Riley M S, 2000. Amino acid racemization in biominerals: the
impact of protein degradation and loss. In: Goodfriend G A, Collins M J, Fogel
M L et al. eds. Perspectives in Amino Acid and Protein Geochemistry. Oxford:
Oxford University Press. 120-142

Cusack M, Fraser A C, Stachel T, 2003. Magnesium and phosphorus distribution
in the avian eggshell. Comp Biochem Physiol B Biochem Mol Biol, 134: 63-69

Demarchi B, Hall S, Roncal-Herrero T et al., 2016. Protein sequences bound to
mineral surfaces persist into deep time. eLife, 5: €17092

Demarchi B, Mackie M, Li Z H et al., 2022. Survival of mineral-bound peptides
into the Miocene. eLife, 11: 82849

Deng T, 2004a. Evolution of the Late Cenozoic mammalian faunas in the Linxia
Basin and its background relevant to the uplift of the Qinghai-Xizang Plateau.
Quat Sci, 24: 413-420

Deng T, 2004b. Cenozoic stratigraphic sequence of the Linxia Basin in Gansu,
China and its evidence from mammal fossils. Vert PalAsiat, 42: 45-66

Deng T, 2009. Late Cenozoic environmental changes in the Linxia Basin (Gansu,
China) as indicated by cenograms of fossil mammals. Vert PalAsiat, 47: 282-
298

Gautron J, Nys Y, 2007. Eggshell matrix proteins. In: Huopalahti R, Lépez-
Fandino R, Anton M et al. eds. Bioactive egg compounds. Berlin, Heidelberg:
Springer Berlin Heidelberg. 103-108

Gautron J, Stapane L, Le Roy N et al., 2021. Avian eggshell biomineralization:
an update on its structure, mineralogy and protein tool kit. BMC Mol Cell Biol,
22: 11

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

Hendy J, Welker F, Demarchi B et al., 2018. A guide to ancient protein studies.
Nat Ecol Evol, 2: 791-799

Hincke M T, Tsang C P W, Courtney M et al., 1995. Purification and immuno-
chemistry of a soluble matrix protein of the chicken eggshell (ovocleidin 17).
Calcif Tissue Int, 56: 578-583

Hincke M T, Nys Y, Gautron J et al., 2012. The eggshell: structure, composition
and mineralization. Front Biosci Landmark Ed, 17: 1266-1280

Hincke M T, Da Silva M, Guyot N et al., 2018. Dynamics of structural barriers
and innate immune components during incubation of the avian egg: critical in-

chinarxiv.org/items/chinaxiv-202404.00069 Machine Translation


https://chinarxiv.org/items/chinaxiv-202404.00069

ChinaRxiv [$X]

terplay between autonomous embryonic development and maternal anticipation.
J Innate Immun, 11: 111-124

Hong M H, Lee J H, Jung H S et al., 2022. Biomineralization of bone tis-
sue: calcium phosphate-based inorganics in collagen fibrillar organic matrices.
Biomater Res, 26: 42

Iline-Vul T, Nanda R, Mateos B et al., 2020. Osteopontin regulates biomimetic
calcium phosphate crystallization from disordered mineral layers covering ap-
atite crystallites. Sci Rep, 10: 15722

Kendall C, Eriksen A M H, Kontopoulos I et al., 2018. Diagenesis of archaeo-
logical bone and tooth. Palaeogeogr Palaeoclimatol Palaeoecol, 491: 21-37

Legendre L J, Rubilar-Rogers D, Musser G M et al., 2020. A giant soft-shelled
egg from the Late Cretaceous of Antarctica. Nature, 583: 411-414

Li J, Fang X, 1999. Uplift of the Tibetan Plateau and environmental changes.
Chinese Sci Bull, 44: 2117-2124

LiY, Zhu X, Wang Q et al., 2022. Apatite in Hamipterus tianshanensis eggshell:
advances in understanding the structure of pterosaur eggs by Raman spec-
troscopy. Herit Sci, 10: 84

Li Z H, Bailleul A M, Stidham T A et al., 2021. Exceptional preservation of an
extinct ostrich from the Late Miocene Linxia Basin of China. Vert PalAsiat, 59:
229-244

Liu X D, Dong B W, 2013. Influence of the Tibetan Plateau uplift on the Asian
monsoon-arid environment evolution. Chinese Sci Bull, 58: 4277-4291

McCoy V E, 2014. Concretions as agents of soft-tissue preservation: a review.
Paleontol Soc Pap, 20: 147-162

Nys Y, Gautron J, Garcia-Ruiz J M et al., 2004. Avian eggshell mineralization:
biochemical and functional characterization of matrix proteins. CR Palevol, 3:
549-562

Orr P J, 2014. Late Proterozoic-Early Phanerozoic ‘taphonomic windows’ :
the environmental and temporal distribution of recurrent modes of exceptional
preservation. Paleontol Soc Pap, 20: 289-313

Schiffbauer J D, Wallace A F, Broce J et al., 2014. Exceptional fossil conserva-
tion through phosphatization. Paleontol Soc Pap, 20: 59-82

Schweitzer M H, Zheng W, Zanno L et al., 2016. Chemistry supports the iden-
tification of gender-specific reproductive tissue in Tyrannosaurus rex. Sci Rep,
6: 23099

Solomon S E, 2010. The eggshell: strength, structure and function. Br Poult
Sci, 51: 52-59

chinarxiv.org/items/chinaxiv-202404.00069 Machine Translation


https://chinarxiv.org/items/chinaxiv-202404.00069

ChinaRxiv [$X]

Stein K, Prondvai E, Huang T et al., 2019. Structure and evolutionary impli-
cations of the earliest (Sinemurian, Early Jurassic) dinosaur eggs and eggshells.
Sci Rep, 9: 4424

Thomas B, Taylor S, 2019. Proteomes of the past: the pursuit of proteins in
paleontology. Expert Rev Proteomic, 16: 881-

Warren M, 2019. Move over, DNA: ancient proteins are starting to reveal hu-
manity’ s history. Nature, 570: 433-436

Yang T R, Chen Y H, Wiemann J et al., 2018. Fossil eggshell cuticle elucidates
dinosaur nesting ecology. PeerJ, 6: e5144

Zhang Y, Liu Y, Ji X et al., 2011. Flower-like agglomerates of hydroxyapatite
crystals formed on an egg-shell membrane. Colloid Surface B, 82: 490-496

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202404.00069 Machine Translation


https://chinarxiv.org/items/chinaxiv-202404.00069

	First histochemical examination of a Miocene ostrich eggshell with the oldest mineral-bound peptides postprint
	Abstract
	Full Text
	Preamble
	1. Introduction
	2. Materials and Methods
	2.1 Material
	2.2 Petrographic Ground-Sectioning
	2.3 Demineralized Paraffin Sections and Histological Staining
	2.4 SEM and EDS
	2.5 Raman Spectra Analysis

	3. Results
	3.1 Paleohistology, SEM and EDS on Ground Sections
	3.2 Paleohistology, SEM and EDS on Demineralized Paraffin Sections
	3.3 Raman Spectra Analysis on Ground Sections

	4. Discussion
	4.1 Phosphatization of the Mammillary Knobs of the Fossil Eggshell
	4.2 Preliminary Insights on Organic Preservation
	4.3 Hypothesized Diagenetic Pathways of the Ostrich Eggshell from the Linxia Basin

	5. Conclusions
	Acknowledgments
	References


