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Protein and chitin preservation in polymeric sheets in 
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The shells of muricoid gastropod Ecphora gardnerae from the Miocene St. Marys Formation of Maryland, USA, have 
been shown to contain polymeric sheets within the calcareous matrix. These membranes were found to have amino 
acids and complex sugar compounds. To explore these biomolecular features further, four new E. gardnerae shells were 
collected and analyzed for proteins and sugar compounds. Using direct analysis in real time (DART) mass spectrometry, 
we were able to show that the membranes contain chitin. With mass spectrometry-based paleoproteomic techniques uti-
lizing a hydroxylamine extraction or sample preparation by easy extraction and digestion (SPEED), we found preserved 
peptides from all four shells including peptides that are specific to Gastropoda or Mollusca. The membranes derive from 
the calcitic layer of the shell and are likely analogous to chitin membranes used by other extant mollusks to control 
nucleation, growth, and physical properties in the calcareous layers, but future research in gastropod biology will help 
to address the function of these membranes.
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Introduction
To date, paleoproteomics has focused primarily on verte-
brate materials (e.g., Cleland et al. 2015, 2016; Presslee et al. 
2018; Cappellini et al. 2019; Welker et al. 2019; Brown et al. 
2021; Demarchi et al. 2022), particularly because vertebrates 
are better represented within protein databases than inverte-
brates. Despite the limited database availability, recent stud-
ies of invertebrate paleoproteins (Sakalauskaite et al. 2019, 
2020) has yielded the ability to separate closely related mol-
lusk species used in archaeological samples. Additionally, 
invertebrate shells have been understudied because they 
have a much lower organic content (1–5%) compared to 

vertebrate bone (Huang and Zhang 2022). Furthermore, in-
vertebrate mineralization follows a different pathway than 
vertebrate mineralization and is predominantly extracel-
lular controlling nucleation and formation of the CaCO3 
(Huang and Zhang 2022).

Ecphora is an extinct genus of gastropods classified in 
Muricidae (Ward and Gilinsky 1988) with distinct red-orange 
coloration, prominent costae, and a thick external layer of cal-
cite (Carter et al. 1994; Nance et al. 2015). Ecphora gardnerae 
is of special interest to the Calvert Cliffs area, Maryland, 
USA, because it retains its coloration while other mollusk 
shells in the same deposits are white chalky shells (Nance et 
al. 2015). In 2015, polymeric sheets derived from Ecphora 
gardnerae shells were described and were found to contain 
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amino acids and evidence for complex sugar-amino acid re-
actions (Nance et al. 2015). Questions remained regarding 
what kind of proteins were contained within the polymeric 
sheets as well as the identity of the sugar compound within 
the sheets.

Since the original Ecphora membrane publication was 
published, development in the area of shell/invertebrate 
paleoproteomics/proteomics has greatly expanded. Protein 
methods to extract mineral associated and/or chitin as-
sociated proteins have been optimized (Tan et al. 2015; 
Sakalauskaite et al. 2020) to maximize the amount of pro-
tein information that can be used for species identification 
or biology. Additionally, application of paleoproteomics to 
fossils has resulted in the detection of biomineral proteins 
from Pleistocene coral (Drake et al. 2020). With the contin-
ued expansion of paleoproteomics from invertebrates, direct 
evaluation of biomineralization evolution or molecular phy-
logenetics of extinct species may be possible, similar to what 
has been done from vertebrate remains (e.g., Welker et al. 
2015, 2019, 2020; Cappellini et al. 2019).

In this study, four Ecphora gardnerae shells were col-
lected from the St. Marys Formation Miocene sediments in 
Maryland, USA, to biochemically characterize the mem-
branes for preserved proteins and small molecule composi-
tion using proteomics and high-resolution mass spectrome-
try. We also discuss the preservation and taphonomic state 
of the shells.

Institutional abbreviations.—CMM, Calvert Marine Mu
seum, Solomons, MD, USA.

Other abbreviations.—CDS, coding DNA sequence; Da, 
Dalton; G-PTM-D, Global-Post-translational Modification-
Detection; i.d., internal diameter; H, histidine; L, liter; 
K, lysine; M, molar; μL, microliter; mL, milliliter; mW, 
milliwatt; mM millimolar; m/z, mass-to-charge ratio; nL, 
nanoliter; R, arginine; rcf, relative centrifugal force; W, 
tryptophan; Y, tyrosine.

Geological setting
The Miocene Calvert, Choptank, and St. Marys formations 
are well exposed throughout the Southern Maryland region 
of Calvert, Charles, and St. Mary’s Counties, Maryland, 
USA. The Calvert Cliffs represent the best outcrop of these 
formations; however, several smaller significant local-
ities exist including Windmill Point, St. Mary’s County, 
Maryland, USA. The St. Marys Formation is the youngest 
of the three formations and is further divided into three 
members, Conoy Member, Little Cove Point Member, and 
Windmill Point Member (Ward and Andrews 2008). The 
Little Cove Point Member and the Windmill Point Member 
are both present at Windmill Point and samples were col-
lected from each (Fig. 1). The Little Cove Point Member is 
a blue-gray very fine grained silty sand and the Windmill 

Point Member is an orange-brown fine grained sand (Ward 
and Andrews 2008).

Material and methods
Samples.—Four shells of Ecphora gardnerae Wilson, 1987, 
were collected by JRN and RMH from the St. Marys For
mation at Windmill Point, St. Mary’s County, Maryland, 
USA (GPS coordinates: 38°09’46.9”N 76°27’17.1”W) and 
are deposited in the Calvert Marine Museum (CMM) 
collection. The first two shells (CMM-I-6357, 6358) are 
~10 Ma (Late Miocene) and were collected from Bed 23 
of the Little Cove Point Member (Fig. 2). The second two 
shells (CMM-I-6359, 6360) are ~8 Ma (Late Miocene) 
and were collected from Bed 24, Windmill Point Member 
(Fig. 2). All shells were retained within their original ma-
trix in aluminum foil and placed on indicator silica gel 
until arrival at the Museum Conservation Institute. TPC 
removed the sedimentary grains with aseptic techniques 
and photographed the shells. Additionally, two turritellid 
shells (one 8 Ma and one 10 Ma) found within the entomb-
ing sediments of the Ecphora were used for preservational 
comparison.
Sample preparation for DART-MS.—Shell fragments from 
all four shells were taken with pliers from the body whorl 
adjacent to the outer lip of the aperture and demineralized 
in 1.2 M HCl until bubbling stopped and the polymeric sheet 
floated within the HCl column. Membranes were taken by 
pipette tip and transferred to new 1.5 mL tubes and washed 
with MilliQ water to neutralize the remaining HCl. After 
washing, membranes were centrifuged at 17 000 rcf for 2 
min and the water was removed.

Member samples
Little Cove Point

Point Members
Cove Point and Windmill
Boundary between Little

Member samples
Windmill Point

Fig. 1. Photograph of the collecting locality of the St. Marys Formation 
at Windmill Point, St. Mary’s County, Maryland, USA (GPS coordinates: 
38°09’46.9”N 76°27’17.1”W). Collecting scoop is 107 cm for scale.
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Direct Analysis in Real Time (DART) of molecules up 
to 600 Da was performed using a DART 100 probe with a 
simplified voltage and pressure (SVP) controller (IonSense). 
In the methodology, analytes are thermally desorbed off 
solid or semi-solid surfaces into the gas phase for ionization, 
chiefly via proton transfer from water clusters created as the 
post-plasma flow mixes with ambient air (Cody et al. 2005). 
The DART probe was positioned in front of an Orbitrap Elite 
mass spectrometer (Thermo Fisher Scientific) with a spacing 
of 7 mm between the ceramic cap of the DART and the trans-
fer tube. Supplementary pumping (3.4 L/min) was provided 
by an IonSense Vapur flange fitted over the instrument inlet. 
Samples of polymeric sheet were held with methanol-cleaned 
fine tip tweezers in the gap between the DART ionization 
source and the transfer tube. The DART helium temperature 
was set to 350°C, and mass spectra were collected in positive 
ion mode and negative ion mode. Data were collected for 
short periods both before and after introducing the sample to 
the gas plume to collect background signal for comparison. 
Spectra were collected across a m/z 60–600 range at a re-
solving power of 120 000. Targeted fragmentation for chitin 
(C8H13NO5-H2O) was performed with collision induced dis-
sociation (CID) at 30 collision energy (unitless).
Proteomic sample preparation.—Hydroxylamine extraction 
for chitin bound proteins (Tan et al. 2015): Shell fragments 
(19.4–28 mg) were taken from the body whorl adjacent to 
the outer lip of the aperture and demineralized with 1.2 M 
HCl until the polymeric sheets floated within the HCl in 

ThermoScientific Safelock microcentrifuge tubes. The HCl 
was removed carefully and then 2 M hydroxylamine, 2 M 
guanidine HCl , 0.2 M K2CO3, pH 9.0 (Tan et al. 2015) was 
added at a 10:1 ratio to the original mass of the shell or an 
empty tube (extraction blank) and incubated overnight shak-
ing at 45°C. After incubation, remaining membrane was pel-
leted at 17 000 rcf for 2 min. 100 μL of protein extraction was 
digested using the single pot solid-phase sample preparation 
(SP3) technique (Moggridge et al. 2018; Cleland 2018). In 
short, proteins were bound to 10 μL of 1:1 hydrophobic:hydro-
philic SeraMag beads (GE) for 10 minutes after the addition 
of 100% ethanol to a final concentration of 50%. The super-
natant was removed after pulling the beads to a magnet then 
the beads were washed three times with 80% ethanol. After 
washing, the beads were resuspended in 100 μL of 50 mM 
ammonium bicarbonate and digested with 0.4 μg of Promega 
modified trypsin overnight at 37°C. Peptides were desalted 
and concentrated using Empore C18 stage tips (Rappsilber et 
al. 2007). Peptides were dried under vacuum at 45°C and then 
resuspended with 10 μL of 0.1% formic acid.

Sample preparation by easy extraction and digestion 
(SPEED) extraction (Doellinger et al. 2020): Shell frag-
ments (17.7–42.8 mg) were demineralized in 1.2 M HCl 
until the sheets were free floating. After removal of the 
HCl, 100% trifluoroacetic acid (TFA) was added at a 4:1 
ratio based on the original shell mass or an empty tube 
(extraction blank) and incubated for 10 min at room tem-
perature. Subsequently, a 10-times volume of 2 M TrisBase 
was added to neutralize the TFA. Protein concentration was 

10 mm

A B

C D

Fig. 2. Images of each shell of the muricoid gastropod Ecphora gardnerae Wilson, 1987 (St. Marys Formation, Miocene, Maryland, USA) used in this 
study. CMM-I-6357 (A) and CMM-I-6358 (B) are from Bed 23 (~10 Ma) of the Little Cove Point Member and CMM-I-6359 (C) and CMM-I-6360 (D) 
are from Bed 24 of the Windmill Point Member (~8 Ma).
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measured using turbidity at 360 nm against the Thermo 
Scientific Remel McFarland Equivalence Turbidity Standard 
#3. To 5 μg of each sample a 1:10 ratio (400 mM chloroacet-
amide/100 mM TCEP) was added and incubated for 5 min 
at 95°C. After reduction and alkylation, solution was diluted 
5× with MilliQ water. 2 μg of Promega modified trypsin was 
added and incubated for 2 h at 37°C. Peptides were desalted 
and concentrated using Empore C18 stage tips (Rappsilber 
et al. 2007). Peptides were dried under vacuum at 45°C and 
then resuspended with 10 μL of 0.1% formic acid.
LC-MS/MS.—For the hydroxylamine samples, 7.5 μL of pep-
tides or extraction blank were injected onto a ThermoScientific 
Acclaim PepMap 100 trap column (100 µm i.d. × 2 cm, 5 µm 
particle size) and separated on a ThermoScientific Acclaim 
PepMap RSLC analytical column (75 µm i.d. × 25 cm, 2 µm 
particle size) at 300 nL/min with the following gradient: 
0–2 min 2% B, 2–68 min 2–31% B, 68–70 min 31–90% B, 
70–73 min 90% B, 73–74 min 90–2% B, 74–90 min 2% B. 
For the SPEED samples, 1 μL of peptides or the buffer blank 
were injected onto a ThermoScientific Acclaim PepMap 100 
trap columns (100 µm i.d. × 2 cm, 5 µm particle size) and 
separated on a ThermoScientific Acclaim PepMap RSLC 
analytical column (75 µm i.d. × 25 cm, 2 µm particle size) 
at 100 nL/min with the following gradient: 0–2 min 2% B, 
2–68 min 2–31% B, 68–70 min 31–90% B, 70–73 min 90% 
B, 73–74 min 90–2% B, 74–120 min 2% B. Buffer A was 
0.1% Optima formic acid (FisherScientific) in Optima wa-
ter and Buffer B was 0.1% Optima Formic Acid in Optima 
acetonitrile. Data for both extractions were collected on a 
Thermo Scientific Orbitrap Elite as data dependent analysis 
(DDA) with the following parameters: MS1 was collected 
from 375–2000  m/z at 60 000 resolving power with 1E6 
AGC and 100 ms max inject time. A top 10 method was used 
with the following parameters: 15 000 resolving power, 30% 
NCE HCD, default charge state 2, 0.1 ms activation time, 
5 m/z isolation width, fixed first mass at 100 m/z, 5E5 AGC, 
and 250 ms max inject time. Between the SPEED samples, 
a 0.1% formic acid wash was included, but hydroxylamine 
samples were run sequentially.
Strombus and Conus genome conversion.—Genomic data
bases from Strombus pugilis (Fig. 3) (PRJNA655996, Sulli
van et al. 2021; scaffold kindly provided by Alexis Sullivan), 
Conus ventricosus (ASM1839881v2; downloaded from the 
National Center for Biotechnology Information March 31, 
2025), Conus betulinus (ASM1680195v1; downloaded from 
the National Center for Biotechnology Information March 
31, 2025), Conus consors (ASM419361v1; downloaded from 
the National Center for Biotechnology Information March 31, 
2025), and Conus tribblei (ASM126257v1; downloaded from 
the National Center for Biotechnology Information March 
31, 2025) were annotated using GeMoMa v. 1.9 (Keilwagen 
et al. 2016, 2018) comparing against the following proteomes: 
Lottia gigantea, Pomacea canaliculata, Elysia chlorotica, 
Candidula unifasciata. GeMoMa is a homology-based gene 
prediction software that uses reference genomes to infer the 
annotations in a target genome. Following the annotation 

pipeline, annotated proteins and CDS sequences were ex-
tracted from the genomic FASTA file using the GeMoMa 
Extractor tool.
Mass Spectrometry Data Analysis.—Manual analysis of the 
most abundant ions observed with DART-MS for both the 
precursor and CID fragment masses were performed for 
both positive and negative mode ions. N-acetylglucosamine 
(GlcNAc) oxonium ions were annotated following the 
masses in Halim et al. (2014).

For the proteomic analyses, a Uniprot Gastropoda database 
(downloaded November 11, 2022) or the above Strombus pu­
gilis (created April 26, 2023) or Conus species (created April 
7, 2025) databases and the default MetaMorpheus contami-
nants database were used. All proteomic data were searched 
with MetaMorpheus 1.0.2 or 1.0.5. For the calibration task, 
default settings were used. For the G-PTM-D task, default 
settings were used with all modifications from Common 
Biological, Less Common, and Common Artifact. A custom 
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Fig. 3. General phylogenetic tree of Caenogastropoda (adapted from 
Ponder et al. 2008). Ecphora falls within Muricidae (magenta), Conus falls 
within Conidae (yellow), and Strombus falls within Strombidae (blue).
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modification list of diagenetic modifications was also used 
(imidazolone on R, methyl-imidazolone on R, aspartic acid 
from H, dioxidation of W, dioxidation of Y, dioxidation on 
H, hydroxyglutamic acid from H, aminoadipic acid on K, 
carbamyl on K, carboxyethylamine on K, carboxymethyl on 
K, ornithine on R, oxidation on W, oxidation on Y, oxidation 
on H, tryptophan to kynurenine, tryptophan to oxolactone). 
Either trypsin or a hydroxylamine-trypsin protease was used 
for the search task with default settings and generate com-
plementary ions on. All peptide spectral matches (PSMs), 
peptides, and proteins were filtered at 1% false discovery rate 
and a Score ≥ 9. Peptide sequences were finally filtered based 
on the extraction blank files (for the list of peptides see SOM, 
Supplementary Online Material available at http://app.pan.pl/
SOM/app70-Cleland_etal_SOM.pdf).
Peptide analysis.—PSM files were combined with RStudio 
v. RStudio 2023.03.0+386 and a unique list of peptides was 
output for Basic Local Alignment Search Tool (BLASTp) 
searching on NCBI. Peptides were evaluated for if they 
matched Gastropoda, other Mollusca, or other taxa (e.g., 
bacteria, mammals, fungi). Protein classification was per-
formed with Panther 19.0. The Panther Classification System 
organizes proteins by their function, biological location, and 
biological pathway (Thomas et al. 2022).
Raman microscopy.—A Thermo Scientific DXR3 micro-
scope was used to evaluate the mineral composition on the 
inner and outer surfaces of each sample with 633 nm laser 
excitation with 5 mW laser power and a spatial resolution 
of about 1 µm, focused through either a 50× (CMM-I-6357 
inner, CMM-I-6358 inner) or 100× (CMM-I-6357 outer, 
CMM-I-6358 outer, CMM-I-6359 inner, CMM-I-6359 
outer, CMM-I-6360 inner, CMM-I-6360 outer) objec-
tive. Objective selection was based on sample constraints. 
Spectra were collected for 7 seconds over 25 accumula-
tions after 40 background accumulations. Raman spectra 

were collected, examined, and compared to literature re-
sults (Taylor et al. 2008) for identification. Peaks were iden-
tified using the Omnic Software (Thermo Fisher) “Find 
Peaks” function over the 100 cm-1 to 1100 cm-1 region. 
Fluorescent background was corrected using asymmetri-
cally reweighted penalized least-squares smoothing (Baek 
et al. 2015). Photographs of samples were taken with Omnic 
Atlµs software (Thermo Scientific) before analysis.

In addition to the Ecphora shells, two turritellid shells 
(one 8 Ma, Late Miocene and one 10 Ma, Late Miocene) 
that were found within the entombing sediment were also 
analyzed using the same parameters at 50× magnification.
Scanning Electron Microscopy.—HCl demineralized, HCl 
etched (i.e., half of the shell fragments were incubated in 
1.2 M HCl until membranes became visible on the surface 
then the samples were washed 3 times with MilliQ wa-
ter), SPEED extracted, and hydroxylamine extracted mem-
branes were washed three times with 1 mL of MilliQ water 
to neutralize and dilute the salts. Samples were adhered 
onto an aluminum stub and scanning electron microscopy 
(SEM) in the modes of secondary electron mode and back-
scattered electron (BSE) mode was performed at 15kV us-
ing a JEOL JSM-IT710HR in variable pressure. Images 
were measured with ImageJ 1.53t.
Minimization of contamination.—All shells studied here 
were collected and retained within their original sediments 
while stored within aluminum foil and indicator silica gel. 
They were prepared by TPC and photographed. All pre-
pared shells were stored within the original aluminum 
foil until sampling with methanol cleaned pliers. Because 
of our focus on only the mineral contained chitin-pro-
tein membranes, we did not apply additional washing to 
the external surfaces of the shell (e.g., with bleach). The 
membranes exposed during the demineralization process 
were only handled by pipette tip. Additionally, no modern 
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Fig. 4. Muricoid gastropod Ecphora gardnerae (CMM-I-6358; Bed 23 Little Cove Point Member of the St. Marys Formation, Miocene, Maryland, USA) 
Raman spectrum of internal (blue) and external (black) surfaces. a is peaks for aragonite, c is calcite. Black arrow indicates possible calcite peak on the 
internal surface.
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gastropod shells have ever been studied in our spaces, 
so contamination with modern gastropod proteins is very 
unlikely.

Results
Reflecting the original study (Nance et al. 2015), we were 
able to find polymeric sheets within the shells of newly 
collected E. gardnerae shells. Below, we discuss the shell 
preservation state and characterization of the membranes 
external to the mineralized shell.
Evaluation of inorganic preservation.—To support that the 
polymeric membranes derive from the E. gardnerae shells, 
we evaluated the preservation of the mineral using Raman 
spectroscopy and SEM. We evaluated the preservation 
of the mineral phase of the shells with Raman spectros-
copy. Calcite and aragonite are able to be distinguished by 
peaks between 100–1100 cm-1 (calcite: 155 cm-1, 282 cm-1, 
711 cm-1, 1085 cm-1; aragonite: 152 cm-1, 206 cm-1, 705 cm-1, 
1085  cm-1) (Taylor et al. 2008, DeCarlo 2018). Across the 
samples, four peaks were observed in spectra for the exter-
nal surface of the shell at 155 cm-1, 281 cm-1, 714 cm-1, and 
1086 cm-1 consistent with calcite (Fig. 4, SOM: table S5, figs. 
S1–S3). Four major peaks are similarly observed in spectra 
of the inner surface, though at slightly different frequencies: 
152 cm-1, 206 cm-1, 703 cm-1, and 1085 cm-1. These peak cen-
ters are consistent with aragonite.

Under light microscopy within the Raman microscope, 
the aragonite surface (SOM: fig. S4A) looks different from 
the calcite surface (SOM: fig. S4B). Using SEM, we were 
able to visualize the internal and external surfaces of each 

shell. We can clearly see calcite rhomboids (SOM: fig. S8) 
and needles of aragonite on the internal surfaces (SOM: 
fig.  S8). Additionally, the crystal size reflects the relative 
maturity of the shells with smaller crystals (SOM: fig. S8) 
present in the smallest shell (CMM-I-6359) compared to 
larger crystals present in larger shells (SOM: fig. S8)
Characterization of the polymeric membranes.—The poly-
meric sheets derived from the new E. gardnerae shells ex-
amined in this study were found to be composed of chitin 
and proteins with additional biomolecule and diagenetic 
products present. To fully characterize them, we localized 
them to the external calcitic layer of the shells using SEM 
(SOM: fig. S8). After etching the shell, the membranes be-
come visible in the orange-colored part of the shell and are 
not derived from the crossed-lamellar layer (SOM: fig. S9). 
Prior to the partial demineralization, membranes are not vis-
ible from the external surface (SOM: fig. S8) suggesting that 
they are fully contained within the calcite layers, but based 
on sheet structure likely are intercrystalline. Reflecting this 
location, these intact membranes are released only during 
the demineralization process (SOM: fig.  S10), reducing 
access to external diagenetic processes (e.g., microbial 
interaction). Using DART-MS/MS, we were able to find 
chitin (as C8H13NO5-H2O; [M+H]: m/z 204.0860; [M-H]: 
m/z 202.0720) and its fragmentation products (Fig. 5) from 
all four shells. Urea was detected in CMM-I-6359 and 
CMM-I-6358, which is likely a diagenetic product of protein 
breakdown (Mackie et al. 2018).

Because the sheets were composed of chitin, we applied 
an extraction method designed for extracting proteins from 
chitin (i.e., the hydroxylamine method). With this method, we 
found a total of 222 unique peptides (468 PSMs). Specifically, 
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Fig. 5. Muricoid gastropod Ecphora gardnerae (St. Marys Formation, Miocene, Maryland, USA) chitin spectra from each membrane. Top row: 
Precursor masses for chitin minus water. Bottom row: Collision induced dissociation spectra of chitin mass-to-charge ratio (m/z) 204.0860. GlcNAc = 
N-acetylglucosamine. CMM-I-6357 and CMM-I-6358 are from Bed 23 (~10 Ma) of the Little Cove Point Member and CMM-I-6359 and CMM-I-6360 
are from Bed 24 of the Windmill Point Member (~8 Ma).
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we found 22 unique peptides (48 PSMs; SOM: table S1) from 
the Strombus database, 35 unique peptides (67 PSMs; SOM: 
table S1) from the Gastropoda database, 52 unique peptides 
(123 PSMs; SOM: table S1) from the Conus betulinus da-
tabase, 36 unique peptides (80 PSMs; SOM: table S1) from 
the Conus consors database, 50 unique peptides (99 PSMs; 
SOM: table S1) from the Conus tribblei database, and 27 
unique peptides (51 PSMs; SOM: table S1) from the C. bet­
ulinus database. To complement the hydroxylamine method, 
the SPEED approach was used because it has been shown to 
have high protein yields in a short period of time (Doellinger 
et al. 2020). We combined the high extraction yield with a re-
duced  reduced flow, nanoLC flow rate to increase sensitivity 
(Brunner et al. 2022) to maximize the number of identifica-
tions. With this method, we found a total of 81 unique pep-
tides (123 PSMs). Specifically, we found 6 unique peptides (10 
PSMs; SOM: table S1) from the Strombus database, 19 unique 
peptides (32 PSMs; SOM: table S1) from the Gastropoda 
database, 16 unique peptides (24 PSMs; SOM: table S1) from 
the C. betulinus database, 8 unique peptides (13 PSMs; SOM: 
table S1) from the C. consors database, 11 unique peptides (18 
PSMs; SOM: table S1) from the C. tribblei database, and 21 
unique peptides (26 PSMs; SOM: table S1) from the C. betuli­
nus database. For both types, 201 (413 PSMs; SOM: table S1) 
correspond to unique Gastropoda peptides, 5 (9 PSMs; Table 
S1) to unique Mollusca peptides, and 65 (169 PSMs; SOM: 
table S1) overlap with other species (e.g., bacteria, mammals). 
These overlapping sequences could derive from E. gardnerae 
because these membranes are trapped within the calcite ma-
trix and not exposed until the demineralization process, but 
it is impossible to confirm because of the possibilities of nor-
mal laboratory contamination. In contrast to the overlapping 
sequences, the gastropod specific peptides more confidently 
identify that these peptides as deriving from E. gardnerae. 
Sample CMM-I-6359 from Bed 24 (~8 Ma) showed the best 
preservation for both extractions with 39 unique peptides 
(66 PSMs; Table S1). Sample CMM-I-6360 from Bed 24 
had 23 unique peptides (35 PSMs; SOM: table S1), sample 
CMM-I-6357 had 24 unique peptides (40 PSMs; SOM: table 
S1), and CMM-I-6358 had 8 unique peptides (13 PSMs; SOM: 
table S1). Despite CMM-I-6359 being the smallest shell of the 
set, qualitatively it is the best preserved (i.e., the orange color 
is most distinct, especially compared to the bed 23 shells; Fig. 
2) and that level of preservation is reflected in the protein and 
chitin preservation. The two extraction blanks were used to 
filter sequences that are the result of laboratory contamina-
tion. After using the FDR, score, and sequence filtering, no 
peptides remained in the extraction blank datasets.

Because no genome is available for E. gardnerae, we 
compared the peptide length to the entire identified protein 
to generate a sequence coverage value. Sequence coverage of 
the identified proteins (SOM: table S2) ranged from as little 
as 0.1% for hydroxylamine extractions from CMM-I-6359 
and CMM-I-6360 to 68.9% for the SPEED extraction from 
CMM-I-6358. For all of the shells and extractions, the aver-
age sequence coverage was 4.5%.

We evaluated the origin of the various proteins (SOM: 
table S4) based on if a gene code could be determined for 
each one using the Panther database. We were able to eval-
uate 91 of the total 220 Gastropoda-only protein groups and 
found that 47 were cellular anatomical entities. Examining 
the membranes from CMM-I-6360 (SOM: fig. S5) after HCl 
demineralization, SPEED extraction, or hydroxylamine ex-
traction shows several areas that are ~10–12 μm in diameter 
(SOM: fig. S6 yellow arrows) compared to the ~1 μm thick 
membrane itself. These larger areas may be the cellular 
components that we are extracting because they are not 
evident in the hydroxylamine extracted membranes. The 
one caveat being that despite dilution and washing, the hy-
droxylamine still precipitated crystals on the surface of the 
membranes (spherical crystals in SOM: fig. S5). A similar 
~12 μm area is visible on membranes from CMM-I-6357 
(SOM: fig. S7), but the membranes are rolled up too much 
to clearly differentiate exactly where these possible cellular 
areas may be. Membranes for the other 2 shells were also 
rolled up similarly to CMM-I-6357 (data not shown).

Discussion
Mineral preservation.—The combination of Raman signal 
and morphological patterning suggests that the mineral and 
shell preservation is good and reflects the original shell com-
position without impact from exogenous microbial organisms. 
Despite the overall good preservation, we observe that in 
samples CMM-I-6358 and CMM-I-6359, there may be some 
of the calcite 281 cm-1 peak present, though at low amounts 
(Fig. 4) suggesting some aragonite may have transformed into 
calcite. Consistent with the shell color (Fig. 2), CMM-I-6359 
(SOM: fig. S2) shows some of the best preservation.
Membrane preservation.—The abundance of cellular com-
ponents with other uncharacterized proteins (SOM: table S1) 
suggests that the membranes are cellular in origin with the 
cells on or within a chitin (Fig. 5) network. This refines the 
original description of the membranes as being a saccharide 
and protein, based on nuclear magnetic resonance and amino 
acid analysis (Nance et al. 2015). We were able to directly 
measure and fragment the intact chitin finding the diagnos-
tic peaks representative of acetylglucosamine.

For the protein component, we found a variety of cellu-
lar and uncharacterized proteins. Unfortunately, gastropods 
have limited protein annotation, so many of our detected 
peptides remain from unknown proteins. With additional 
annotations of modern gastropod proteins, the annotations 
of these E. gardnerae peptides will be refined. We found 
relatively low levels of sequence coverage reflecting the age 
of the samples and the limited search space/lack of specific 
database for this species. Similar database issues/limita-
tions were found for archaeological buttons (Sakalauskaite 
et al. 2019), where identification of species was limited by a 
very small number of molluscan representatives.
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We detected a total of 22 gastropod-only peptides from 
shells from both the Little Cove Point Member (10 Ma) and 
Windmill Point Member (8 Ma) of the St. Marys Formation. 
These peptides derived from a variety of proteins including 
whirlin, cartilage matrix protein-like, nucleolin-like, and 
others (SOM: table S6). The overlapping sequences sup-
port the endogeneity of these peptide sequences because 
they are derived from multiple fossils from two localities. 
Additionally, the overlapping sequences reflect the protein 
sequence retention in E. gardnerae across 2 Ma of evolu-
tionary time.

Relatively low levels of deamidation (SOM: table S3) 
and oxidation (Fig. 6) were found for the detected pep-
tides showing that they are well preserved (Schroeter and 
Cleland 2016). Additionally, the low levels of deamidation 
may be the result of N-terminal asparagines and glutamines 
or post-translationally modified residues impeding the de-
amidation process. Asparagine is the N-terminal amino acid 
on 36 peptides and the second on 40 (combined 14.2% of the 
total N residues detected). Glutamine is N-terminal on 60 
and the second on 23 as well (combined 15.3% of the total 
Q residues detected). Thirty glutamine residues were meth-
ylated (5.5% of the total Q residues detected). The location 
and post-translational modifications can impact the overall 
deamidation signal present and needs to be considered in 
all paleoproteomic studies. The limited damage may fur-
ther be the result of encapsulation of the protein within the 
calcite mineral limiting access of both water and microbes 

to the organic molecules within. The association between 
the protein and chitin may also impact the preservation by 
stabilizing the local microenvironment in which the pro-
tein-chitin exist (Stankiewicz et al. 1997; Flannery et al. 
2001; Montroni et al. 2021).
Impacts of membrane preservation on Ecphora gard-
nerae shells.—We hypothesize that the chitin-protein mem-
brane preservation resulted in the excellent mineral preser-
vation of all four E. gardnerae shells analyzed here. Unlike 
other gastropod shells from the same deposits that are com-
posed exclusively of easily broken white aragonite (SOM: 
fig. S5), the relatively hard E. gardnerae shells possess the 
aragonitic crossed-lamellar layer retaining the original min-
eral size and orientation (SOM: fig. S8) and the distinct 
orange-red colored calcite layer where the membranes we 
characterized derive from. Based on the location within the 
mineralized shell itself, we suggest that these membranes 
within the calcitic layer are likely analogous to chitin mem-
branes used by other extant mollusks to control nucleation, 
growth, and physical properties in the calcitic layers (De 
Paula and Silveira 2009; Checa et al. 2016). Exploration 
of extant gastropod shells for similar membranes will be 
necessary to fully understand their function. Because other 
extant mollusk possess chitin membranes within the arago-
nitic layer, we speculate that there may be filamentous (De 
Paula and Silveira 2009) or other interlamellar membranes 
that may not be darkly colored like the ones we observe here 
leading to the preservation of both shell layers. The inclu-
sion of these darkly colored membranes within the calcitic 
layer of the shell, possible mineral controlling properties, 
and presence of the relatively insoluble chitin increased their 
chances of preservation in the E. gardnerae shells from both 
the Little Cove Point Member and Windmill Point Member 
of the St. Marys Formation.

Conclusions
We found that these E. gardnerae shells are well preserved 
based on their mineral content and morphological appear-
ance supporting that these polymeric membranes derive 
from them allowing us to confidently show peptide and 
chitin preservation as old as 10 Ma. The cellular-chitin 
membranes within the calcitic layer are likely analogous to 
chitin membranes used by other extant mollusks to control 
nucleation, growth, and physical properties in the calcitic 
layers (De Paula and Silveira 2009; Checa et al. 2016), but 
future research in gastropod biology will help to address the 
function of these membranes.
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