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Abstract

Ancient protein analysis provides clues to human life and diseases from ancient times. Paleoproteomics has the
potential to give a better understanding of the modes of fabrication of ancient materials, their composition, and
pathways of degradation, as well as the development of animal fibers through domestication and breeding. Thus, this
study aimed at providing guidance for choosing proteomics workflows to analyze leather samples and their capacity
to distinguish between unknown archeological species. Here, we performed shotgun proteomics of archeological
animal skin for the first time. The raw output data were analyzed using three different software (Proteome Discoverer,
Protein Pilot, and Peptide Shaker) with their impeded algorithms. The study found that the best species identification
percentage was obtained using protein piolet with protein database. Particularly prevalent and relatively high colla-
gen expression suggests its resistance to degradation, despite the samples’ exposure to environmental and chemical
alterations. The success of this case study indicates that further analyses could assist in reworking historical baseline
data for putative identification of unknown archeological samples.
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Introduction

Leatherworking is one of the significant industries in
ancient Egypt where different animal skins (sheep, goat,
cow, cattle, and gazelle) were tanned by creating chemi-
cal bonding between amino acids of the dermal network
of the collagen protein and the vegetal or mineral mole-
cules of tanning material [1-4]. Animal skins have similar
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structures, mainly consisting of the top grain layer, bun-
dles of collagen fibers, and fibrils that form the middle
layer (corium) and the flesh layer [4]. Collagen is the most
abundant protein in the animal skin, consisting of a char-
acteristic repeated amino acid sequence (mainly glycine,
proline, and hydroxyproline) and comprises the triple
helix formed of three polypeptide chains linked together
covalently through peptide bonds. The protein informa-
tion of the archaeological leather could provide signifi-
cant insights into the leather technology, authentication,
degradation, preservation needs, and environmental
impact over the years [5].

Proteomics is an innovative analytical technique to
study biological samples using chromatography coupled
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with mass spectrometry [6]. The latter is a technique
most often used for proteomic profiling, where a given
protein’s sequence of amino acids could be identified
by breaking it down into smaller peptides and analyz-
ing their unique mass/ charge value [7]. Proteomics is an
emerging area of research for studying cultural heritage
materials [8, 9], mainly associated with a recent subdis-
cipline named paleoproteomics. Paleoproteomics repre-
sents the analysis of a set of proteins in resolving species
identification and evolutionary relationships of extinct
taxa [7, 10, 11], protein degradation, or authentication
[12]. Proteomic analysis of ancient animal skins, used for
different purposes in ancient Egypt, could provide valu-
able information on leather technology and degradation,
considering the animal skin species’ flexibility, durability,
and possible defects [13].

Furthermore, proteomic evidence could also be used
for studying ancient leather authentication, dating,
provenance, and trade [14]. However, the patterns of
age-induced degradation and other factors such as the
temperature, pH, glutamine deamidation, tertiary struc-
tures of proteins, and the geographical variations in the
animal’s skin sourcing must be considered [12, 15]. Nev-
ertheless, there is currently little research on leather
studies concerning differences in archaeological animal
species identification [16, 17].

One reason behind the research shortage is the dif-
ficulty of identifying the archaeological leather origin.
The characterization of protein components in degraded
leather could be affected by environmental aging and the
presence of different degraded organic materials, includ-
ing lubricants, oils, and tanning materials. Compared to
other traditional methods relying on visual evaluation,
mass spectrometry has been tested to identify animal
skin species in archaeological leather in several research
attempts [18-22].

Zooarchaeology by Mass Spectrometry (ZooMS) is
another simple, minimally destructive low-cost pro-
teomics method that uses diagnostic peptides of the
dominant collagen protein as a fingerprint of species [6,
23]. It allows animal species identification while con-
serving the sample’s integrity with minimal destruction.
The extracted collagen is digested into peptides that are
subsequently analyzed by soft-ionization mass spec-
trometry, usually Matrix Assisted Laser Desorption Ioni-
zation Time of Flight (MALDI-ToF) mass spectrometry.
However, ZooMs is generally more successful with well-
preserved collagen samples. However, the technique still
faces some limitations, including the standardization and
centralized repository of reference data.

The mass spectrometric techniques used in proteomic
profiling are based on assembling the identified pep-
tide. For instance, MALDI-TOF is one of the techniques
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used to analyze leather and animal skin identification
by generating species-specific peptide patterns [24—26].
However, gas chromatography (GC-MS/MS) and liquid
chromatography coupled to tandem mass spectrom-
etry analysis (LC-MS/MS) can provide a more sensitive
and definite identification of proteins in more complex
samples by detecting the sequence of peptide mixture in
a higher resolution [27]. However, utilizing these tech-
niques for archaeological sample identification may suffer
challenges due to the possible sample contamination dur-
ing excavation, handling, and conservation treatments.
Therefore, the quality of fragmentation and subsequent
manual confirmation is critical [15].

A new complementary analytical strategy was utilized
in this research for protein identification. Here, we inves-
tigated the best predictive model in terms of software,
search engines, and databases to identify the animal skin
species in archaeological leather samples along with fresh
and aged model leather samples using LC-MS/MS. In
brief, we compared three different software (Proteome
Discoverer, Protein Pilot, and Peptide Shaker), which
utilize unique search engines/ algorithms (SEQUEST,
Paragon, and X! Tandem, respectively) to find the best
algorithms. In addition, two different databases were
constructed; one includes all the protein retrieved for
the species, and another one consists of all unique pep-
tide sequences only. Unlike previous methods relying on
collagen for identification, we broadened the search to
include any matched protein with high scores and tested
different matching algorithms and databases for the best
match (best algorithm scoring as a result of higher PSM
matching).

Methods

Study design and subjects

Ten ancient Egyptian leather samples were selected from
the leather collections at the Metropolitan Museum of
Art, New York, USA [16] (Additional file 1; archio. sam-
ples). To identify the archaeological animal skin species,
18 model reference leather samples made of common
domesticated animal skin species used in ancient Egypt
(goat, sheep, deer, bovine, camel, cobra, crocodile, and
ostrich), brought from the Leather Conservation Centre,
Northampton, UK were used for the mass spectromet-
ric analysis and subsequent database search (Additional
file 1; reference samples). For peptide sequencing analy-
sis, a sample measuring approximately 2 x 2 mm was cut
off from all archaeological and model samples.

Shotgun proteomics analysis

Sample processing and protein extraction

After blinding all the samples (both standards and
archeological), samples were subjected to proteomics
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workflow (Fig. 1). Leather pieces were homogenized
by placing 1 ml lysis solution (8 M urea, 500 mM Tris
HCI, pH 8.5) with a complete ultra-proteases inhibi-
tors mixture (Roche, Mannheim) using an ultrasonic
homogenizer. The protein extract was obtained after
incubation at 37 °C for 1 h with an occasional vortex.
The extract was then centrifuged at 12,000 rpm for
20 min and assayed using the BCA method (Pierce,
Rockford IL) at A562 nm before digestion [28].

In-solution digestion

Thirty ug of protein extract from each sample was sub-
jected to in-solution digestion [29]. In brief, protein
pellets were reduced with 200 mM 1,4-Dithiothreitol
(DTT) for 30 min. Alkylation of Cysteine residues was
performed using 1 M Iodoacetamide (IAA) for 30 min
in a dark area. Before digestion with trypsin, samples
were diluted to a final concentration of 2 M urea with
100 mM Tris—HCI, pH 8.5. For endopeptidase diges-
tion, Pierce Trypsin protease MS-grade (Sigma, Ger-
many) was added at 30:1 (protein: activated porcine
trypsin) and incubated overnight in a thermo-shaker
at 600 rpm at 37 °C. Digested peptide solution was
acidified using 100% formic acid to a final pH of 2.0.
The resultant peptide mixture was then cleaned using
the stage tip [29]. Peptides w were assayed using the
BCA method (Pierce, Rockford, IL) at A562 nm before
injection (1ug/10ul).
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Liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS)

To identify the animal skin species’ specific peptides,
LC-MS/MS analysis was performed using TripleTOF
56001 (AB Sciex, Canada) interfaced at the front end with
Eksigent nanoLC 400 autosampler with Ekspert nanoLC
425 pump. In trap and elute mode, peptides were trapped
on CHROMXP C18CL 5um (10 x 0.5 mm) (Sciex, Ger-
many). MS and MS/MS ranges were 400-1250 m/z and
170-1500 m/z, respectively. A design of a 55-min linear
gradient 3-40% solution (80% ACN, 0.2% formic acid).
The 40 most intense ions were sequentially selected
under data-dependent acquisition (DDA) mode with a
charge state 2-5. For each cycle, survey full scan MS and
MS/MS spectra were acquired at a resolution of 35.000
and 15.000, respectively. External calibration was sched-
uled and run during sample batches to ensure accuracy to
correct possible TOF deviation. Samples were run twice
to have a single high-stringency dataset of reproducibly
identified proteins present at each time point.

Proteomics data analysis
Raw LC-MS/MS data were searched using Protein pilot
software (version 5.0.1.0, 4895) with the paragon algo-
rithm (version 5.0.1.0, 4874). Using porcine trypsin as a
digestion factor for the peptides identified from MS/MS
spectra, the Pro Group' Algorithm assembles peptide
identifications into a list of reliable protein identifica-
tions. lodoacetamide was selected as the Cys Alkylation.
In the second software, Mascot generic format (mgf)
files were generated from raw files using a script supplied
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Fig. 1 General workflow used for the proteomic analyses of skin archeological samples
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by AB Sciex. MS/MS spectra were searched using X! Tan-
dem in Peptide shaker (version 1.16.26). Searching all
fully and semi-tryptic peptide candidates adjusted up to
2 missed cleavages with at least 6 amino acids. Precur-
sor mass and fragment mass were identified with an ini-
tial mass tolerance of 20 ppm and 10 ppm, respectively.
Carbamidomethylation of cysteine (+57.02146 amu)
was considered as a static modification and oxidation at
Methionine (4 15.995), Acetylation of protein N- termi-
nal and K (+42.01 amu), and pyrrolidone from carbami-
domethylated C ( — 17.03 amu) as variable modification.

Proteome discoverer 1.4 3 (version 2.4.0.305, Thermo
Scientific) is the third software used as a raw data post-
processing interface to select scan events for peptide/
protein identification. Sequest HT was used as a search
engine, and to avoid any bias, the variable amino acid
modification and fixed modifications were set as pep-
tide-shaker. Trypsin was selected as the enzyme, with
two potential missed cleavage. Peptide and fragment
ion tolerance was 20 ppm and 0.5 Da, respectively. The
false discovery rate (FDR) was kept at 1% at the protein
level to ensure high-quality results in the three software
mentioned.

Database construction

Two databases were tested against the 3 software men-
tioned above; the protein database and the unique pep-
tide database (Fig. 2). The protein database was done
on a combined database of 11 species (Sus scrofa (Pig),
Ovis aries (Sheep), Bos Taurus (Bovine), Capra hircus
(Goat), Camelus dromedaries (Camel), Struthio camelus
(Ostrich), Crocodylus niloticus (Nile crocodile), Naja haje

Page 4 of 10

(Egyptian cobra), and Dama Mesopotamia, Axis axis,
Cervus elaphus (Deer)), downloaded from Uniprot data-
base with a total 299,884 protein sequence.

The unique peptide database was constructed by in-
silico digestion of the aforementioned combined database
after deduplication with two maximum missed cleavages.
This database holds 59,823,706 peptides. Duplicate pep-
tides were refined through the following steps; (1) pep-
tides with sequences of less than six amino acids and
more than thirty-five amino acids were excluded from
the database, and (2) all duplicated peptides with identi-
cal sequences were removed to keep unique characteris-
tic sequences. As a result, a unique peptide database of
1,670 peptides was constructed.

Bioinformatics analysis

The analysis was done based on each software with its
embedded algorithm. Firstly, data retrieved from the pro-
tein pilot using the Pro Group " Algorithm was analyzed
using peptide sequence identification. Proteins sorted
based on the highest identified peptide number, and
the protein identified with the highest peptide number
(95% confidence) was selected. Species were then deter-
mined based on these chosen proteins. These criteria
were applied to all data retrieved using the two different
databases.

Secondly, X! Tandem in the peptide-shaker software
platform was analyzed using the protein database based
on Peptide Spectrum Matches (PSMs). PSMs scoring is a
value representing the total number of identified peptide
spectrum matches for a protein, including the redundant
matches identified. Our analysis strategy selected the top

Bos taurus

Capra hircus

Camelus dromedarius

Ovis aries Naja haje haje

Axis axis

Sus scrofa

name, used for unique peptide search

i Crocodylus niloticus
i Struthio camelus

Cervus elaphus

Ovis aries

Fig. 2 Describes the proteins or/and peptides distributions in both databases used as background searches for protein/species identification. A
Proteins distribution percentage assigned by the species name, used for protein search. B Peptides distribution percentage assigned by the species

Bos taurus

Capra hircus

Camelus.dromedarius

Struthio camelus

_ i Najahaje haje i
Axis axis
i Cervus elaphus |

iCrocodylus niloticus!

Sus scrofa




Elnaggar et al. Heritage Science (2022) 10:182

highest and validated PSMs for each sample. Proteins
linked to these peptides were inspected to determine
their associated animal species. For the unique peptide
database, X! Tandem was used for peptide identification.
The species identification was based on the number of
unique peptides, varying in at least 1 amino acid residue.
The higher the number of unique peptides in a protein
group, the more the sample is closely assigned to the spe-
cies recognized from that protein group.

The last analysis was applied to the data retrieved
from the proteome discoverer using the protein data-
base, where validated PSMs and identified peptide num-
bers were used for protein identification. Proteins with
the top highest validated PSMs were selected. While in
peptide number identification, the higher the number of
unique peptides to a protein group, the more the sample
is to be closely assigned to the species recognized from
that protein group. Thus, proteins with the highest num-
ber of peptides were selected, and both methods were
matched with the reference. Proteins identified using the
peptide database relied on species identification through
the number of unique peptides and Sequest score. The
latter determines the peptide sequence yielding the best
correlation between the experimentally observed and
the theoretical MS/MS spectra of peptides present in the
databases [30]. The proteins identified with the highest
number of peptides and those with the highest Sequest
score were selected and reported. Lastly, we implemented
the three different methodologies to identify species of
the unknown leather samples in terms of sensitivity and
precision.

Results

Identification success of reference samples based

on different search engines (algorithms) and databases
Our observation revealed that different search engines
and databases yielded different results. The most suc-
cessful approach for determining the leather samples’
animal origin was using protein pilot software via the
paragon algorithm. About 78% (14/18) of the samples
were identified correctly compared to their correspond-
ing pre-identified hits (Additional file 1: table S1). Cor-
rect hits were ranked based on the number of validated
identified peptides. We assumed that the largest number
of peptides most likely identifies the correct species by
either a protein database or a unique peptide database.
Detailed protein identification and peptide sequences
could be accessed in Additional file 2. Additionally, a
second copy could be accessed in an external database
https://doi.org/10. 5281/ zenodo. 7143692. The success-
fully predicted species based on the constructed protein
database allowed the identification of 67% (12/18) of the
taxa, which was twice as determined through the peptide
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database. In contrast, the percentage of correct species
identification decreased to 28% (5/18) when the peptide
database was used (Additional file 1: table S1a). Yet, the
number of peptides through the peptide database was the
only method that correctly predicted the ostrich standard
sample. Overall, the species identified using the paragon
search engine were as follows: 7 skin samples belonging
to bovine, three identified as sheep, two as goat, one as
pig, and one as ostrich (Additional file 1: table S1a).

On the other hand, the least correctly predictive model
was the Peptide Shaker software-based tool through the
X! Tandem search. It correctly predicted about half of the
samples, given only a 56% (10/18) species identification
rate (Additional file 1: table S2). Herein, the validated
PSM was matched to animal species protein databases to
identify expressed proteins in the samples. At the same
time, the number of peptides was adopted as a search
parameter matched to the peptide database (Fig. 3).
Among the 18 samples, 44% (8/18) of the identified taxa
were detected through the validated PSM rather than
the number of peptides approach that identified only 6%
(1/18) of the samples, showing better results compared
to the peptide database (Additional file 1: table S2a). The
only sample identified through the number of peptide
searches, but not through the PSM method, was one out
of the 2 sheep standard samples. Using this X! Tandem
model either through the PSM or the Number of pep-
tides, none of the goat samples were correctly identified,
nor was the ostrich sample; however, it was amenable to
detect all sheep samples and the pig sample. Thus, the 10
recognized species were 6 bovine, 3 sheep, and one pig (
Additional file 1: table S2a).

Our results showed successful identification regarding
proteome discoverer software and the SEQUEST search
engine. Since 67% (12/18) of the samples were correctly
identified (Additional file 1: table S3). Based on the pro-
tein database constructed, we had two search methods
for species identification: the validated PSM and the
number of peptides. On the other hand, based on the
peptide database, the unique peptides and the SEQUEST
score were used as the search parameters (Fig. 3). The
number of peptides method showed that 67% (12/18)
of peptides were assigned to the correct species, while
61% (11/18) of spectra were correctly assigned via the
validated PSM method (Additional file 1: table S3a). On
the other hand, the species identification rate decreased
to 33% (6/18) when the unique peptides were searched
based on the peptide database. It dropped to 11% (2/18),
where only two samples were correctly identified through
the SEQUEST score (Additional file 1: table S3). Adopt-
ing this predictive model through SEQUEST engine in
proteome discoverer, the 12 identified species were: 6
bovines, 3 sheep, 2 goat, and one pig.
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To this point, we compared all methods used in this
study to determine which search method/parameter and
database were most accurate in species identification.
We found that the whole peptides search approach based
on the protein database, used in Protein Pilot and Pro-
teome discoverer, achieved the highest results with a 67%
identification rate and detected all pig with 100% accu-
racy. In contrast, its accuracy has decreased to 85.7% for
the bovine identification as it detected 6 out of the seven
bovine samples and 67% (2/3) of goat samples. Coming
second, the validated PSM approach, used in Proteome
Discoverer and Peptide Shaker, with an overall accuracy
of 61% (11/18) in identifying the proper species that
matches the known standard. Furthermore, its accuracy
in determining the pig and bovine samples remained
100%.

Nonetheless, compared to the number of peptide
approaches, the overall accuracy of the PSM decreased
to 33% (1/3) for goat. This goat sample was identified
through validated PSM in Proteome Discoverer; how-
ever, the PSMs in peptide shaker did predict none of the
goat samples. Despite the high accuracy of the number

of peptides based on the protein database in identifying
the standard samples, the number of peptides that relied
on the peptide database was less precise. One expla-
nation is the lower chance to match a unique sequence
with 55.46% for the complete identification. However,
we noticed that determining the animal taxa through the
number of peptides relying on the peptide database was
poor for some species, particularly goat. None of the goat
samples were identified using this method.

Moreover, its accuracy in recognizing the bovine sam-
ples declined to 71.4%, making it more fallible than its
counterpart, which relies on the protein database. Finally,
the SEQUEST score has proven to be the least informa-
tive parameter to identify animal taxa since it barely
managed to detect 11.11% (2/18) of the standard sam-
ples, harboring it unreliable. These 2 samples belonged
to the pig sample and one of the bovine samples. All in
all, the most predictive search parameter was the num-
ber of peptides through the protein database, followed
by the validated PSM, whereas the poorest one was the
SEQUEST score.
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To validate the appropriate database that aids for accu-
rate identification, either protein or unique peptide data-
base, both searches were compared. Findings have shown
that the protein database search identified 67% (12/18)
of the standard samples. Using the protein database, the
successfully predicted species were bovine, sheep, pig,
and goat. On the other hand, only 56% (10/18) of the sam-
ples were correctly predicted using the unique peptide
database, which included bovine, sheep, pig, and ostrich
species. The protein database was more efficient in iden-
tifying goat samples. However, the peptide database cor-
rectly predicted the ostrich sample, even when it did not
recognize any goat samples. Regardless of the database
or the search method used, although many species were
successfully defined via the different approaches adopted,
the introduced methods could not identify some species
due to the paucity of collagen sequences in the database.
We have observed that they are 4 samples that include
some species such as Egyptian cobra, deer, Nile croco-
dile, and a goat in the sample (Sample #3).

Species identification of the unknown archaeological
samples

Having the results mentioned earlier on the reference
samples, we subsequently attempted to identify the 10
unknown archaeological samples by the three different
models. Still, we expected the protein pilot model to be
the most accurate. First, using the proteome discoverer
software with implemented SEQUEST search engine
algorithm, we identified the unknown archeological
objects to be as follows: (5261), (19.3.10), (25.3.223), and
(31.3.73) were identified as goat, while samples (24.8f)
and (31.3.98) as goat or bovine.

On the other hand, using the paragon search engine
through the protein pilot software, we found that samples
(5261), (19.3.10), (24.8f), and (31.3.98) were detected to
be goat, sheep, or bovine, and sample (31.3.73) was rec-
ognized as goat or sheep, or pig. These results overlapped
findings with those identified through the SEQUEST
model, showing more identification confirmation. At
Last, the X! Tandem of Peptide Shaker model recognized
samples (19.3.10), (24.8f), and (31.3.98) to be identified
as sheep, while sample (31.3.73) was highly matched with
bovine, and sample (25.3.223) was close to either pig or
sheep.

Identified hallmark proteins and unique peptides

in reference samples

In this study, two critical variables influenced accurate
species identification, the number of proteins identified
in a sample and the thoroughness of a species’ represen-
tation in the protein/ unique peptide database. Most of
the proteins identified were collagens, including Collagen
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type L, type II, type III, and type VI. Most importantly,
collagen marker peptides were common with differ-
ent isoforms and patterns of the presence or absence
of marker peptides between Sheep, Goat, Bovine, and
Pig. All examined samples have produced collagen fin-
gerprints, and the in-depth analysis revealed that each
contains a combination of the collagen type I protein.
Collagen type I alpha 1 (COL1A1) had the largest num-
ber of peptides in all samples, followed by collagen type
I alpha 2 (COL1A2). Interestingly, the ten unknown
samples showed an extensive list of protein signatures
generated from the collagen type I alpha 1 as the most
abundant protein in leather, with different isoforms in
each species.

Discussion

Paleoproteomics has been proven to be better at global
protein identification when taxonomic resolution is
required [31]. This is because LC-MS/MS has become
more accurate and sensitive in the last few years as it
can handle and separate complex peptide and protein
mixtures more than before [32, 33]. LC-MS/MS, in par-
ticular, has been adopted to identify the animal source of
various archaeological leather artifacts, including skin,
shoes, clothing, etc. [15, 22, 34-36]. However, some
barriers restrain protein identification including the
database quality and protein evolutionary conservation
among taxa. Therefore, this paper aimed to assess the
best approach to correctly identify leather skin archaeo-
logical samples using three predictive models: SEQUEST
through Proteome Discoverer, Paragon through Protein
Pilot, and X! Tandem via Peptide Shaker. Inside each
model, we approached other search methods, includ-
ing high PSM scoring selection, the number of peptides,
and/or SEQUEST score that best match to a protein or
a peptide database. We sought to address the limitations
harboring each method and the improvements that could
be further applied. Increasing the sensitivity of species-
specific identification is instrumental for multiple appli-
cations that infer the past human ecology, providing a
better understanding of human-environment interac-
tions, the development of agriculture, and distinctions
between prehistoric civilizations.

Our analysis found collagen I followed by collagen II,
as the most abundant protein in all samples due to its
resistance to degradation, despite the samples’ expo-
sure to environmental and chemical alterations during
excavation and tanning processes. Type 1 Collagen con-
sists of two alpha I chains and one alpha II chain that are
twisted on top of each other to form a solid and stable
triple helix [37, 38]. Notwithstanding the robustness of
collagen structure, it is known for its slow evolution-
ary rate, over ~450 million Years (Myr). This slow rate
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of evolution gives rise to a few amino acid substitutions
that could be derived from conservative missense muta-
tions. As a result, exon and intron homologies are highly
preserved among their isoforms and across vertebrate
species [39] which subsequently provides homologous
protein sequences that not only have similar masses but
are accordingly hard to differentiate by the mass spec-
trometry [40, 41].

Accordingly, collagens have a tight potential to discern
between closely related species. This complication even
worsens when a species has limited representation in the
database since another species will inescapably be rec-
ognized with multiple spectra [42]. For example, in the
high-scoring PSMs, samples were from sus scrofa as an
animal source of origin, and most of the bovine samples
were correctly identified, indicating that pig and bovine
were the most thorough and represented species in the
database.

Using the number of unique peptides matched to a
protein database was the most effective method for cor-
rect species identification. This method uses significantly
more data and increases accurate species identifica-
tion. It sums the species of all peptides found in a sam-
ple- both unique and shared- and assumes that the most
frequently identified species would likely be the correct
species. On the other hand, the validated PSM method
showed the second-highest identification rate of the cor-
rectly assigned proteins. Thus, this could be due to differ-
ent reasons. First, PSMs consider counting the redundant
spectra, resulting in more data points for a detailed
analysis. Second, PSMs reduce the effect of amino acid
substitutions that could be generated from a single spec-
trum, which, in return, increases the accuracy of species
identification. Furthermore, this method may be suf-
ficient when plenty of proteins are available. However,
when few highly conserved proteins are present for anal-
ysis, this method may suffer limitations in light of high-
quality spectra identifying erroneous peptides.

A plethora of methods for taxa identification using
leather/skin samples have been proposed [31, 43, 44].
Multiple methods rely on detecting species-specific
peptide(s) to make these determinations. However, as
proposed here, the frequency of identifying high-quality,
unique peptides from species other than the sample spe-
cies limits the usefulness of these methods. Compared
to the other predictive methods in this study, the num-
ber of peptides matched to a peptide database showed
poor taxa identification. This could be due to the fact that
some peptides could show some discrepancies across
samples even when they are derived from the same pro-
tein due to variations in post-translational modifications
[45]. Hence, the higher the PTMs considered during the
search, the less the identified peptides, and the less it is

Page 8 of 10

matched to the peptide database. Indeed, variable PTMs
lead to a steep increase in the search space size, which
makes search engines struggle with comparative analysis
of PTMs and increases false positives because of incor-
rect PSMs. Another reason is that some species will get
more peptide hits than others, and, in the same manner,
some species will have few unique peptides assigned to
them due to the overlapping of their proteome with other
species.

Nonetheless, this method was able to recognize the
ostrich Sample, unlike any other method, inferring that
this method could help in finding species-specific pep-
tides to a limited range since it gets also influenced by
the animal representation in the database as well as the
paucity of peptide markers among most animals due to
the slow evolutionary rate of collagen proteins. Finally,
using the SEQUEST score was the least successful iden-
tification method. Again, the homology and high similar-
ity between collagen-identified sequences among species
play a major role in the probability-based and cross-cor-
relation analysis between the mass spectra and peptide
sequences. As the number of amino acid substitutions
in peptides decreases, the uniqueness and the number of
the identifiable mass spectrum will diminish, giving lower
SEQUEST scores, which inevitably reduces the accuracy
of taxa identification.

Our study casts light on many practicable predictive
models to identify the animal source of archaeologi-
cal samples. However, possible limitations of the study
would be the sample size, which could have been more
significant to give more informative percentages for each
identification methodology. Yet, it is impossible to obtain
several artifacts and study them using destructive meth-
ods, such as mass spectrometry. Additionally, consid-
ering the PTMs in the sample could contribute to poor
protein identification, as previously explained. However,
to tackle this in the future, we support the previous sug-
gestions by Chen et al.,, 2020, to use the iterative search
for identifying PTMs (ISPTM) approach or a hybrid
database of de novo and database search (i.e., InsPecT
algorithm), which could help not only in controlling the
search space, but also in increasing the spectral identifi-
cation rate by improving the accuracy of isoform identifi-
cation in non-canonical proteomes [46].

Other suggestions and improvements could also
be taken into consideration. For example, herein, we
used untargeted proteomics analysis to search against
a unique database comprising different species per-
taining to the Ancient Egypt civilization. Nonetheless,
working on targeting particular peptide markers in a
Multiple Reaction Monitoring (MRM) mode could lead
to more sensitive, specific, and rapid protein detection
and species-specific identification because of its high
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resolution in distinguishing the few amino acid substi-
tutions in collagen among taxa [36]. Furthermore, we
recommend utilizing this novel approach in addition
to the emerging Data-Independent Acquisition (DIA)
analysis. In contrast to the traditional DDA analysis
used here, the DIA strategy enables higher reproduc-
ible and sensitive detection of peptides since all pre-
cursor ions on the survey scan (MS1) are objectively
selected for fragmentation in MS2, giving more reliable
and detailed data for peptide identification [47].

Regardless of the future work that suggests improv-
ing the taxonomic identification rate, protein identifica-
tion for archaeological samples will remain problematic
as long as the number of available proteins in samples,
the accuracy of sequencing, and the database are insuf-
ficient and unthorough. Consequently, these problems
hamper the proteins’ informative value regarding spe-
ciation and make MS accuracy even harder to quash.
However, the hope continues with the promising evolu-
tionary trends in high-throughput genomic sequencing,
resulting in more genes being translated into proteins
and thus allowing protein completeness of various taxa
in the database.
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