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ARTICLE INFO ABSTRACT

Keywords: Skeletal remains of two equid species, Equus caballus (horse) and Equus asinus (donkey), have been found in
Peptide mass fingerprinting archaeological contexts throughout Iberia since the Palaeolithic and Chalcolithic periods, respectively. These two
éooa“hae"bgy species play different economic and cultural roles, and therefore it is important to be able to distinguish between
one the two species to better understand their relative importance in the past human societies. The most reliable
Palaeontology . . s . . .
Archaeology morphological features for distinguishing between the two domesticated equids are based on cranial measure-
Z00MS ments and tooth enamel folds, leading to only a small percentage of archaeological remains that can be identified

to species. Ancient DNA (aDNA) analysis can be used to reliably distinguish the two equids, but it can be cost
prohibitive to apply to large assemblages, and aDNA preservation of non-cranial elements is often low. Collagen
peptide mass fingerprinting by matrix-assisted laser desorption time-of-flight (MALDI-TOF) mass spectrometry,
also known as zooarchaeology by mass spectrometry (ZooMS), is a minimally destructive and cost-effective
alternative to aDNA analysis for taxonomic determination. However, current ZooMS markers lack resolution
below the genus level Equus. In this paper, we report a novel ZooMS peptide marker that reliably distinguishes
between horses and donkeys using the enzyme chymotrypsin. We apply this peptide marker to taxonomically
identify bones from the Iberian Peninsula ranging from the Iron Age to the Late Modern Period. The peptide
biomarker has the potential to facilitate the collection of morphological data for zooarchaeological studies of
equids in Iberia and throughout Eurasia and Africa.

1. Introduction

Horse (Equus caballus/Equus ferus) and donkey (Equus asinus) along
with their hybrids are important large domesticates in Holocene
archaeological contexts. Domestic equids have played roles in the
economy, travel, and conflicts of past societies. Horses have been uti-
lised for riding, racing, and as mounts in war due to their intelligence
and speed (Clutton-Brock, 1992; Hanot and Bochaton, 2018). Donkeys,
on the other hand, have been appreciated for their endurance and
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adaptations to harsh environments, leading them to be utilised for
load-bearing (Baxter, 1998; Kimura et al., 2013). Accurate identification
of domestic equids and their hybrids is an arduous but imperative task in
archaeological studies. With the exception of situations where one of the
species is entirely absent, it is usually difficult to distinguish between
horse and donkey remains based on skeletal morphological criteria
alone (Hanot and Bochaton, 2018).

Conventional criteria for zooarchaeological identification are based
on the morphology of teeth enamel folds (Armitage and Chapman, 1979;
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Davis, 1980; Eisenmann, 1980, 1981, 1986; Uerpmann, 2002), the skull
(Albizuri and Nadal, 1991; Azzaroli, 1978; Eisenmann, 1980, 1986;
Groves and Mazak, 1967; Kunst, 2000), and a few post-cranial elements
(Arloing, 1882; Eisenmann and Beckouche, 1986; Hanot and Bochaton,
2018; Peters, 1998). One problem with many of these criteria is that they
are dependent on bone size and assume that horses and hybrids are
larger than donkeys (Forest, 2008; Hanot et al., 2017), which is not al-
ways accurate even when entire skeletons are available for analysis.
More practically, intact skulls with complete post-cranial remains are
rarely encountered in the archaeological record, and equids are more
often represented by individual or fragmented bones that are difficult to
taxonomically assign based on size. For example, two recent studies
from England and Poland point out that horse bones at archaeological
sites are partially the result of distinctive depositional processes,
including the standardised post-mortem processing of their carcasses
away from domestic sites at tanneries and knackers’ yards (Ameen et al.,
2021; Jaworski et al., 2020). Species level determinations are most
frequently made using teeth (Chuang and Bonhomme, 2019; Davis,
1980; Eisenmann, 1980, 1981, 1986), which generally represent a
relatively small proportion of faunal assemblages. Further complicating
species level identifications is the fact that equids are less frequently
consumed than other domesticates, such as cattle, caprines, and suids.
This leads to fewer measurable bones recovered from some sites, and
consequently less morphological data is available to determine
site-specific size profiles (Hanot and Bochaton, 2018).

The most reliable means of taxonomic identification of archaeolog-
ical equids has been through ancient DNA (aDNA) analyses (Cucchi
et al., 2017; Jonsson et al., 2014; Vilstrup et al., 2013; Weinstock et al.,
2005), which comes with its own challenges, especially in regions such
as the Iberian Peninsula that have very low success rates (10%-30%).
Ancient DNA analyses can also be costly, especially when analysing
large assemblages. Proteins, particularly collagen, can be used to over-
come these limitations. The most affordable and high-throughput option
is zooarchaeology by mass spectrometry (ZooMS) which utilizes differ-
ences in collagen type I (COL1) sequences to distinguish between
taxonomic groups. While there are variations in the collagen sequence
between horse and donkey, previously published ZooMS markers pro-
vide taxonomic resolution only to the genus level in equids, thereby
limiting the usefulness of this technique for studying species of Equus
(Buckley et al., 2009, 2017; Buckley and Collins, 2011; Kirby et al.,
2013; Welker et al., 2016). Tandem mass spectrometry (LC-MS/MS)
based methods, including SPIN, can reliably distinguish between horse
and donkey using the differences in COL1 (Riither et al., 2022), but even
targeted LC-MS/MS based analyses are still more expensive and require
more computational power than ZooMS. ZooMS therefore remains the
most cost-effective biomolecular method for rapid and high-throughput
taxonomic identification. As such ZooMS is highly suited to the analysis
of large faunal assemblages, is ideal for projects with limited budgets,
and can be productively used to pre-screen samples for preservation
prior to more expensive methods, such as aDNA or LC-MS/MS analyses.
In this manuscript we successfully utilised a new ZooMS peptide marker
to successfully distinguish horses and donkeys from Western Iberian
Holocene contexts.

2. Domesticated equids in iberia

Both horse and donkey were domesticated in different regions almost
concurrently around 5000 - 4200 years ago, with the horse being
domesticated in Western Eurasian steppes (Librado et al., 2021; War-
muth et al., 2012) and the donkey in Northern Africa (Beja-Pereira et al.,
2004; Rossel et al., 2008; Todd et al., 2022).

The Iberian Peninsula has been home to wild or domesticated horses
since the Holocene (Warmuth et al., 2012). Equid bones have been re-
ported continuously in the Western part of Iberia from the Late Pleis-
tocene through the Medieval Period until the Modern Period (Cardoso,
1993, 1994, 1995; Davis et al., 2008; Davis, 2006; Detry et al., 2016;
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Detry, 2007; Detry and Arruda, 2013; Detry and Fabiao, 2021; Morales
Muniz et al., 1998; Rowley-Conwy, 1993; Valente, 2008). During the
Early and Middle Neolithic equid bones have only been reported from
the site of Lameiras in Portugal (Valente and Carvalho, 2014, 2019). By
the Late Neolithic, equid remains become more abundant but still scarce
in comparison to other species. The notable exception is the Late
Neolithic site of Xacafre (Portugal) where more than 100 equid remains
have been recovered (Aleixo, 2018). With the advent of the Chalcolithic
and Bronze Ages, there is an increase in the number of equid remains
across sites in the Iberian Peninsula (Castanos, 2005; Harrison et al.,
1987; Morales Muniz et al., 1998).

The extinct Iberian wild ass (Equus hydruntinus) has been found in
Middle Palaeolithic, Neolithic, and Chalcolithic contexts from Portugal
and Spain. Although some populations might have remained in Iberia
until first millennium BCE (Schuhmacher et al., 2009), there is no evi-
dence of domestication (Cardoso and Detry, 2002; Davis, 2002; Davis
et al., 2018). It is widely accepted that domestic donkeys from North
Africa were introduced to the Iberian Peninsula by the Phoenicians as
early as the 8th century BCE (von den Driesch and Boessneck, 1985).
However, earlier dates have been proposed based on the discovery of a
molar tooth, confirmed by mitochondrial DNA analysis to be donkey, at
the Chalcolithic site of Leceia (Cardoso et al., 2013). This is not sur-
prising given that artefacts of North African origin, such as ivory and
ostrich eggshells, have been reported in Portugal and South-West Spain
from the Late Neolithic/Chalcolithic onwards (Schuhmacher et al.,
2009; Valera et al., 2015; Valério et al., 2018). Skeletal elements of
donkey are found in higher numbers starting in the Iron Age, with a
noticeable increase during the Roman Period and Middle Ages (Davis
et al., 2008; Davis, 2006; Davis and Goncalves, 2017; Detry et al., 2016;
Detry and Arruda, 2013; Detry and Pimenta, 2017). In this complex
scenario with significant archaeological questions regarding the pres-
ence and use of domesticated equids, ZooMS would be a valuable,
cost-effective, and reliable tool to (1) increase identification rate of
horse and donkey remains across time periods and (2) interpret
slaughter and birthing patterns similar to other domesticates (Castanos,
2005).

3. ZooMS markers for equids

ZooMS is a peptide mass fingerprinting technique developed to
assign taxonomic identities based on enzymatically digested COL1
peptide masses. The primary principle of ZooMS is to generate a peptide
mass fingerprint from tryptic digests of bone or other collagen con-
taining tissues using a matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometer. In the past decade, re-
searchers have successfully leveraged this technique to distinguish the
genus Equus from other large mammal taxa in archaeological records
using a standard panel of nine peptide markers (Buckley et al., 2009,
2017; Buckley and Collins, 2011; Kirby et al., 2013; Welker et al., 2016).
However, these markers are invariant across all published species in the
Equus genus (Table S1), which makes them unsuitable for species level
identification. Recent studies have developed alternative markers for
other regions of the collagen protein where amino acid differences allow
for better taxonomic resolution of specific taxonomic groups, such as
marsupials and bovids (Coutu et al., 2021; Janzen et al., 2021; Peters
et al., 2021). Here we use genetic data to identify collagen sequence
differences between horses and donkeys and confirm a species-specific
ZooMS marker using a chymotrypsin digestion that can reliably distin-
guish horses from donkeys across a range of archaeological sites.

4. Material and methods
4.1. Samples

Reference bone samples (Table 1) of horse and donkey (3 of each
species) were sourced from the Mammalogy collection of Laboratdrio de
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Table 1
Overview of archaeological and taxonomic reference samples.

Sample Type Time Period Country Number of samples (n)
Archaeological Iron Age Spain 5
Roman Portugal 23
Late Antiquity Portugal 3
Medieval Portugal 5
Medieval Spain 3
Late Modern Portugal 1
Taxonomic Reference Modern Portugal 6

Arqueociéncias (Direcao Geral do Patriménio Cultural, Lisbon). 20-30
mg bone samples were taken from non-diagnostic sections of the bones.
Archaeological samples (n = 40) originate from various sites across
Portugal and Spain (Table 1) ranging from the Early Iron Age to Early
Modern period. Some of the samples were identifiable by morphology as
either horse or donkey (n = 15) while the majority were only identifi-
able to the genus Equus (n = 25). From each archaeological bone a
10-40 mg sample was clipped (bone fragment) or drilled (bone powder)
from a non-diagnostic portion of the bone.

4.2. Collagen extraction

Collagen was extracted from both the reference and archaeological
samples based on previously published acid-insoluble (Buckley et al.,
2009; Welker et al., 2015) and acid-soluble (Brown et al., 2022; van der
Sluis et al., 2014) protocols. Three blanks were extracted after every 12
samples as controls. All samples were first extracted using the
acid-insoluble method. If this method failed due to either the samples
degrading entirely in acid or if poor spectra were produced, the
acid-soluble method was used. Briefly bone fragments or powder were
demineralised in 500 pl of 0.6 M hydrochloric acid (HCI) for 48 h after
which the supernatant was collected and stored for the acid-soluble
method. The samples were rinsed 3 times with 200 pl of 50 mM
ammonium bicarbonate (NH4HCO3), pH 8 (AmBic), followed by an in-
cubation for 5 min at room temperature in 200 pl of 0.1 M sodium hy-
droxide (NaOH) to remove fulvic and humic acids. The samples were
then rinsed three times with AmBic. 100 pl of AmBic was added to the
samples and they were gelatinized by incubating for 1 h at 65 °C.

For the acid-soluble method the acid supernatant was filtered using a
30 kDa ultrafilter and centrifugation (3700 rpm). The samples were
washed twice by adding 500 pl of AmBic to the ultrafilter and centri-
fuged. 100 pl of AmBic was added to the top of the filter and the collagen
was resuspended through pipetting. The AmBic was then removed from
the filter into a clean centrifuge tube.

4.3. Enzymatic testing

COL1 sequences from horse (XP_023508478.1, XP_008516208.1,
XP_001492989.1) and donkey (XP_014689063.1, ACM24774.1,
XP_014708845.1, ACM24775.1) were aligned and analysed using
Geneious™ (R11.1) (Kearse et al., 2012). The sequences were theoret-
ically digested with all of the enzymes available using PeptideMass™
from Expasy® (Gasteiger et al., 2005; Wilkins et al., 1997). The peptides
containing the amino acid differences were then identified and enzymes
where at least two of the differences were on peptides that would be
visible within the mass range of the MALDI. In order to assess the actual
viability of the enzymes the six reference samples, plus two well iden-
tified archaeological horse samples were analysed. Multiple gelatinisa-
tions were performed from the same digested bone and pooled to make
400 pl of extracted collagen. Then digestions were performed on 50 pl of
extracted collagen for each digestion.

Tryptic digestions: Digestions were performed in AmBic with 0.4 pg
trypsin (Promega® V5111) at 37 °C for 16-18 h.

Glu-C digestions: Extracted collagen was dried down and resuspended
in 50 pl of 100 mM potassium phosphate buffer pH 8 and incubated with
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0.8 pg Glu-C (Promega® V1651) at 37 °C for 16-18 h.

Thermolysin digestions: Extracted collagen was dried down and
resuspended in 50 pl of 50 mM Tris(hydroxymethyl)aminomethane
hydrochloride, 0.5 mM calcium chloride, pH 8 and incubated with 0.8
pg thermolysin (Promega® V4001) at 70 °C for 4 h.

Chymotryptic digestions: Extracted collagen was dried down and
resuspended in 50 pl of Tris buffer (100 mM Tris(hydroxymethyl)ami-
nomethane hydrochloride, 10 mM calcium chloride, pH 8.0) and incu-
bated with 0.4 pg chymotrypsin (Promega® V1061) at 25 °C for 16-18
h.

Dual digestion was performed with trypsin and chymotrypsin.
Extracted collagen was dried down and resuspended in 50 pl of Tris
buffer. One set of samples were digested with 0.4 pg of trypsin and 0.8 pug
of chymotrypsin at 25 °C for 16-18 h. A second set of samples were
digested with 0.8 pg of chymotrypsin at 25 °C for 16-18 h. Then 0.4 ug of
trypsin was added and the samples were incubated at 37 °C for 30 min.
All digestions were stopped by adding 1 pl of 5% trifluoroacetic acid
(TFA).

4.4. Archaeological digestions

Subsequent archaeological samples were gelatinized once and the
resulting 100 pl of extracted collagen was split in half and digested
separately with trypsin and chymotrypsin as described above.

4.5. Peptide mass fingerprinting and data analysis

All digests were spotted in both undiluted and diluted 1:10 in 50%
acetonitrile (ACN), 0.1% TFA, in duplicate on a BRUKER® MTP
Groundsteel™ 394-target plate with equal volume of matrix (10 mg of
a-cyano-4-hydroxycinnamic acid in 1 ml of 50% ACN/0.1% TFA).

Samples were analysed on a Bruker® Ultraflextreme™ MALDI-TOF/
TOF (Bruker Daltonics®) with a smartbeam-II laser. A SNAP averaging
algorithm was used to obtain monoisotopic masses (C: 4.9384, N:
1.3577,0:1.4773, S: 0.0417, H: 7.7583) at the Harvard Center for Mass
Spectrometry.

The resulting spectra were analysed using mMass (Strohalm et al.,
2010). Spectra were assessed for presence of predicted or confirmed
marker peaks based upon a S/N ratio of at least 3. Identification of
tryptic ZooMS spectra was done based upon published markers (Buckley
et al., 2009, 2017; Buckley and Collins, 2011; Kirby et al., 2013; Welker
et al., 2016). The best spectrum from trypsin and chymotrypsin di-
gestions for each sample is available at  Zenodo
(10.5281/zenodo.6878868).

4.6. Marker identification and confirmation

After analysis of the MALDI data, one sample from each species was
analysed using LC-MS/MS at the Harvard Center for Mass Spectrometry.
4 pl of chymotryptic digested collagen was analysed on an Orbitrap™
Elite mass spectrometer (Thermo Scientific®) coupled with a Waters
nanoACQUITY™ HPLC pump (Waters® AG). Peptides were separated
onto a 100-um inner diameter microcapillary trapping column packed
first with approximately 5 cm of C18 ReproSil™ resin (5 um, 100 A, Dr.
Maisch®, Germany) followed by an analytical column ~20 cm of
ReproSil™ resin (1.9 pm, 200 A, Dr. Maisch®). Separation was achieved
by applying a gradient from 5% to 27% acetonitrile in 0.1% formic acid
over 90 min at 200 nl min~". Electrospray ionization was enabled by
applying a voltage of 1.8 kV using a home-made electrode junction at
the end of the microcapillary column and sprayed from fused silica pico
tips (New Objective™). The LTQ Orbitrap™ Elite was operated in the
data-dependent mode for the mass spectrometry methods. The mass
spectrometry survey scan was performed in the Orbitrap™ in the range
of 400-1800 m/z at a resolution of 6 x 104, followed by the selection of
the 20 most intense ions (TOP20) for collision-induced dissociation
(CID)-tandem mass spectrometry fragmentation in the ion trap using a
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precursor isolation width window of 2 m/z, automatic gain control
(AGQC) setting of 10,000, and a maximum ion accumulation of 200 ms.
Singly charged ion species were not subjected to CID fragmentation.
Normalized collision energy was set to 35 V and an activation time of 10
ms, AGC was set to 50,000, and the maximum ion time was 200 ms. Ions
in a 10-ppm m/z window around ions selected for tandem mass spec-
trometry were excluded from further selection for fragmentation for 60
s.

Resulting data was processed using Byonic™ (v3.5.3) (Bern et al.,
2012) in two steps. All runs had the following parameters: precursor
mass tolerance: 10 ppm; fragment mass tolerance: 0.5 Da; Cleavage
sites: C-terminal to tryptophan, phenylalanine, tyrosine, lysine, methi-
onine, and histidine; with decoys. The first step was to identify any
additional proteins in the sample other than collagen. This was done
using a database composed of Swissprot™ (downloaded May 13, 2022)
and the proteomes from horse (UP000002281, 44,487 proteins) and
donkey (UP000694387, 33,257 proteins) and the parameters: fully
specific cleavage, 2 missed cleaves, common modifications: deamidation
on arginine and glutamine, oxidation of proline, methionine, and lysine;
rare modifications: Glx to pyro-Glu on N-terminal glutamine and glu-
tamic acid, ammonia loss on N-terminal cysteine; modifications
allowed: common - 2, rare - 1. The peptide FDR rate cut off was 2% and a
focused database was made from the proteins identified. The focused
databases were then combined and duplicates were removed. Coll se-
quences were also removed and replaced with the six curated equid
sequences (see above). In the second step, this database was then used to
identify the collagen peptide sequences using Byonic™ with the
following parameters: semi-specific cleavage, 2 missed cleaves, common
modifications: deamidation on arginine and glutamine, oxidation of
proline, methionine, and lysine; rare modifications: Glx to pyro-glu on
N-terminal Q/E, ammonia loss on N-terminal C; modifications allowed:
common - 6, rare - 1. The peptide FDR rate cut off was 1%. For quality
assurance these same parameters were also used with non-specific
cleavage.

5. Data availability

MALDI-TOF-MS spectra data have been deposited in Zenodo
(https://doi.org/10.5281/zenodo.6878868) and the LC-MS/MS spectra
data have been deposited in ProteomeXchange (PXD035509) through
Massive (MASSIVE MSV000089943) at https://doi.org/10.25345/
C5T727K8H. The R code and data used for the study can be accessed
at https://osf.io/qsc25/ for reproducibility and transparency. The code,
data, and figures are licensed under CC BY 4.0 http://creativecommons.
org/licenses/by/4.0/, to enable maximum re-use. All other data are
included in the manuscript and/or supporting information.

6. Results and discussion
6.1. Identification and confirmation of biomarkers

Analysis of published collagen sequence data identified five amino
acid differences between horse and donkey, one on the gene COL1A1
and four on COL1A2 (Table 2). This is consistent with the known higher
mutation rate of COL1A2. Four enzymes (trypsin, Glu-C in a phosphate
buffer, chymotrypsin, and thermolysin) cut at sites that should generate
two or more peptides containing these amino acid differences based on
in silico predictions. However, the MALDI spectra showed no peaks
corresponding to these predicted peptides for any of the enzymes.
Further analysis showed no consistent differences among Equus species
based on the MALDI spectra for trypsin, Glu-C, and thermolysin. This is
not surprising as only part of the collagen protein is reliably visible in the
MALDI spectra (Buckley et al., 2009; Janzen et al., 2021).

Spectra produced from the enzyme chymotrypsin had one consis-
tently visible difference between the species corresponding to a 14 Da
mass difference (Fig. 1). However, the masses (m/z 2497 and m/z 2511)
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Table 2

Amino acid differences between horse and donkey COL1 proteins and their
predicted visibility by MALDI following enzymatic digestion. Published COL1
sequence data were obtained from horse (XP_023508478.1, XP_008516208.1,
XP_.001492989.1) and  donkey  (XP_.014689063.1,  ACM24774.1,
XP_014708845.1, ACM24775.1). Proteins were digested in silico using Peptide
Mass (Gattiker et al., 2002; Wilkins et al., 1997), and peptides were marked as
theoretically visible if between m/2800 and m/z 3500. Nomenclature of the
amino acid locations after Brown et al. (2021a).

COL1A1 COL1A2 COL1A2 COL1A2 COL1A2
1016 93 336 411 887
Horse G N S S H
Donkey A K T T N
Mass difference 14 14 14 14 23
(Da)
Predicted visibility by MALDI-TOF following enzymatic digestion
Trypsin - X* - X -
Glu-C* X X X - _
Chymotrypsin - X X - -
Thermolysin X - - X

* visible in horse only as the amino acid difference is at a tryptic cut site.
# Phosphate buffer.

did not correspond to any of the masses of the theoretically chymo-
tryptic digested peptides (Table 2).

In order to assess the reliability and authenticity of this proposed
marker we: (1) conducted LC-MS/MS analysis to sequence the peptide,
and (2) compared the sequence data to enzyme activity profiles for
chymotrypsin. LC-MS/MS confirmed the sequence of the candidate
markers that covered the known amino acid difference between the
species at COL1Al1 1016 (horse: GRTGDAGPVGPPGPPGPPGPPG
PPSGGF, donkey: GRTGDAGPVGPPGPPGPPGPPGPPSAGF) (SI Fig. 1).
However, the peptides were only cleaved on one end at a common
chymotryptic cut site (C-terminal to phenylalanine) and the other site is
not commonly reported as a chymotryptic cut site (C-terminal to argi-
nine before the glycine in the reported peptide). Because trypsin cuts C-
terminal to an arginine, dual digestions with chymotrypsin and trypsin
were attempted. However due to the differences in activity between
trypsin and chymotrypsin, only the fully tryptic peaks were visible in the
MALDI-TOF spectra for both dual and sequential digestions.

Enzymatic digestion can be variable, with the probability of cutting
at any one location based upon the buffer solution (Tipton et al., 2009),
presence of cofactors (Broderick, 2001), the primary amino acid (Keil,
2012), amino acid composition up to six amino acids in either direction
of the cut site (Keil, 2012), and the structure of the protein (Hartley,
1960). This is commonly seen in ZooMS with trypsin. Trypsin cuts pri-
marily at the C-terminal side of arginine and lysine but often does not cut
when a proline follows the arginine or lysine in the sequence (Olsen
et al., 2004; Rodriguez et al., 2008). Some of the standard ZooMS
markers are based on these predictable missed cleavages due to the
presence of a proline (Buckley et al., 2009; Keil, 2012; Welker et al.,
2016). Chymotrypsin activity has been thoroughly investigated (Keil,
2012). Chymotrypsin cuts at the C-terminal side of tyrosine, phenylal-
anine, and tryptophan, and with lower efficiency at the C-terminal side
of leucine, methionine, and histidine. Cleavages on the C-terminal side
of arginine are also possible although rare (Keil, 2012). Nevertheless, we
do observe multiple cleavages C-terminal to arginine during chymo-
trypsin digestion of equid COL1, which could correspond to an atypical
cleavage of chymotrypsin or the presence of trypsin co-purified with
chymotrypsin.

In the case of an atypical cleavage, the following factors increase the
likelihood of cleavage at this particular arginine. First, COL1 collagen
has a low number of preferential chymotrypsin cut sites, tyrosine,
phenylalanine, and tryptophan, because these large amino acids desta-
bilize the collagen triple helix (Bella, 2016). These amino acids are
largely absent from collagen and represent only 34/2072 amino acids in
mature equid COL1A1 and COL1A2 (Fig. 2). Although chymotrypsin has
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secondary cut site activity C-terminal to lysine, methionine, and histi-
dine, these amino acids also have low abundance in collagen, repre-
senting 77/2072 amino acids in mature equid COL1A1 and COL1A2
(Fig. 2). Therefore, non-preferential cleavage sites are more commonly
seen (Gattiker et al., 2002). Second, the sequence around the cleavage is
GPRGRT. The three amino acids around the cleavage site are known to
impact the success of cleavage for chymotrypsin, especially when the
affinity to the primary amino acid (in this case the arginine before the
cut site) is low (Keil, 2012). Both amino acid and location impact that
success. For example, although a proline directly after an arginine

inhibits cleavage by trypsin, a proline before an arginine increases the
likelihood of cleavage by chymotrypsin. Also increasing the likelihood
of cleavage after this particular arginine are the glycine in the first po-
sition after the cut site and the arginine in the second position after the
cut site (Gibson and Dixon, 1969; Keil, 1987, 2012).

Alternatively, small amounts of residual trypsin can be present
within commercially prepared chymotrypsin obtained by enzyme puri-
fication (pers comm Promega technical support). Such low-level residual
trypsin activity cannot be excluded as a possible contributor to cleavage
at arginine residues. However, when analysing the remaining LC-MS/
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MS data using both semi-specific to chymotrypsin and non-specific
enzyme parameters, the protein chymotrypsin was identified but
trypsin was not identified at 1% protein FDR. For the semi-specific
search all of the peptides identified to chymotrypsin with a PEP 2D
score less than 0.001 were searched against the NCBI protein database
using BlastP and were specifically searched against trypsin and no
identity to trypsin was found for any of the identified peptides.

LC-MS/MS analysis of our chymotrypsin digestions revealed that
cleavage was elevated after (C-terminal to) the few tyrosine and
phenylalanine residues present in collagen (Table S3). Cleavage also
occurred C-terminal to lysine and methionine when they were not fol-
lowed by a proline inhibiting enzyme binding. Combined the primary
and secondary cut sites accounted for 59% of the observed cut sites. The
most common non-preferential cleavage site in both COL1A1 and
COL1A2 was found to be C-terminal to an arginine, accounting for about
20% of the observed cut sites (Fig. 2). Of those cut sites at arginine, cases
where the cut site is between arginine and glycine make up 70-80%
(Fig. 2, insert). When scaling against the number of the particular amino
acid residues in the collagen sequence, the most frequent cut sites were
C-terminal to phenylalanine, methionine, tyrosine, and lysine, followed
by arginine and histidine. Although proline and glycine make up a large
percentage of the overall amino acid composition, scaled values indicate
that proportionally very few of the cut sites occurred C-terminal to
proline or glycine, as predicted. (Table S3). When comparing horse and
donkey MALDI spectra, we confirm that the marker peaks at m/z 2497
and m/z 2511 correspond to collagen amino acid differences between
these two species and allow robust taxonomic discrimination.

6.2. Modern and archaeological samples

The geographical origin and time period of the samples analysed in
this study are presented in Table 3. Taxonomic reference samples from
the Laboratério de Arqueociéncias (Direcao Geral do Patriménio Cul-
tural, Lisbon) mammal collection produced high quality tryptic and
chymotryptic digests. The tryptic digest spectra were used to confirm
that the samples were indeed equids using the presence of previously
reported Equus marker peaks (SI1) (Welker et al., 2016). All of the
archaeological samples (n = 40) analysed had sufficient collagen pres-
ervation to allow taxonomic identification as Equus, in case of tryptic
digests, and as either horse or donkey, in the case of chymotryptic di-
gests (Fig. 1 (b)). Of the 40 archaeological bone specimens, traditional
morphological analyses identified 25 as Equus sp., 11 specimens as
horses, and 4 as donkeys. Using the new collagen marker, we could
unambiguously distinguish all samples as either horse (n = 22) or
donkey (n = 18). Of the 15 Equus specimens assigned to the species level
based on morphological criteria, the ZooMS identification was in
agreement for all but one (Table 3, Fig. 3 (a)). The sample MJV.15, a
neonatal individual, was presumed to be a horse but formally identified
just as an equid, as morphologically there are no criteria to distinguish
neonatal equids. This assumption was based on the fact that the other
equid remains from the same context (Portuguese Medieval Islamic)
were adult horses. ZooMS confirmed the identification of the adults as
horses, but the neonatal individual as a donkey (Table 3, Fig. 1 (b)).

Because of the close evolutionary distance within Equidae (Orlando
et al., 2013), sterile hybrids can be produced between horses and don-
keys: mules (Equus asinus® x Equus caballus®) and hinnies (Equus cab-
allus® x Equus asinus®). Hybrids are both wild born and also intentionally
bred for favourable characteristics such as enhanced strength and harder
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Table 3
Sample list of all archaeological and taxonomic reference samples analysed in this study.

Sample ID Site Country Time Period Skeletal Element Morphological Id. ZooMS Id.
TRAOF100 Troia Portugal Roman Left Femur Equus asinus Equus asinus
TRAOF101 Troia Portugal Roman Left Scapula Equus asinus Equus asinus
TRAOF102 Troia Portugal Roman Mandible Equus asinus Equus asinus
TRAOF104 Troia Portugal Roman Pelvis Equus asinus Equus asinus
TRAOF105 Troia Portugal Roman Rib Equus sp. Equus asinus
TRAOF107 Troia Portugal Roman Long bone fragment Equus sp. Equus asinus
RDA.19.EQ1 Rua do Anjos Portugal Roman Molar Equus sp. Equus asinus
RDA.19.EQ2 Rua do Anjos Portugal Roman Molar Equus sp. Equus caballus
RDA.19.EQ3 Rua do Anjos Portugal Roman Mandible Equus sp. Equus caballus
RDA.19.EQ4 Rua do Anjos Portugal Roman Metapodial Equus sp. Equus caballus
RDA.19.EQ5 Rua do Anjos Portugal Roman Metapodial Equus sp. Equus caballus
RDA.19.EQ7 Rua do Anjos Portugal Roman Radius Equus sp. Equus caballus
RDA.19.EQ8 Rua do Anjos Portugal Roman Pelvis Equus sp. Equus caballus
RDA.19.EQ9 Rua do Anjos Portugal Roman Astragalus Equus sp. Equus asinus
RDA.19.EQ10 Rua do Anjos Portugal Roman Femur Equus sp. Equus caballus
LCB.15.EQ19 Largo do Coutador Portugal Late Antiquity Metapodial Equus sp. Equus asinus
LCB.15.EQ18 Largo do Coutador Portugal Late Antiquity Molar Equus sp. Equus asinus
LCB.15.EQ17 Largo do Coutador Portugal Late Antiquity Molar Equus sp. Equus asinus
RNA63EQ11 Rua Nova do Almada 63 Portugal Roman Imperial Molar Equus sp. Equus caballus
RNA63EQ12 Rua Nova do Almada 63 Portugal Roman Imperial Incisor Equus sp. Equus asinus
BPLX.246 Banco de Portugal Portugal Roman Cranium Equus sp. Equus asinus
H4.1070.1 Los Morrones 11 Spain Iron Age Radius Equus caballus Equus caballus
H4.1070.2 Los Morrones 12 Spain Iron Age Radius Equus caballus Equus caballus
H4.1075.3 Los Morrones 11 Spain Iron Age Radius Equus caballus Equus caballus
TRSLOF100 Torre Sal Spain Iberian Radius Equus caballus Equus caballus
TRSLOF103 Torre Sal Spain Iberian Radius Equus caballus Equus caballus
MJV.1 Horta da Torre Portugal Late Roman Right Radius Equus caballus Equus caballus
MJV.2 Horta da Torre Portugal Late Roman Right Metacarpus Equus caballus Equus caballus
MJV.3 Cacela - Poco Antigo Portugal Late Medieval Islamic Calcaneum R Equus sp. Equus caballus
MJV.5 Cacela - Largo Fortaleza Portugal Late Medieval Islamic/Christian Upper Incisor 1 or 2 R (root) Equus sp. Equus asinus
MJV.7 Oficina Senhor Carrilho Portugal Medieval Islamic Metapodial Equus sp. Equus caballus
MJV.11 Castillo de Aracena Spain Medieval Islamic Scapula R Equus sp. Equus caballus
MJV.12 Castillo de Aracena Spain Late Medieval Islamic/Christian Scapula L Equus sp. Equus asinus
MJV.13 Castillo de Aracena Spain Late Medieval Islamic/Christian Scapula R Equus sp. Equus caballus
MJV.14 Rua da Sé Portugal Medieval Islamic Ulna L Equus caballus Equus caballus
MJV.15 Rua da Sé Portugal Medieval Islamic Humerus R Equus sp. Equus asinus
MJV.16 Convento das Bernardas Portugal Late Modern (18/19th century) Cranium Equus caballus Equus caballus
MJV.17 Cerro da Vila Portugal Roman Imperial Metacarpus L Equus sp. Equus asinus
MJV.18 Cerro da Vila Portugal Roman Imperial Ulna R Equus sp. Equus asinus
MJV.19 Cerro da Vila Portugal Roman Imperial Maxillar Equus caballus Equus caballus
LARC.265 Minho Portugal Modern/Reference Vertebra Equus caballus Equus caballus
LARC.238 Minho Portugal Modern/Reference Nasal conchae Equus caballus Equus caballus
LARC.2324 Minho Portugal Modern/Reference Scapula Equus caballus Equus caballus
LARC.1498 Baixo Alentejo Portugal Modern/Reference Vertebra Equus asinus Equus asinus
LARC.2000 Tras-os-Montes Portugal Modern/Reference Vertebra Equus asinus Equus asinus
LARC.2313 Trés-os-Montes Portugal Modern/Reference Vertebra Equus asinus Equus asinus

Note: The entry in bold was formally identified as an equid but presumed to be horse since all the other equids from the same context were adult horses. But ZooMS

identification revealed it to be a donkey.

hooves. In designing the study, we attempted to exclude bones likely
derived from hybrids, although that possibility cannot be excluded
entirely. Hybrids are frequently difficult to distinguish in the archaeo-
logical record using either morphological characteristics or mtDNA,
leaving nuclear DNA as the only entirely reliable indicator at present
(Lepetz et al., 2021; Schubert et al., 2017; Sharif et al., 2022). Yet, the
importance of hybrids in the archaeological record is increasingly being
better understood. Nuclear aDNA and the Zonkey Computational Pipe-
line on 873 archaeological equid bones from French sites dating from
the Iron Age to Modern times identified 55 mules and 1 hinny. During
the Roman Period, hybrids accounted for 20-34.5% of the equid remains
studied (Lepetz et al., 2021). The same pattern is true for the Northern
Alps where an aDNA study of 295 equid remains from the Roman Period
identified 48 mules (Sharif et al., 2022). Since hybrids have copies of
both horse and donkey COL1 genes, they should be identifiable by
ZooMS. Therefore, further characterisation of this ZooMS marker which
separates horses and donkeys in both other species of equids (wild asses
and zebras) and equid hybrids will be important.

The archaeological bones in this study were chosen because they
were well preserved with enough morphological characteristics to be
able to be identified to at least genus level across a wide spatial-temporal

range in Western Iberia. The successful application of a new ZooMS
marker to this sample set showcases the ability of ZooMS to now
distinguish between domestic equid species. In addition, because ZooMS
increases the proportion of taxonomically identified bones, it reduces
bias in the analysis due to missing data. For example, in comparing
taxonomic profiles obtained for this sample set, we observed that
morphological analysis tends to under-identify donkeys, resulting in
inflated estimations of the relative abundance of horses (Fig. 3 (b)). This
marker opens the ability to increase the resolution for ZooMS on as-
semblages that are often less well identified (Welker et al., 2016) in a
two-step process. Collagen can be extracted from faunal remains and
digested with trypsin for identification using standard ZooMS markers.
For samples identified as equid, the remaining extracted collagen can be
digested with chymotrypsin for species identification. The results from
this two-step process can then be integrated into traditional zooarch-
aeological frameworks (Brandt et al., 2014; Brown et al., 2021b; Harvey
et al., 2018).

7. Conclusion

Using the enzyme chymotrypsin, we have developed a ZooMS
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Fig. 3. Taxonomic assignment of 40 archaeological
Equus skeletal remains using conventional morpho-
logical and ZooMS techniques. (a) Morphological
analysis results in a high proportion (62.5%) of bones
that cannot be reliably classified below the level of
genus (Equus), whereas all bones could be identified
to the species level (E. caballus or E. asinus) using
ZooMS. (b) Taxonomic analyses based only on bones
identifiable to species result in discrepant estimations
of the relative abundance of horses and donkeys
depending on the identification method. Morpholog-
ical analysis appears to under-identify donkeys,
potentially introducing bias into downstream
analyses.
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marker which can reliably distinguish between domestic horse and
donkey. As this is the first use of an enzyme other than trypsin for ZooMS
on archaeological faunal material, we propose an approach for sus-
pected equids in which collagen extracts are split into two fractions and
digested separately, first with trypsin for confirmation of Equus genus
using the standard ZooMS markers, and then with chymotrypsin to
distinguish domestic horse and donkey. The ability to quickly and easily
discriminate domestic horses and donkeys using ZooMS is highly valu-
able for zooarchaeological studies as these species are often indistin-
guishable morphologically, but are treated economically and culturally
very differently.
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