PLO\S\*\'- One

m

Check for
updates

E OPEN ACCESS

Citation: Mereu P, Pirastru M, Morell Miranda
P, Atag G, Basak Vural K, Wilkens B, et al.
(2025) Revised phylogeny of mouflon based
on expanded sampling of mitogenomes. PLoS
One 20(5): e0323354. https://doi.org/10.1371/
journal.pone.0323354

Editor: Samia Kdidi, Institut des Regions Arides
de Medenine: Institut des Regions Arides,
TUNISIA

Received: January 16, 2025
Accepted: April 7, 2025
Published: May 14, 2025

Copyright: © 2025 Mereu et al. This is an open
access article distributed under the terms of
the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: All newly generat-
ed sequences were submitted to the European
Nucleotide Archive (ENA) with the project

ID PRJEB76447 (https://www.ebi.ac.uk/ena/
browser/view/PRJEB76447).

RESEARCH ARTICLE

Revised phylogeny of mouflon based on
expanded sampling of mitogenomes

Paolo Mereu'**, Monica Pirastru’**, Pedro Morell Miranda®?3%¢, Gozde Atag*,
Kivilcim Basak Vural4, Barbara Wilkens?®, André Elias Rodrigues Soares?,

Damla Kaptan®*, Marco Zedda ¥, Nicolo Columbano°¢, Mario Barbato’,
Salvatore Naitana®, Eleftherios Hadjisterkotis?, Mehmet Somel*, Fiisun Ozer®°",
Torsten Giinther®»%*, Giovanni Giuseppe Leoni'

1 Dipartimento di Scienze Biomediche, Universita degli Studi di Sassari, Sassari, Italy, 2 Human

Evolution Program, Institute for Organismal Biology, Uppsala University, Uppsala, Sweden, 3 Population
Genomics Group, Department of Veterinary Sciences, Ludwig-Maximilian University of Munich, Munich,
Germany, 4 Department of Biological Sciences, Biology/Molecular Biology and Genetics, Middle East
Technical University, Ankara, Turkey, 5 Independent Archaeologist, Alghero, ltaly, 6 Dipartimento di
Medicina Veterinaria, Universita degli Studi di Sassari, Sassari, Italy, 7 Department of Veterinary Sciences,
Universita degli Studi di Messina, Messina, Italy, 8 Agricultural Research Institute, Ministry of Agriculture,
Rural Development and Environment, Nicosia, Cyprus, 9 Department of Anthropology, Faculty of Letters,
Hacettepe University, Ankara, Turkey, 10 Department of Social Anthropology, Hacettepe University,
Ankara, Turkey

@® These authors contributed equally to this work.
I TG and GGL also contributed equally to this work.
* pirastru@uniss.it (MP); pmereu@uniss.it (PM); torsten.gunther@ebc.uu.se (TG)

Abstract

Mouflons are flagship species of the Mediterranean islands where they persist.

Once thought to be the remnants of a European wild sheep population, archaeol-

ogy suggests they were introduced by humans to the islands of Cyprus in the Early
Neolithic (~10,000 years ago) and later to Corsica and Sardinia. Their status as truly
wild animals remains a subject of debate. To investigate the phylogenetic relation-
ship between these island populations and other domestic and wild sheep from the
Mediterranean region, we sequenced 50 mitogenomes of mouflons from Sardinia and
Corsica, and modern and ancient Sardinian domestic sheep. A total of 68 additional
publicly available mitogenomes were included in the comparative analysis and used
to reconstruct the phylogeny of sheep and its closest wild relative, the mouflon (Ovis
gmelini). Our study analyzed the evolutionary relationships within the C-E-X and hap-
logroup B clusters, showing that: a) Cyprus mouflons are more related to Anatolian
and Iranian mouflons belonging to the wild haplogroup X, which seems to be basal

to the domestic C and E haplogroups; b) Corsican and Sardinian mouflon arise from
basal lineages associated with the early European expansion of domestic sheep.
These results highlight the phylogenetic distinctiveness of the mouflon populations
from the Mediterranean islands, suggesting a revision of their systematic classifica-
tion and an update of the nomenclature for Sardinian and Corsican mouflons from the
current status of subspecies of domestic sheep (Ovis aries musimon) to subspecies
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of their wild relatives (Ovis gmelini musimon) which would facilitate conservation
efforts.

Introduction

Based on bone remains found in early Neolithic settlements, the process of domes-
tication of sheep (Ovis aries) from the Asiatic mouflon (Ovis gmelini), started
10,000-12,000 years ago in the Fertile Crescent. Since no such remains were found
in Europe, it was assumed that this continent was not inhabited by wild sheep during
that time [1-6]. To a certain extent, this would explain the early expanding success
of domestic sheep as livestock. While pigs, cattle and goats competed and, in some
cases, admixed with their wild counterparts in their new environment [7-9], sheep
invaded unexploited habitats. These early sheep, however, were quite different from
their current phenotype. Following domestication, they have gradually changed from
their Asiatic mouflon ancestors with horns in both sexes, coarse hair and a specific
color pattern to the mostly polled, woolly and white sheep breeds we find today
[6,10]. There are exceptions, however, as several islands allowed for more archaic
phenotypes to survive to the present, such as the Soay sheep from the island of St.
Kilda in Scotland [11].

While the current native range of the ancestral Asiatic mouflon extends from east-
ern Turkey, Armenia, southern Azerbaijan to Iran, the scientific denomination of the
mouflons occurring on Mediterranean islands (Cyprus, Corsica and Sardinia), and
subsequently introduced into continental Europe during the 18" century [12,13], is
highly controversial [14—17].

Both the Corsico-Sardinian and the populations translocated to continental Europe
are commonly referred to as “European mouflon”. The term ‘mouflon’ was broadly
used by some authorities to refer to close relatives of domestic sheep living in the wild
[19]. However, archaeological works [15,20,21] and genetic studies [13,16,22-27] as
well as phenotypic observations [28] provided sufficient evidence to rank the Euro-
pean mouflon as subspecies of the Asiatic one [13,29].

The island mouflon populations of Corsica and Sardinia have experienced a
considerable population and range reduction. In addition, they have retreated
into isolated mountainous regions of their respective islands, forming several
discrete populations [4,26,30]. Therefore, local wildlife authorities started to
implement a number of management and conservation programs [26,31,32].
As a consequence of these management efforts, Sardinian mouflons have
been reintroduced successfully into some new regions of the island. Mouflons
in Cyprus are only found in the mountainous Paphos forest in western Cyprus
[27,33,34].

Whole genome sequencing has been conducted on European mouflons [35-37];
however, the sampled individuals were sourced from outside the islands. As a
result, these samples cannot provide information on the original population structure
of Corsica and Sardinia and may only reflect a subset of their genetic diversity. A
recent whole-genome study suggested that the Cyprus mouflon is closely related to
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European mouflons and domestic sheep [27]. These studies have primarily focused on analyzing demographic history to
describe continental relationships, with a particular emphasis on domestic sheep.

To investigate genetic diversity and population structure, genome-wide SNP array studies were conducted with mouflon
populations originating from the islands [3,38], but, again, these studies focused on the relationship between domestic
breeds and the different mouflon populations. Other authors used microsatellites and partial mitogenomes (mainly Cyto-
chrome B and control regions) [4,26,39,40] to describe genetic structure and evolutionary relationships of the islands
populations. A study focusing on Sardinia reported over the occurrence of three sub-populations, with Montes Forest
putatively harboring the ancestral haplotype of Sardinian mouflons [4,25]. A similar study described two geographically
separated sub-populations of Corsica with a clear genetic isolation and modelled a single introduction event plus long-
time isolation as the most likely explanation for the observed pattern [26]. Regarding Cyprus mouflon, several mitoge-
nomic studies suggested they are genetically closer to Near Eastern mouflon such as the Anatolian and Iranian mouflon
(O. gmelini) than to those from Corsica and Sardinia [23,39]. More recently, Guerrini et al. [41] proposed renaming Hap-
logroup (HPG) X, originally reported in Anatolian mouflon [22], as HPG-C2, given that all sampled Cyprus mouflons clus-
tered with them and formed a sister group to HPG-C. While these studies are informative of the broader patterns of the
Mediterranean mouflon populations, the use of short mitochondrial DNA (mtDNA) fragments limit the resolution needed
to describe fine-scale relationship within the species [42]. A significant advancement came with the recent sequencing of
the complete mitogenome of a Sardinian mouflon which allowed for a redefinition of the phylogeny of HPG-B. This study
placed Sardinian mouflons as basal to all other sampled domestic or feral sheep from this haplogroup [25].

In the present study, the phylogenetic relationship between Mediterranean mouflon populations, and between them
and other continental mouflon populations were investigated by complete mitogenomes analysis. The aim was to clar-
ify the evolutionary origin of each Mediterranean mouflon population and their phylogenetic relationships with both their
wild relatives from Continental Europe and Near East and domestic sheep. Bridging this knowledge gap is essential for
refining our understanding of their taxonomy and potentially resolving the long-standing classification issue. Currently, the
Corsico-Sardinian mouflon is classified as a subspecies of domestic sheep, whereas the Cyprus mouflon has recently
been recognized as a wild species due to its direct descent from the Asian mouflon. By providing a more comprehensive
evolutionary framework, this study seeks to contribute to a more accurate and scientific evidence-based classification of
these populations. In order to achieve this goal, we sequenced the whole genomes and assembled the complete mitoge-
nome of 50 Ovis samples including 35 mouflons from the Mediterranean islands of Sardinia (n=21) and Corsica (n=14),
12 domestic sheep with Sarda (n=6) and Pecora Nera di Arbus (n=6) breeds from Sardinia, and three ancient DNA sam-
ples from Sardinia (S1 Table). We then compared them with 25 newly assembled mouflon mitogenomes from Anatolian
mouflons (n=5) (O. g. anatolica), Cyprus mouflons (n=10) (O. g. ophion) [27] and Iranian mouflons (n=20) (O. gmelini)
[43] (S1 Table). A set of modern and primitive sheep belonging to all known mitochondrial haplogroups with a main focus
on European sheep were also included in the dataset along with six ancient samples from Iberia (S1 Table) [44]. Finally,
seven additional sequences were included as outgroups to calibrate the molecular dating analysis (S1 Table). This wide
sampling focused on the Mediterranean basin allowed us to describe the phylogenetic relationship between the different
mouflon populations of the Mediterranean and the Middle East, with a particular focus on the mouflon from Corsica and

traditionally associated with the early Neolithic colonization of Europe [46—438].

Materials and methods
Ethics statement and authorizations

Blood samples from Sardinian and Corsican mouflons were collected in strict accordance with the guidelines of the Eth-
ics Committee of Sassari University, Italy, and the cabinet vétérinaire Les Deux lles Santa Maria Siché, Corse du Sud,
France, respectively. The blood samples were taken by highly trained veterinary personnel without any anesthesia and
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did not cause any suffering or stress to the animals involved. There was no health risk to the animal. All necessary permits
were obtained for the described study, which complied with all relevant regulations.

The ancient Sardinian samples analyzed in this study have been made available by Superintendency for archaeological
heritage for the provinces of Sassari and Nuoro (Sardinia, Italy).

DNA sampling, extraction and sequencing

The sampling areas of the mouflon and sheep samples included in this study is reported in Fig 1. Genetic material from all
the modern samples was extracted from whole blood using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-
Aldrich, Missouri, USA) following the standard protocol. The Corsican mouflon samples were collected from the areas of
Monte Cinto (42.383° N, 8.898° E) and the massif of Bavella (41.785° N, 9.266° E), respectively in the north-west and
south-east of the island. The Sardinian mouflon samples were collected from two locations geographically included in the
historical range [49] of the species: the forest of Montes in Barbagia (Orgosolo) (40.072° N, 09.235° E) and Mount Tonneri
in Ogliastra (Lanusei) (39.534° N, 9230° E) (Fig 1). Sequencing libraries were prepared at the SciLifeLab SNP&SEQ Tech-
nology Platform at Uppsala University using the TrueSeq Nano kit with the exception of the Cor-B_m01 and Sar-T_m17
samples, for which a ThruPlex DNA-seq kit was used. All samples were sequenced as parts of lllumina NovaSeq 6000 S4
lanes with 150 bp paired end reads at the SciLifeLab SNP&SEQ Technology Platform at Uppsala University.

Ancient DNA from six samples from Sardinia was extracted [50] and amplified into double-stranded blunt-end libraries
[51] at the dedicated ancient DNA facilities of the SciLifeLab ancient DNA unit in Uppsala, Sweden. Libraries were pre-
pared using a MinElute PCR purification kit. Libraries were then sequenced in equimolar ratios and sequenced as part
of a lane of an lllumina NovaSeq S4 flow cell using v1.5 chemistry and 150 bp paired end reads, at ScilLifeLab National
Genomics Infrastructure in Stockholm. Only three of the ancient samples, AALG-001M from the neolithic site of “Grotta
Verde” (40°33'53.93” N - 08°09°'54.18” E), AALG-003 from the prehistoric building “Nuraghe Santu Antine” in the Nuraghi
Valley (40°29'10.9” N - 08°46°11.82” E) and AALG-004 from the Sacred Well “La Purissima” in the Archaeological Park
of Santa Cristina (40°33'50” N -8°20°44” E) showed viable levels of DNA preservation for further analysis (endogenous
DNA>1.5%). In addition to these Sardinian samples, two ancient Anatolian samples previously sequenced by Yurtman
and colleagues [47] were included into the dataset.

4 N : @ Corsican Mouflon
‘22 4 s /4 @ sardinian Mouflon
.'.a( { @ Cyprus Moufion
Py °
j» 3 i @ Anatolian Mouflon

@ Asiatic Mouflon

: : @ sarda sheep
» ! @ Pecora Nera sheep
o (O Ancient sheep

Fig 1. Distribution of the relevant modern domestic and wild and ancient domestic samples included in this study. Map generated using pyGMT
[18].

https://doi.org/10.1371/journal.pone.0323354.9001
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Iranian, Anatolian and Cyprus mouflons were not sequenced as part of this study. They were available from the lit-
erature [27,43] and FASTQ files were downloaded from the European Nucleotide Archive (ENA) (NextGen projects
PRJEB7436, for Iranian mouflons, and PRJEB69690 for Anatolian and Cyprus mouflons) (S1 Table). Mitochondrial reads
for the newly presented samples are available from ENA under accession PRJEB76447 (https://www.ebi.ac.uk/ena/
browser/view/PRJEB76447) (S1 Table).

Mitochondrial DNA sequences assembly

Mitochondrial consensus sequences were assembled from FASTQ files using the Mapping Iterative Assembler (MIA) [52],
a reference-based iterative assembler using the reference sequence for the Iranian Mouflon (NCBI Reference Sequence
NC-026063). Only sites with a minimum coverage of 10x, with mapping quality 240 and two-thirds base agreement on
each position were considered for calling a consensus. All sites not meeting these requirements were set up as “N”. All
sequences were then aligned and visually inspected using MAFFT [53]. Ancient sequences were aligned using a custom
substitution matrix to take into account deamination damage. Haplogroups were inferred using MitoToolsPy 1.0 [54] using
the sheep reference and the whole mitogenome.

Phylogenetic inference

Sequence alignment was carried out with BioEdit 7.7.1 [55]. Firstly, sequences were aligned using the ClustalW algo-
rithm [56], and then the alignment was reviewed and corrected manually, with a special focus on the tandem repeats
of the D-Loop region. Once the sequences were aligned, MEGA 11.0.13 [57] was used to find the best-fitting model
(GTR+G+]). This model was used in MrBayes 3.2.7 [58] to reconstruct the phylogeny through Monte Carlo Markov
Chains (MCMC) to approximate the posterior probability of the trees. The first 25% of the samples were discarded in
the burn-in step, and the MCMC was performed on six runs with 2,198,000 generations. The tree was visualized using
FigTree 1.4.4 (http://tree.bio.ed.ac.uk/). The branches of the plots were transformed using the ‘proportional’ setting to
increase their readability.

Radiocarbon dating

Three novel ancient samples from Sardinia showed sufficient amounts of endogenous DNA and were radiocarbon dated
at the Tandem Laboratory at Uppsala University (S2 Table). Teeth and bone from sub-samples were mechanically cleaned
by scraping their surface and then grounded in a mortar. First, an incubation was performed in 0.25 M HCI for 48 hours

at room temperature and then the soluble fraction was incubated in 0.01 M HCI at 50°C for 16 hours. The soluble frac-
tion was added to a 30kDa ultrafilter and centrifuged, and the retentate was lyophilized. Finally, the fraction to be dated
was combusted to CO, using a Fe-catalyst before determination. Raw dates were calibrated using OxCal 4.4 [59] using
IntCal20 calibration curve [60].

Molecular dating

Divergence time estimation was inferred by mitogenome sequence analysis using a Bayesian approach as implemented
in BEAST 1.10.4 [61]. Overall, a total of 10 calibration points (CPs) based on fossil records were used: four providing time
estimates for nodes within Bovidae [62] and six - including the three fossil records radiocarbon dated in the present study -
for nodes inside the Moufloniformes clade (S3 Table). Sequences were analyzed under the GTR+ G +1 model of sequence
evolution, assuming 4 gamma categories, a Yule process speciation rate, and empirical base frequencies. We compared
the two most used approaches to infer molecular dating: a) the lognormal relaxed clock with uncorrelated rates and b) the
strict clock. A Bayes Factors comparison analysis implemented in Tracer 1.7.2 [63] was performed to test the two clock
models and the relaxed clock was found to be the most suitable for the used dataset. Two independent Markov chain
Monte Carlo runs were carried out with 200,000,000 iterations each, and sampled every 10,000 steps after a 10% burn-in.
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The runs were combined after checking for convergence >100. A maximum clade credibility (MCC) tree was generated
using TreeAnnotator 1.10.4 [61] and visualized with FigTree 1.4.4 (http://tree.bio.ed.ac.uk/).

Results

Consensus mtDNA genome sequences were successfully assembled for 35 mouflons from Corsica and Sardinia, along
with those from six Sarda sheep and six Pecora Nera di Arbus. We also obtained consensus mtDNA genome sequences
from three ancient Sardinian samples excavated from a Neolithic context that radiocarbon dating assigned to the Roman
and Modern periods.

Phylogeny

We reconstructed the phylogeny of the Mediterranean mouflons employing a Bayesian phylogenetic inference (BI)
approach using whole mitogenomes. The resulting tree placed all the Corsican and Sardinian mouflons as part of the
HPG-B cluster (Fig 2).

The Corsican cluster was composed of two sub-groups, one encompassing the two samples from the Cinto area
(labelled “Cor-C” in Fig 2), located in the north of the island, and the other grouping all samples from Bavella (Cor-B), in
the south. This separation aligns with previous analyses highlighting strong genetic differentiation between the two popu-
lations [26].

The Sardinian mouflons were grouped in two clusters; one including exclusively mouflons from the South-Western pop-
ulation (labelled “Sar-T” in Fig 2) and the other composed of a mix of North-Eastern (“Sar-M”) and South-Western individ-
uals. The other four lineages within HPG-B belonged to a mix of domestic sheep from Europe and Central Asia, plus two
Pecora Nera di Arbus individuals that cluster together. These subclusters in HPG-B (labelled B1, B2 and B3 in Fig 2), with
the exception of the one grouping exclusively Pecora Nera di Arbus individuals, also included all ancient mitogenomes
from Iberia and Sardinia plus one of the Anatolian Neolithic sheep. We also detected the presence of Sarda sheep and
Pecora Nera di Arbus and one Sardinian mouflon within these domestic clusters, with all Sarda individuals forming their
own monophyletic group.

Within the HPG-A cluster we detected a group of Anatolian mouflon individuals, basal to domestic samples from this
haplogroup. Further, we found a Neolithic Anatolian domestic sheep as a basal branch from more modern domestic sam-
ples and a wild Iranian mouflon (Ir_mZ20).

Two of the Anatolian mouflons were included into the C-E-X complex, which also incorporated two domestic sequences
used to define the HPG-C and HPG-E, respectively, most of the Iranian Mouflons and all the individuals from Cyprus.

All other wild individuals on the C-E-X complex fell within a sister clade to this C-E cluster, with one Iranian mouflon as
basal, followed by the two Anatolian mouflons belonging to HPG-X - also referred to as C2 by Guerrini et al. [41] - and one
Iranian individual. As a sister group of this trio, we found all the Cyprus mouflon samples along with two clusters of Iranian
mouflons.

Molecular dating

The divergence times of the main splitting events within the genus Ovis, with a particular focus on the Moufloniformes
group, resulting from multiple calibration points (see S3 Table for further details), are reported in Table 1.

Based on the relaxed clock results, Ovis species showed up about 4.6 MYA, while argali and urial split 2.2 and 1.8
MYA, respectively, from Moufloniformes which shared a common ancestor that lived about 810 KYA.

The split between the mtDNA lineages leading to HPG-D and to the cluster including HPG-A and HPG-B occurred 670
KYA. Later, the separation between HPG-A and HPG-B lineages occurred ca. 531 KYA. Within the HPG-A, the Ana-
tolian mouflon lineage stemmed approximately 91 KYA from a group including mostly primitive sheep, such as Aland,
Shetland, Hamdani and Oula Tibetan sheep, with the tps_083 sequence from a Neolithic Anatolian domestic sheep
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Fig 2. Bayesian phylogenetic reconstruction of wild and domestic sheep.

https://doi.org/10.1371/journal.pone.0323354.9002

sample representing a basal lineage which early split from the other at around 90 KYA. The most recent common ances-
tor (MRCA) of the HPG-A lived about 150 KYA. The HPG-B radiation started around 160 KYA. The appearance of the
Corsican mouflon clade dates back to 85 KYA. The rise of the two clades, one exclusive to the Sardinian mouflons from
Ogliastra and the other including the mixed group from the Ogliastra and Montes Forest areas, occurred 84 KYA and 118
KYA, respectively. Within the sub-clade B1 the split of the Karachai sheep lineage was estimated at ca. 118 KYA, while the
Sarda sheep lineage diverged from the other species 99 KYA. The most common recent ancestor of the sub-clades B2
and B3 lived 78 KYA and 105 KYA, respectively.

The radiation of the lineages within the C-E-X complex started at 518 KYA. Approximately 387 KYA, a divergence
occurred within this cluster which separated a group containing domestic sheep (defining HPGs C and E) and four Iranian
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Table 1. Divergence time estimates in millions of years of the main splitting events within Ovis as
inferred through mitogenome analysis. Median divergence and 95% height posterior density (HPD)
are provided.

MEDIAN 95% HPD

Ovis 4.615 1.968 - 9.439
Canadensis/Nivicola split 1.589 0.684 - 3.28

Argali lineage 2.221 0.936 - 4.532
Urial lineage 1.794 0.751 - 3.657
Mouflon&sheep group 0.810 0.338 - 1.655
C-E-X complex 0.518 0.217 - 1.063
HPG-C| HPG-E split 0.245 0.101 - 0.506
HPGs C-El C-E-X mouflon split 0.387 0.161-0.792
HPG-DI HPGs A - B split 0.669 0.279 - 1.369
HPG-Al/ HPG-B split 0.531 0.224 - 1.092
HPG-A 0.156 0.061-0.328
HPG-A mouflon 0.091 0.033-0.199
HPG-A sheep 0.093 0.035-0.196
HPG-B 0.162 0.065 - 0.338
Corsican mouflon 0.085 0.029 - 0.192
Sardinian mouflon (Ogliastra) 0.084 0.032-0.178
Sardinian mouflon (Montes) 0.118 0.047 - 0.247
Sub-clade B1 (Karachai) 0.118 0.047 - 0.248
Sarda sheep/ APOR-ALG-Nera-primitive split 0.099 0.039 - 0.207
Sarda sheep 0.055 0.019-0.119
APOR-ALG-Nera-primitive sheep 0.083 0.033-0.175
Sub-calde B2 (EurM) 0.078 0.029 - 0.167
Sub-clade B3 (Kazakh) 0.105 0.042-0.219

https://doi.org/10.1371/journal.pone.0323354.t001

mouflon sequences from another group consisting of Anatolian, Cyprus, and most Iranian mouflon sequences (excluding
Ir_m10 and Ir_m05). The early lineages radiation within these two clades took place around 340-350 KYA. The group
composed of OGA_m014, OGA_m021 and Ir_m02 sequences shared a MRCA who lived around 158 KYA.

Discussion

In this study, the largest dataset of complete mitogenomes from Corsican and Sardinian mouflon so far available was gen-
erated. We provided a mitogenome-based phylogeny of the Ovis genus and the divergence time estimation of the main
splitting events characterising the adaptive radiation of Moufloniformes. Damage patterns analysis of the ancient samples
used to calibrate phylogenetic reconstruction showed a typical deamination pattern manifested in an increase of transition
substitutions at the ends of the sequences and overall short fragments (S1 Fig). According to the guidelines reported in
Briggs et al. [64], this evidence allowed us to validate the ancient origin of the sequence data. Our results highlight the
complex phylogeographic history of wild, domestic and feral sheep in Western Eurasia. All the mitogenome sequences
from domestic sheep individuals grouped within the O. gmelini clade, in accordance with the hypothesis that the current
domestic sheep breeds descended from ancestral evolutionary lineages of the Asiatic mouflon [6,22,39,48]. Each mouflon
population shows their own and unique pattern, highlighting their different evolutionary histories, in relation to their geo-
HPG-B (Fig 2). In addition to its predominance in Eurasia [45], HPG-B has been suggested to be the one harbored by the
first Neolithic founders who moved into Europe from Near East [46—48].
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The phylogenetic tree topology could not resolve the split between mouflons and domestic sheep in HPG-B, despite
the previously reported basal position of one Sardinian mouflon from Montes Forest to all other HPG-B domestics and
feral sheep [25]. The clade of Sardinian mouflon composed of a mix of Sar-M and Sar-T individuals (see Fig 2 for further
details) supports a weak connectivity between Montes Forest and Mount Tonneri that still persist despite the presence of
artificial barriers limiting individual’s dispersion [4]. All the ancient mitogenomes from |beria and Sardinia plus one of the
Anatolian Neolithic sheep grouped within domestic sheep sub-clade (Fig 2), but they do not cluster with each other either
by region or period. The commercially bred and extremely popular Sarda sheep forms a tightly related cluster. Conversely,
although belonging to a small, locally bred population of archaic sheep, the Pecora Nera di Arbus seems to harbor several
different lineages [65]. The observation that ancient mitogenomes from Anatolia, Sardinia and Iberia cluster together with
modern sheep both from the island and other regions of Eurasia, suggests that these lineages might precede the Neolithic
expansion.

As reported in previous studies [22], Anatolian mouflon split into two haplogroups, one of which corresponds with a
basal lineage of HPG-A. The basal position of the HPG-A Anatolian mouflons to a Neolithic Anatolian domestic sheep
(tps_083), may point to a role of these Anatolian mouflons’ lineage during sheep domestication. Furthermore, we detected
with HPG-A a wild Iranian mouflon (Ir_m20) for which signs of domestic admixture have been previously described [66]
within the modern domestic branches.

The other Anatolian mouflon cluster corresponds to HPG-X [22]. Based on control region analyses, Guerrini and col-
leagues [41] suggested changing the name of HPG-X to HPG-C2, as they found HPG-X stemming from HPG-C. In the
same study [41] it has been suggested that the HPG-X cluster is basal to all Cyprus mouflons. Our mitogenome-based
results showed a more complex scenario, where the Cyprus mouflons were found to be more closely related to Iranian
mouflons than to Anatolian mouflons, as previously proposed by Guerrini et al. [41]. This discrepancy is presumably due
to the absence of Iranian samples in the paper of Guerrini et al. [41]. A recent study using whole-genome sequencing
placed the Cyprus mouflons as a closer relative to the Anatolian population [27], something which agrees with the phe-
notypic observations [28,29,67] and with the results by Guerrini et al. [41]. Such a discrepancy with our results can be
explained by considering the different peculiarities of these two markers. Although recent studies report that mtDNA may
in rare cases undergo recombination and be under selection [68—71] it is generally assumed to be clonally inherited and
to evolve under a near neutral selection [72—74]. For this reason, it is considered to be an ideal marker for phylogenetic
inferences and accurate dating of samples [73,75]. Given that, events like different effective population size, incomplete
lineage sorting and sex-biased dispersal can impact on mtDNA susceptibility to genetic drift leading to discordant results
with nuclear DNA (nuDNA) [76,77]. As a consequence, when a large population hosting a high variability is fragmented
into small isolates, mtDNA will diverge while the nuDNA will retain variability [76]. Accordingly, the fragmentation of the
early population in pre-pottery Neolithic Anatolia, showing a high haplogroup variability [78] into small, isolated groups,
could have led to the differential fixation of mtDNA haplotypes in the geographical isolates as in the case of the Cyprus
mouflons.

Within the C-E-X complex, two Iranian mouflon samples seemed to be basal to the C-E-X complex, possibly repre-
senting a wild ancestral lineage. While the C-E complex only has two domestic sheep in our analysis due to our focus on
the Mediterranean region, three wild Iranian mouflons cluster within HPG-E, which may suggest the occurrence of cross-
breeding events between mouflon and domestic sheep.

Molecular dating and phylogenetic distinctiveness

Based on our results, the early radiation of the genus Ovis occurred 4.6 MYA, which predates that of 3.8 proposed by Ropi-
quet and Hassanin [79], an estimate inferred from the analysis of the concatenated sequence of two mitochondrial and one
nuclear genes. Our molecular estimate falls exactly within the range 2.2-5.4, according to previous studies [80,81] which sup-
port the origin of the genus Ovis in the Early Pliocene. The next split is the separation of the argali lineage (2.2 MYA), which
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is consistent with the estimates obtained by Meadows et al. [82] and Yang et al. [83], followed by the divergence between O.
nivicola and O. canadensis dated back at 1.6 MYA, as previously reported [16]. The MRCA of mouflons and sheep dates back
to 810 kya, which is consistent with what previously proposed by Meadows et al. [82] on the basis of mtDNA protein coding
sequences, and 250 KY earlier than suggested by Portanier et al. [26] based on the CytB sequences analysis. The early radi-
ation of mouflon and sheep was characterized by the divergence of two evolutionary lineages that gave rise to two clusters of
mitochondrial haplogroups corresponding to those described by Demirci et al. [22]: cluster |, including HPGs A, B and D of the
domestic sheep, and cluster Il, referred to in our phylogenetic tree as the C-E-X Complex (Fig 2).

The mouflon lineages belonging to HPG-B (i.e., Sardinian and Corsican mouflon) originated in a time span ranging
from 120 to 80 KYA and evolved separately from those identifying domestic sheep breeds, as shown by the tree topology.
The only exception to this observation is represented by the position of the Sardinian mouflon named “SarT-m19”, which
does not cluster with the other Sardinian mouflons, consistent with the occurrence of occasional crossbreeding between
wild mouflon and domestic sheep [3,84]. Overall, such a phylogenetic distinctiveness with a clear differentiation between
wild and domestic lineages can be seen in light of what was suggested by Chessa et al. [2] regarding the hypothesis
of the two waves of ovine expansion, the first one involving mouflon-like animals, with horns and short-shedding wool,
and the second one, occurred about 6000 years later, relating to the woolly individuals, that led to the modern sheep.

It is assumed that the “domestication” of the first individuals was limited to protection against predators and to having a
constant and readily available source of meat and skins, with only few interactions between animals and humans and

no artificial selection [1]. As a consequence of the second wave, the ancestral livestock were freed in favor of the new
economically valuable one with the consequent return to the wild. The Sardinian and Corsican mouflons would therefore
be remnants of those early domestic ancestors, which proliferated undisturbed under a reduced level of competition due
to both geographic and genetic isolation [6,26]. Even within the HPG-A cluster, the evolutionary lineage of the wild Anato-
lian mouflon (O. g. anatolica) split from that of the domestic breeds that cluster with the ancient Anatolian sample tps_083.
This separation event predates the sheep domestication process (Table 1), as observed for the wild lineages within the
HPG-B cluster. Evolutionary distinctiveness of mouflon and domestic sheep is also highlighted in the C-E-X complex, with
the exception of samples Ir_m11, Ir_mO01, Ir_mO03 and Ir_m15 which show ancestry from domestic ewes.

Mouflon origin, systematic and nomenclature

Overall, these results raise an issue that deserves in-depth discussion, namely the nomenclature of taxa grouped in the
Moufloniformes cluster, whose taxonomic classification remains controversial and a source of confusion. We suggest
revising the nomenclature as it follows. Given that O. gmelini is now considered to be the most credited ancestor of the
extant mouflon (as agreed by all the wild sheep experts during the 6" World Congress on Mountain Ungulates and the 5"
International Symposium on Mouflon held in Cyprus in 2016 [85]) and domestic sheep breeds, its descendants should be
considered as subspecies, including the domestic sheep [23,86]. This choice would overturn the current scheme clas-
sifying the Corsico-Sardinian mouflon as a subspecies of the domestic sheep in databases such as the National Center
for Biotechnology Information NCBI (Ovis aries musimon. Taxonomy ID 9938) whereas the Cyprus mouflon (Ovis gmelini
ophion) and the Anatolian mouflon (Ovis gmelini anatolica) are classified as subspecies of the wild Ovis gmelini. Although
it could be objected that domestic breeds are the result of human-mediated selection for more productive traits, the tree
topology shows that only some of the mtDNA lineages retrieved were involved in this process. These lineages were
pre-existing and not attributable to domestication, and easily distinguishable from each other, in the same way as the evo-
lutionary lineage of the urial is different from those of the other Moufloniformes. In light of these phylogenetic inferences,
the scientific name Ovis aries musimon to designate the Sardinian and Corsican mouflon (ICZN 2003) should be revised
and replaced by Ovis gmelini musimon (var. sarda and corsicana, respectively), a name highlighting its descendance from
Ovis gmelini and in accordance with what proposed by Chalbos et al. [32] for the Corsican mouflon.

The results obtained in the present study constitute an important contribution to the understanding of the matrilin-
eal evolutionary relationships between domestic sheep and wild mouflon, and push toward a prompt revision of the
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nomenclature of these species. The hope is to definitively bridge the gap between scientists and conservation practi-
tioners and find a meeting point between classic systematics and new molecular evidence.

Supporting information
S$1 Fig. Analysis of DNA damage patterns for the three ancient Sardinian samples.
(DOCX)

S$1 Table. Mitogenome sequences dataset.
(DOCX)

S2 Table. Radiocarbon dating results of the three successfully dated Sardinian samples.
(DOCX)

S3 Table. Calibration points used for molecular dating.
(DOCX)

Acknowledgments

We thank the sheep and mouflon research community and specifically the authors of our sources for making their
sequence data available to the public. We are grateful to Roberta Deiana of the “cabinet vétérinaire Les Deux lles Santa
Maria Siché” (Corse du Sud) for providing the Corsican mouflon samples. Sequencing was partially performed by the
SNP&SEQ Technology Platform in Uppsala, part of the National Genomics Infrastructure (NGI) Sweden and Science for
Life Laboratory. The SNP&SEQ Platform is also supported by the Swedish Research Council and the Knut and Alice Wal-
lenberg Foundation.

Author contributions

Conceptualization: Paolo Mereu, Monica Pirastru, Pedro Morell Miranda, Salvatore Naitana, Mehmet Somel, Torsten
Gunther, Giovanni Giuseppe Leoni.

Data curation: Paolo Mereu, Pedro Morell Miranda, G6zde Atag, André Elias Rodrigues Soares, Damla Kaptan, Mehmet
Somel, Torsten Glnther.

Formal analysis: Pedro Morell Miranda, Gézde Atag, André Elias Rodrigues Soares, Mario Barbato, Eleftherios
Hadjisterkotis, Torsten Guinther.

Funding acquisition: Paolo Mereu, Monica Pirastru, Pedro Morell Miranda, Salvatore Naitana, Torsten Giinther.
Investigation: Paolo Mereu, Monica Pirastru, Damla Kaptan.
Methodology: Paolo Mereu, Monica Pirastru, Torsten Glnther.

Resources: Gozde Atag, Barbara Wilkens, Damla Kaptan, Marco Zedda, Nicolo Columbano, Mario Barbato, Salvatore
Naitana, Eleftherios Hadjisterkotis, Mehmet Somel, Flisun Ozer, Giovanni Giuseppe Leoni.

Supervision: Paolo Mereu, Monica Pirastru, Pedro Morell Miranda, Salvatore Naitana, Mehmet Somel, Flisun Ozer,
Torsten Gunther, Giovanni Giuseppe Leoni.

Visualization: Gézde Atag, Kivilcim Basak Vural, Barbara Wilkens, André Elias Rodrigues Soares, Damla Kaptan, Marco
Zedda, Nicolo Columbano, Mario Barbato, Fiisun Ozer.

Writing — original draft: Paolo Mereu, Monica Pirastru, Pedro Morell Miranda, Salvatore Naitana, Giovanni Giuseppe Leoni.

Writing — review & editing: Paolo Mereu, Monica Pirastru, Pedro Morell Miranda, Gézde Atag, Kivilcim Basak Vural,

Barbara Wilkens, André Elias Rodrigues Soares, Damla Kaptan, Marco Zedda, Nicolo Columbano, Mario Barbato,
Eleftherios Hadjisterkotis, Mehmet Somel, Torsten Glnther, Giovanni Giuseppe Leoni.

PLOS One | https://doi.org/10.1371/journal.pone.0323354 May 14, 2025 11/15



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323354.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323354.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323354.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323354.s004

PLO\Sﬁ\\.- One

References

1.

10.

1.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zeder MA. Domestication and early agriculture in the Mediterranean Basin: Origins, diffusion, and impact. Proc Natl Acad Sci U S A.
2008;105(33):11597—604. https://doi.org/10.1073/pnas.0801317105 PMID: 18697943

Chessa B, Pereira F, Arnaud F, Amorim A, Goyache F, Mainland I, et al. Revealing the history of sheep domestication using retrovirus integrations.
Science. 2009;324(5926):532—6. https://doi.org/10.1126/science.1170587 PMID: 19390051

Barbato M, Hailer F, Orozco-terWengel P, Kijas J, Mereu P, Cabras P. Genomic signatures of adaptive introgression from European mouflon into
domestic sheep. Sci Rep. 2017;7(1):7623. https://doi.org/10.1038/s41598-017-07382-7

Satta V, Mereu P, Barbato M, Pirastru M, Bassu G, Manca L, et al. Genetic characterization and implications for conservation of the last autochtho-
nous Mouflon population in Europe. Sci Rep. 2021;11(1):14729. https://doi.org/10.1038/s41598-021-94134-3 PMID: 34282202

Kaptan D, Atag G, Vural KB, Morell Miranda P, Akbaba A, YlncU E, et al. The Population History of Domestic Sheep Revealed by Paleogenomes.
Mol Biol Evol. 2024;41(10):msae158. https://doi.org/10.1093/molbev/msae158 PMID: 39437846

Mereu P, Pirastru M, Sanna D, Bassu G, Naitana S, Leoni GG. Phenotype transition from wild mouflon to domestic sheep. Genet Sel Evol.
2024;56(1):1. https://doi.org/10.1186/s12711-023-00871-6

Upadhyay MR, Chen W, Lenstra JA, Goderie CRJ, MacHugh DE, Park SDE, et al. Genetic origin, admixture and population history of aurochs
(Bos primigenius) and primitive European cattle. Heredity (Edinb). 2017;118(2):169-76. https://doi.org/10.1038/hdy.2016.79 PMID: 27677498

Frantz L, Haile J, Lin A, Scheu A, Geoérg C, Benecke N, et al. Ancient pigs reveal a near-complete genomic turnover following their introduction to
Europe. Proc Natl Acad Sci. 2019;116(35):17231-8. https://doi.org/10.1073/pnas.1901169116

Zheng Z, Wang X, Li M, Li Y, Yang Z, Wang X, et al. The origin of domestication genes in goats. Sci Adv. 2020;6(21):eaaz5216. https://doi.
org/10.1126/sciadv.aaz5216 PMID: 32671210

Kalds P, Zhou S, Gao Y, Cai B, Huang S, Chen Y. Genetics of the phenotypic evolution in sheep: a molecular look at diversity-driving genes. Genet
Sel Evol. 2022;54(1):61. https://doi.org/10.1186/s12711-022-00753-3

Stoffel MA, Johnston SE, Pilkington JG, Pemberton JM. Mutation load decreases with haplotype age in wild Soay sheep. Evol Lett. 2021;5(3):187—
95. https://doi.org/10.1002/evI3.229

Weller KE. The status of mouflon (Ovis musimon) in Europe. In: Nahlik A, Uloth W, editors. Proceedings of the Third International Symposium on
Mouflon. Sopron, Hungary: Lévérprint Kft. 2001. p. 114—40.

Garel M, Marchand P, Bourgoin G, Santiago-Moreno J, Portanier E, Piegert H, et al. Mouflon Ovis gmelini Blyth, 1841. Handbook of the Mammals
of Europe. Springer International Publishing. 2022. p. 1-35. https://doi.org/10.1007/978-3-319-65038-8 34-1

Cugnasse J. Révision taxinomique des mouflons des fles méditerranéennes. Mammalia. 1994;58(3):507-12.

Gentry A, Clutton-Brock J, Groves CP. The naming of wild animal species and their domestic derivatives. J Archaeol Sci. 2004;31(5):645-51.
https://doi.org/10.1016/j.jas.2003.10.006

Rezaei HR, Naderi S, Chintauan-Marquier IC, Taberlet P, Virk AT, Naghash HR. Evolution and taxonomy of the wild species of the genus Ovis
(Mammalia, Artiodactyla, Bovidae). Mol Phylogenet Evol. 2010;54(2):315—26. https://doi.org/10.1016/j.ympev.2009.10.037

Hadjisterkotis E, Sanna D, Pirastru M, Mereu P. A short note on the recent taxonomic developments and molecular findings on the Cyprian
mouflon (Ovis gmelini ophion) and the Sardinian mouflon (Ovis gmelini musimon). Biomed J Sci Tech Res. 2020;30(5). DOI: 10.26717/
BJSTR.2020.30.005013

Tian D, Uieda L, Leong W, Frohlich Y, Schlitzer W, Grund M. Pygmt: A python interface for the generic mapping tools-v0. 14.0. Generic Mapping
Tools. 2024;0(14). DOI: 10.5281/zenodo.14535921

International Commission on Zoological Nomenclature. Opinion 2027 (case 3010). Usage of 17 specific names based on wild species which
are pre-dated by or contemporary with those based on domestic animals (lepidoptera, osteichthyes, mammalia): conserved. Bull Zool Nomencl.
2003;60:81-4.

Poplin F. Origine du Mouflon de Corse dans une nouvelle perspective paléontologique: par marronnage. Ann Genet Sel Anim. 1979;11(2):133—43.
https://doi.org/10.1186/1297-9686-11-2-133 PMID: 22896133

Vigne JD, Carreére |, Briois F, Guilaine J. The early process of mammal domestication in the Near East. Curr Anthropol. 2011;52(S4):S255-71.
https://doi.org/10.1086/659306

Demirci S, Koban Bastanlar E, Dagtas ND, Piskin E, Engin A, Ozer F, et al. Mitochondrial DNA diversity of modern, ancient and wild sheep(Ovis
gmelinii anatolica) from Turkey: new insights on the evolutionary history of sheep. PLoS One. 2013;8(12):e81952. https://doi.org/10.1371/journal.
pone.0081952 PMID: 24349158

Guerrini M, Forcina G, Panayides P, Lorenzini R, Garel M, Anayiotos P. Molecular DNA identity of the mouflon of Cyprus (Ovis orientalis ophion,
Bovidae): near Eastern origin and divergence from Western Mediterranean conspecific populations. Syst Biodivers. 2015;13(5):472-83. https://doi.
0rg/10.1080/14772000.2015.1046409

Hadjisterkotis E, Lovari S. Results and resolutions of the 6th world congress on mountain ungulates and 5th international symposium on mouflon.
Book of Abstracts — 6th World Congress on Mountain Ungulates and 5th International Symposium on Mouflon. Nicosia, Cyprus: Ministry of the Inte-
rior, Nicosia, Cyprus. 2016. p. 20-3.

Mereu P, Pirastru M, Barbato M, Satta V, Hadjisterkotis E, Manca L, et al. Identification of an ancestral haplotype in the mitochondrial phylogeny of
the ovine haplogroup B. Peerd. 2019;7:e7895. https://doi.org/10.7717/peer|.7895 PMID: 31660272

PLOS One | https://doi.org/10.1371/journal.pone.0323354 May 14, 2025 12/15



https://doi.org/10.1073/pnas.0801317105
http://www.ncbi.nlm.nih.gov/pubmed/18697943
https://doi.org/10.1126/science.1170587
http://www.ncbi.nlm.nih.gov/pubmed/19390051
https://doi.org/10.1038/s41598-017-07382-7﻿
https://doi.org/10.1038/s41598-021-94134-3
http://www.ncbi.nlm.nih.gov/pubmed/34282202
https://doi.org/10.1093/molbev/msae158
http://www.ncbi.nlm.nih.gov/pubmed/39437846
https://doi.org/10.1186/s12711-023-00871-6﻿
https://doi.org/10.1038/hdy.2016.79
http://www.ncbi.nlm.nih.gov/pubmed/27677498
https://doi.org/10.1073/pnas.1901169116﻿
https://doi.org/10.1126/sciadv.aaz5216
https://doi.org/10.1126/sciadv.aaz5216
http://www.ncbi.nlm.nih.gov/pubmed/32671210
https://doi.org/10.1186/s12711-022-00753-3﻿
https://doi.org/10.1002/evl3.229﻿
https://doi.org/10.1007/978-3-319-65038-8_34-1
https://doi.org/10.1016/j.jas.2003.10.006﻿
https://doi.org/10.1016/j.ympev.2009.10.037﻿
https://doi.org/10.1186/1297-9686-11-2-133
http://www.ncbi.nlm.nih.gov/pubmed/22896133
https://doi.org/10.1086/659306﻿
https://doi.org/10.1371/journal.pone.0081952
https://doi.org/10.1371/journal.pone.0081952
http://www.ncbi.nlm.nih.gov/pubmed/24349158
https://doi.org/10.1080/14772000.2015.1046409﻿
https://doi.org/10.1080/14772000.2015.1046409﻿
https://doi.org/10.7717/peerj.7895
http://www.ncbi.nlm.nih.gov/pubmed/31660272

PLO\Sﬁ\\.- One

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Portanier E, Chevret P, Gélin P, Benedetti P, Sanchis F, Barbanera F. New insights into the past and recent evolutionary history of the Corsican
mouflon (Ovis gmelini musimon) to inform its conservation. Conserv Genet. 2022;23(1):91-107. https://doi.org/10.1007/s10592-021-01399-2

Atag G, Kaptan D, Yunci E, Basak Vural K, Mereu P, Pirastru M. Population genomic history of the endangered Anatolian and Cyprian mouflons in
relation to worldwide wild, feral, and domestic sheep lineages. Genome Biol Evol. 2024;16(5):evae090. https://doi.org/10.1093/gbe/evae090

Hoefs M, Hadjisterkotis E. Horn characteristics of the Cyprus mouflon Ovis gmelini ophion. In: 2nd World Conference on Mountain Ungulates
(Abstract Volume). Saint-Vincent, Valle D’Aosta, Italia. 1997. 28-9.

Hadijisterkotis E, Mereu P, Masala B. A review of the nomenclatural spelling variation of the Armenian mouflon (ovis gmelini gmelinii) and the
cyprian mouflon (o. g. ophion). In: Book of Abstracts — 6th World Congress on Mountain Ungulates and 5th International Symposium on Mouflon.
Nicosia, Cyprus: Ministry of the Interior, Nicosia, Cyprus. 2016. p. 48-50.

Barbato M, Masseti M, Pirastru M, Columbano N, Scali M, Vignani R. Islands as time capsules for genetic diversity conservation: the case of the
Giglio Island mouflon. Diversity. 2022;14(8). https://doi.org/10.3390/d14080609

Somenzi E, Ajmone-Marsan P, Barbato M. Identification of Ancestry Informative Marker (AIM) Panels to Assess Hybridisation between Feral and
Domestic Sheep. Animals (Basel). 2020;10(4):582. https://doi.org/10.3390/ani10040582 PMID: 32235592

Chalbos M, Torre F, Zlotykamien P, Garel M, Moulin D, Benedetti P. Plan national d’actions en faveur du mouflon de Corse (Ovis gmelini musimon
var. corsicana). 2023.

Hadjisterkotis E, Bider J. Cyprus. In: Wild sheep and goats and their relatives Status survey and conservation action plan for caprinae. Gland,
Switzerland: IUCN; 1997. p. 89-92.

Nicolaou H, Hadjisterkotis E, Papasavvas K. Past and present distribution and abundance of the Cyprus mouflon. Book of Abstracts — 6th World
Congress on Mountain Ungulates and 5th International Symposium on Mouflon. Nicosia, Cyprus: Ministry of the Interior. 2016. p. 103.

Su R, Qiao X, Gao'Y, Li X, Jiang W, Chen W, et al. Draft Genome of the European Mouflon (Ovis orientalis musimon). Front Genet.
2020;11:533611. https://doi.org/10.3389/fgene.2020.533611 PMID: 33329689

Chen Z-H, Xu Y-X, Xie X-L, Wang D-F, Aguilar-Gémez D, Liu G-J, et al. Whole-genome sequence analysis unveils different origins of European
and Asiatic mouflon and domestication-related genes in sheep. Commun Biol. 2021;4(1):1307. https://doi.org/10.1038/s42003-021-02817-4 PMID:
34795381

Lv F, Cao, Liu G, Luo L, Lu R, Liu M. Whole-genome resequencing of worldwide wild and domestic sheep elucidates genetic diversity, introgres-
sion, and agronomically important loci. Mol Biol Evol. 2022;39(2):msab353. https://doi.org/10.1093/molbev/msab353

Ciani E, Mastrangelo S, Da Silva A, Marroni F, Ferencakovi¢ M, Ajimone-Marsan P. On the origin of European sheep as revealed by the diversity of
the Balkan breeds and by optimizing population-genetic analysis tools. Genet Sel Evol. 2020;52(1):25. https://doi.org/10.1186/s12711-020-00545-7

Sanna D, Barbato M, Hadjisterkotis E, Cossu P, Decandia L, Trova S, et al. The First Mitogenome of the Cyprus Mouflon (Ovis gmelini ophion):
New Insights into the Phylogeny of the Genus Ovis. PLoS One. 2015;10(12):e0144257. https://doi.org/10.1371/journal.pone.0144257 PMID:
26636977

Portanier E, Larroque J, Garel M, Marchand P, Maillard D, Bourgoin G. Landscape genetics matches with behavioral ecology and brings new
insight on the functional connectivity in Mediterranean mouflon. Landsc Ecol. 2018. https://doi.org/10.1007/s10980-018-0650-z

Guerrini M, Panayides P, Mofrad N, Kassinis N, loannou |, Forcina G. Spatial genetic structure and Ovis haplogroup as a tool for an adaptive con-
servation management of the endangered Cyprus mouflon. Zool. 2021;148:125959. https://doi.org/10.1016/j.z00l.2021.125959

Duchéne S, Archer Fl, Vilstrup J, Caballero S, Morin PA. Mitogenome phylogenetics: the impact of using single regions and partitioning schemes
on topology, substitution rate and divergence time estimation. PLoS One. 2011;6(11):€27138. https://doi.org/10.1371/journal.pone.0027138 PMID:
22073275

Alberto FJ, Boyer F, Orozco-terWengel P, Streeter |, Servin B, de Villemereuil P, et al. Convergent genomic signatures of domestication in sheep
and goats. Nat Commun. 2018;9(1):813. https://doi.org/10.1038/s41467-018-03206-y PMID: 29511174

Morell Miranda P. Following the herd: Population genetics of European sheep in time and space. [Internet] [PhD dissertation]. Uppsala: Uppsala
University; 2023. Available from: https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-514474

Meadows J, Li K, Kantanen J, Tapio M, Sipos W, Pardeshi V. Mitochondrial sequence reveals high levels of gene flow between breeds of domestic
sheep from Asia and Europe. J Hered. 2005;96(5):494-501. https://doi.org/10.1093/jhered/esi100

Sabatini S, Bergerbrant S, Brandt L, Margaryan A, Allentoft M. Approaching sheep herds origins and the emergence of the wool economy in conti-
nental Europe during the Bronze Age. Archaeol Anthropol Sci. 2019;11(9):4909-25. https://doi.org/10.1007/s12520-019-00856-x

Yurtman E, Ozer O, Yiincii E, Dagtas ND, Koptekin D, Cakan YG, et al. Archaeogenetic analysis of Neolithic sheep from Anatolia suggests a com-
plex demographic history since domestication. Commun Biol. 2021;4(1):1279. https://doi.org/10.1038/s42003-021-02794-8 PMID: 34773064

Her C, Rezaei H, Hughes S, Naderi S, Duffraisse M, Mashkour M. Broad maternal geographic origin of domestic sheep in Anatolia and the Zagros.
Anim Genet. 2022;53(3):452-9. hitps://doi.org/10.1111/age.13191

Beccu E. Consistenza e prospettive di salvaguardia della popolazione di Cervus elaphus corsicanus presente in Sardegna. Suppl Ric Biol Selvag.
1993;XXI1:277-87.

Yang DY, Eng B, Waye JS, Dudar JC, Saunders SR. Technical note: improved DNA extraction from ancient bones using silica-based spin col-
umns. Am J Phys Anthropol. 1998;105(4):539—43. https://doi.org/10.1002/(SICI)1096-8644(199804)105:4<539::AID-AJPA10>3.0.CO;2-1 PMID:
9584894

PLOS One | https://doi.org/10.1371/journal.pone.0323354 May 14, 2025 13715



https://doi.org/10.1007/s10592-021-01399-2﻿
https://doi.org/10.1093/gbe/evae090﻿
https://doi.org/10.3390/d14080609﻿
https://doi.org/10.3390/ani10040582
http://www.ncbi.nlm.nih.gov/pubmed/32235592
https://doi.org/10.3389/fgene.2020.533611
http://www.ncbi.nlm.nih.gov/pubmed/33329689
https://doi.org/10.1038/s42003-021-02817-4
http://www.ncbi.nlm.nih.gov/pubmed/34795381
https://doi.org/10.1093/molbev/msab353﻿
https://doi.org/10.1186/s12711-020-00545-7﻿
https://doi.org/10.1371/journal.pone.0144257
http://www.ncbi.nlm.nih.gov/pubmed/26636977
https://doi.org/10.1007/s10980-018-0650-z﻿
https://doi.org/10.1016/j.zool.2021.125959﻿
https://doi.org/10.1371/journal.pone.0027138
http://www.ncbi.nlm.nih.gov/pubmed/22073275
https://doi.org/10.1038/s41467-018-03206-y
http://www.ncbi.nlm.nih.gov/pubmed/29511174
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-514474
https://doi.org/10.1093/jhered/esi100﻿
https://doi.org/10.1007/s12520-019-00856-x﻿
https://doi.org/10.1038/s42003-021-02794-8
http://www.ncbi.nlm.nih.gov/pubmed/34773064
https://doi.org/10.1111/age.13191﻿
https://doi.org/10.1002/(SICI)1096-8644(199804)105:4<539::AID-AJPA10>3.0.CO;2-1
http://www.ncbi.nlm.nih.gov/pubmed/9584894

PLO\S\% One

51. Meyer M, Kircher M. lllumina sequencing library preparation for highly multiplexed target capture and sequencing. Cold Spring Harb Protoc.
2010;2010(6):pdb.prot5448. https://doi.org/10.1101/pdb.prot5448 PMID: 20516186

52. Green RE, Briggs AW, Krause J, Prifer K, Burbano HA, Siebauer M, et al. The Neandertal genome and ancient DNA authenticity. EMBO J.
2009;28(17):2494-502. https://doi.org/10.1038/emboj.2009.222 PMID: 19661919

53. Katoh K, Standley DM. Mafft multiple sequence alignment software version 7: improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80. https://doi.org/10.1093/molbev/mst010

54. Fan L, Yao Y-G. MitoTool: a web server for the analysis and retrieval of human mitochondrial DNA sequence variations. Mitochondrion.
2011;11(2):351-6. https://doi.org/10.1016/j.mit0.2010.09.013 PMID: 20933105

55. Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. In Oxford; 1999. p. 95-8.

56. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 1994;22(22):4673-80. https://doi.org/10.1093/
nar/22.22.4673 PMID: 7984417

57. Tamura K, Stecher G, Kumar S. Mega11: molecular evolutionary genetics analysis version 11. Mol Biol Evol. 2021;38(7):3022-7. https://doi.
org/10.1093/molbev/msab120

58. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, et al. MrBayes 3.2: efficient Bayesian phylogenetic inference and model
choice across a large model space. Syst Biol. 2012;61(3):539—-42. https://doi.org/10.1093/sysbio/sys029 PMID: 22357727

59. Bronk Ramsey C. Bayesian Analysis of Radiocarbon Dates. Radiocarbon. 2009;51(1):337-60. https://doi.org/10.1017/s0033822200033865

60. Reimer P, Austin W, Bard E, Bayliss A, Blackwell P, Bronk Ramsey C. The intcal20 northern hemisphere radiocarbon age calibration curve (0-55
cal kBP). Radiocarbon. 2020;62(4):725-57. doi:10.1017/RDC.2020.41

61. Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A. Bayesian phylogenetic and phylodynamic data integration using BEAST
1.10. Virus Evol. 2018;4(1):vey016. https://doi.org/10.1093/ve/vey016

62. Bibi F. A multi-calibrated mitochondrial phylogeny of extant Bovidae (Artiodactyla, Ruminantia) and the importance of the fossil record to systemat-
ics. BMC Evol Biol. 2013;13:166. https://doi.org/10.1186/1471-2148-13-166 PMID: 23927069

63. Rambaut A, Drummond A, Xie D, Baele G, Suchard M. Posterior summarization in Bayesian phylogenetics using Tracer 1.7. Syst Biol.
2018;67(5):901—4. https://doi.org/10.1093/sysbio/syy032

64. Briggs AW, Stenzel U, Johnson PLF, Green RE, Kelso J, Prifer K, et al. Patterns of damage in genomic DNA sequences from a Neandertal. Proc
Natl Acad Sci U S A. 2007;104(37):14616-21. https://doi.org/10.1073/pnas.0704665104 PMID: 17715061

65. Piras M, Casu S, Salaris S, Usai M, Carta A. The pecora nera di Arbus: a new sheep breed in Sardinia, Italy. Anim Genet Resour Inf. 2009;45:91—
2. doi:10.1017/S1014233909990393

66. Morell Miranda P, Soares AER, Giinther T. Demographic reconstruction of the Western sheep expansion from whole-genome sequences. G3
(Bethesda). 2023;13(11):jkad199. https://doi.org/10.1093/g3journal/jkad199 PMID: 37675574

67. Hadjisterkotis E. Herkunft, taxonomie und neuere entwicklung des zyprischen mufflons (Ovis gmelini ophion). Z Fir Jagdwiss. 1996;42(2):104-10.
https://doi.org/10.1007/BF02240505

68. Bagelova Polakova S, Lichtner Z, Szemes T, Smolejova M, Sulo P. Mitochondrial DNA duplication, recombination, and introgression during inter-
specific hybridization. Sci Rep. 2021;11(1):12726. https://doi.org/10.1038/s41598-021-92125-y PMID: 34135414

69. Shtolz N, Mishmar D. The Mitochondrial Genome—on Selective Constraints and Signatures at the Organism, Cell, and Single Mitochondrion Lev-
els. Front Ecol Evol. 2019;7. https://doi.org/10.3389/fevo.2019.00342

70. Meiklejohn C, Montooth K, Rand D. Positive and negative selection on the mitochondrial genome. Trends Genet. 2007;23(6):259-63. doi:
10.1016/j.tig.2007.03.008.

71. Yul, Wang X, Ting N, Zhang Y. Mitogenomic analysis of Chinese snub-nosed monkeys: Evidence of positive selection in NADH dehydrogenase
genes in high-altitude adaptation. Mitochondrion. 2011;11(3):497-503. https://doi.org/10.1016/j.mito.2011.01.004 PMID: 21292038

72. Consuegra S, John E, Verspoor E, de Leaniz CG. Patterns of natural selection acting on the mitochondrial genome of a locally adapted fish spe-
cies. Genet Sel Evol. 2015;47(1):58. https://doi.org/10.1186/s12711-015-0138-0

73. Merheb M, Matar R, Hodeify R, Siddiqui SS, Vazhappilly CG, Marton J. Mitochondrial DNA, a powerful tool to decipher ancient human civilization
from domestication to music, and to uncover historical murder cases. Cells. 2019;8(5). https://doi.org/10.3390/cells8050433

74. Mishmar D. mtDNA in the crossroads of evolution and disease. Nat Rev Mol Cell Biol. 2020;21(4):181. https://doi.org/10.1038/s41580-020-0213-4
PMID: 31969697

75. Figuet E, Romiguier J, Dutheil J, Galtier N. Mitochondrial DNA as a tool for reconstructing past life-history traits in mammals. J Evol Biol.
2014;27(5):899-910. https://doi.org/10.1111/jeb.12361

76. Charlesworth B. Fundamental concepts in genetics: effective population size and patterns of molecular evolution and variation. Nat Rev Genet.
2009;10(3):195-205. https://doi.org/10.1038/nrg2526 PMID: 19204717

77. Després L. One, two or more species? Mitonuclear discordance and species delimitation. Mol Ecol. 2019;28(17):3845—7. https://doi.org/10.1111/
mec.15211

PLOS One | https://doi.org/10.1371/journal.pone.0323354 May 14, 2025 14715



https://doi.org/10.1101/pdb.prot5448
http://www.ncbi.nlm.nih.gov/pubmed/20516186
https://doi.org/10.1038/emboj.2009.222
http://www.ncbi.nlm.nih.gov/pubmed/19661919
https://doi.org/10.1093/molbev/mst010﻿
https://doi.org/10.1016/j.mito.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/20933105
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
https://doi.org/10.1093/molbev/msab120﻿
https://doi.org/10.1093/molbev/msab120﻿
https://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1017/s0033822200033865
https://doi.org/10.1093/ve/vey016﻿
https://doi.org/10.1186/1471-2148-13-166
http://www.ncbi.nlm.nih.gov/pubmed/23927069
https://doi.org/10.1093/sysbio/syy032﻿
https://doi.org/10.1073/pnas.0704665104
http://www.ncbi.nlm.nih.gov/pubmed/17715061
https://doi.org/10.1093/g3journal/jkad199
http://www.ncbi.nlm.nih.gov/pubmed/37675574
https://doi.org/10.1007/BF02240505﻿
https://doi.org/10.1038/s41598-021-92125-y
http://www.ncbi.nlm.nih.gov/pubmed/34135414
https://doi.org/10.3389/fevo.2019.00342
https://doi.org/10.1016/j.mito.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21292038
https://doi.org/10.1186/s12711-015-0138-0﻿
https://doi.org/10.3390/cells8050433﻿
https://doi.org/10.1038/s41580-020-0213-4
http://www.ncbi.nlm.nih.gov/pubmed/31969697
https://doi.org/10.1111/jeb.12361﻿
https://doi.org/10.1038/nrg2526
http://www.ncbi.nlm.nih.gov/pubmed/19204717
https://doi.org/10.1111/mec.15211﻿
https://doi.org/10.1111/mec.15211﻿

PLO\S\% One

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sandoval-Castellanos E, Hare AJ, Lin AT, Dimopoulos EA, Daly KG, Geiger S, et al. Ancient mitogenomes from Pre-Pottery Neolithic Central
Anatolia and the effects of a Late Neolithic bottleneck in sheep (Ovis aries). Sci Adv. 2024;10(15):eadj0954. https://doi.org/10.1126/sciadv.adj0954
PMID: 38608027

Ropiquet A, Hassanin A. Molecular phylogeny of caprines (bovidae, antilopinae): the question of their origin and diversification during the miocene.
J Zool Syst Evol Res. 2005;43(1):49-60. https://doi.org/10.1111/j.1439-0469.2004.00290.x

Lalueza-Fox C, Castresana J, Sampietro L, Marqués-Bonet T, Alcover JA, Bertranpetit J. Molecular dating of caprines using ancient DNA
sequences of Myotragus balearicus, an extinct endemic Balearic mammal. BMC Evol Biol. 2005;5:70. https://doi.org/10.1186/1471-2148-5-70
PMID: 16332256

Fritz SA, Bininda-Emonds ORP, Purvis A. Geographical variation in predictors of mammalian extinction risk: big is bad, but only in the tropics. Ecol
Lett. 2009;12(6):538—49. https://doi.org/10.1111/j.1461-0248.2009.01307.x PMID: 19392714

Meadows JRS, Hiendleder S, Kijas JW. Haplogroup relationships between domestic and wild sheep resolved using a mitogenome panel. Heredity
(Edinb). 2011;106(4):700-6. https://doi.org/10.1038/hdy.2010.122 PMID: 20940734

Yang Y, Wang Y, Zhao Y, Zhang X, Li R, Chen L. Draft genome of the Marco Polo sheep (Ovis ammon polii). GigaScience. 2017;6(12):gix106.
https://doi.org/10.1093/gigascience/gix106

Buzan E, Pokorny B, Urzi F, Duni$ L, Bon€ina A, lacolina L. Genetic variation of European mouflon depends on admixture of introduced individuals.
Mammal Res. 2024;69(1):145-58. https://doi.org/10.1007/s13364-023-00726-x

Hadjisterkotis E, Lovari S. The world congresses on mountain ungulates and the international symposia on Mediterranean mouflon. Book of
abstracts — 6th World Congress on Mountain Ungulates and 5th International Symposium on Mouflon. Nicosia, Cyprus: Ministry of the Interior.
2016. p. 14-5.

Gibson R, Alako B, Amid C, Cerdefio-Tarraga A, Cleland |, Goodgame N, et al. Biocuration of functional annotation at the European nucleotide
archive. Nucleic Acids Res. 2016;44(D1):D58-66. https://doi.org/10.1093/nar/gkv1311

PLOS One | https://doi.org/10.1371/journal.pone.0323354 May 14, 2025 15/15



https://doi.org/10.1126/sciadv.adj0954
http://www.ncbi.nlm.nih.gov/pubmed/38608027
https://doi.org/10.1111/j.1439-0469.2004.00290.x﻿
https://doi.org/10.1186/1471-2148-5-70
http://www.ncbi.nlm.nih.gov/pubmed/16332256
https://doi.org/10.1111/j.1461-0248.2009.01307.x
http://www.ncbi.nlm.nih.gov/pubmed/19392714
https://doi.org/10.1038/hdy.2010.122
http://www.ncbi.nlm.nih.gov/pubmed/20940734
https://doi.org/10.1093/gigascience/gix106﻿
https://doi.org/10.1007/s13364-023-00726-x﻿
https://doi.org/10.1093/nar/gkv1311﻿

S1 Fig. Analysis of DNA damage patterns for the three ancient Sardinian samples.
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S1 Table. Mitogenome sequences dataset

Species :;';2:;2(" Origin Common name, breed & sample type Code Coverage | BioProject ENAID Study Reference
Bos taurus NC_006853 Korea Domestic cattle PRJNA927338
Kobus ellipsiprymnus | NC_020715 Niger Waterbuck PRJNA927338 Hassanin et al., 2012
Kobus leche NC_018603 N.A. Lechwe PRJNA927338 N.A.
Redunca arundinum | NC_020794 N.A. southern Reedbuck PRJNA927338 Hassanin et al., 2012
Addax nasomaculatus | JN632591 N.A. Addax Hassanin et al., 2012
Hippotragus niger NC_020713 N.A. sable Antelope PRJNA927338 Hassanin et al., 2012
Co?ggﬁr’;'ise’es NC_020699 N.A. brindled Gnu PRJNA927338 Hassanin et al., 2012
QOvis nivicola NC_039431 Russia Snow sheep PRJNA927338 Dotsev et al., 2019
Ovis canadensis NC_015889 Canada Bighorn sheep PRJNA927338 Miller et al., 2012
Ovis ammon KT781689 China Argali sheep Gan et al., 2016
Ovis vignei NC_026064 N.A. Urial sheep PRJNA927338 Lvetal., 2015
Ovis aries HM236175 N.A. Sheep; breed: Romney; haplogroup A HPG-A Meadows et al., 2011
Ovis aries HM236176 N.A. Sheep; breed: Karakas; haplogroup B HPG-B Meadows et al., 2011
Ovis aries HM236179 N.A. Sheep; breed: Morkaraman; haplogroup C HPG-C Meadows et al., 2011
Ovis aries HM236181 N.A. Sheep; breed: Morkaraman; haplogroup D HPG-D Meadows et al., 2011
Ovis aries HM236183 N.A. Sheep; breed: Tuj; haplogroup E HPG-E Meadows et al., 2011
Ovis aries KF938342 N.A. Primitive sheep; breed: Aland Aland Lv etal, 2015
Ovis aries KF938355 N.A. Primitive sheep; breed: Finnsheep Finnsheep Lv et al, 2015
Ovis aries MF004244 N.A. Primitive sheep; breed: Hamdani Hamdani Mustafa et al., 2017
Ovis aries KF938351 N.A. Primitive sheep; breed: Karachai Karachai Lv et al,, 2015
Ovis aries KF938333 N.A. Primitive sheep; breed: Kazakh Kazakh Lv et al, 2015
Ovis aries KT148968 China Primitive sheep; breed: Oula Tibetan Oula-Tibetan Qiao et al., 2020
Ovis aries MT768198 N.A. Primitive sheep; breed: Shetland Shetland Deng et al., 2020
Ovis aries KF938356 N.A. Primitive sheep; breed: Viena Viena Lv et al, 2015
Ovis aries N.A. Iberia Ancient sample APOR_002 74,71 PRJEB76447 | ERS20226268 | Morell Miranda, 2023




PRJEB76447

Morell Miranda, 2023

Ovis aries N.A. Iberia Ancient sample APOR_004 24,06 ERS20226269
Ovis aries N.A. Iberia Ancient sample APOR 005 | 8,90 |PRJEB76447 | prgopopgo70 | Morell Miranda, 2023
Ovis aries N.A. Iberia Ancient sample APOR 008 | 30,09 |PRJEB76447 | £Rrgonoog271 | Morell Miranda, 2023
Ovis aries N.A. Iberia Ancient sample APOR 011 | 6546 |PRJEB76447 | prgogopgo72 | Morell Miranda, 2023
Ovis aries N.A. Iberia Ancient sample APOR 013 | 8236 |PRJEB76447 | £Rrgopoop273 | Morell Miranda, 2023
Ovis aries N.A. Sardinia Ancient sample ALG-001M | 120,38 |PRJEB76447 | ERg00226274 This study
Ovis aries N.A. Sardinia Ancient sample ALG-003 206,83 | PRJEB76447 | ERS20226275 This study
Ovis aries N.A. Sardinia Ancient sample ALG-004 113,58 | PRJEB76447 | £Rrgo0006276 This study
ERR12389599,
ERR12389600,
Ovis aries NA. Anatolia Ancient sample tos_062 131,10 | PRJEB69690 | ERR12389601, |  Atag et al. 2024
ERR12389602,
ERR12389603
ERR12389604,
Ovis aries N.A. Anatolia Ancient sample tps_083 142,24 | PRJEB69690 | ERR12389605, Atag et al. 2024
ERR12389606
Ovis aries N.A. Sardinia Sheep; breed: Sarda Sar_s06 527,25 PRJEB76447 | ERS20226277 This study
Ovis aries N.A. Sardinia Sheep; breed: Sarda Sar_s05 640,62 |PRJEB76447 | ERgo0226278 This study
Ovis aries N.A. Sardinia Sheep; breed: Sarda Sar_s04 313,78 |PRJEB76447 | ERS20226279 This study
Ovis aries N.A. Sardinia Sheep; breed: Sarda Sar_s03 725,91 |PRJEB76447 | ERS20226280 This study
Ovis aries N.A. Sardinia Sheep; breed: Sarda Sar_s02 647,83 | PRIEB76447 | ERS20226281 This study
Ovis aries N.A. Sardinia Sheep; breed: Sarda Sar_s01 633,65 |PRJEB76447 | ERS20226282 This study
Ovis aries N.A. Sardinia Sheep; breed: Nera di Arbus Nera s01 | 849,56 |PRJEB76447 | Erg00226283 This study
Ovis aries N.A. Sardinia Sheep breed: Nera di Arbus Nera s02 | 539,48 |PRJEB76447 | Ergon206284 This study
Ovis aries N.A. Sardinia Sheep; breed: Nera di Arbus Nera_s03 | 823,00 |PRJEB76447 | £Rrgo0226285 This study
Ovis aries N.A. Sardinia Sheep; breed: Nera di Arbus Nera s04 | 1277,03 | PRIEB76447 | ERgo0226286 This study
Ovis aries N.A. Sardinia Sheep; breed: Nera di Arbus Nera_s05 | 1092,68 | PRJEB76447 | ERgo0206287 This study
Ovis aries N.A. Sardinia Sheep; breed: Nera di Arbus Nera s06 | 101540 | PRJEB76447 | Ergo0206288 This study
Ovis gmelini N.A. Iran Iranian mouflon Ir_mO1 451,00 PRJEB7436 ERR498073 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir_m02 156,00 | PRJEB7436 ERR466546 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m03 401,00 |PRJEB7436 ERR466545 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir_mo4 286,00 | PRJEB7436 ERR466544 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir_m05 4117,00 | PRJEB7436 ERR340346 | Albertoetal., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir_m06 1217,00 | PRIEB7436 ERR332589 Alberto et al., 2018




Ovis gmelini N.A. Iran Iranian mouflon Ir_ m07 184,00 |PRJEB7436 ERR332587 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir_ m08 644,00 |PRJEB7436 ERR332582 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir_m09 980,00 |PRJEB7436 ERR332575 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m10 2704,00 | PRJEB7436 ERR332573 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir mid 7686,00 | PRJEB7436 ERR315509 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m12 2219,00 | PRJEB7436 ERR157944 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m13 2330,00 |PRJEB7436 ERR157942 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir mi4 1303,00 |PRJEB7436 ERR157939 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m15 8103,00 | PRJEB7436 ERR157938 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m16 874,00 |PRJEB7436 ERR157935 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m17 666,00 |PRJEB7436 ERR157932 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m18 317,00 |PRJEB7436 ERR157931 Alberto et al., 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir m19 5064,00 | PRJEB7436 ERR157930 | Albertoetal, 2018
Ovis gmelini N.A. Iran Iranian mouflon Ir_ m20 4952,00 | PRJEB7436 ERR157933 | Albertoetal, 2018
Ovis gmelini anatolica N.A. Turkey Anatolian mouflon OGA_m009 57,09 PRJEB69690 | ERR12389568 Atag et al. 2024
Ovis gmelini anatolica N.A. Turkey Anatolian mouflon OGA mo14 | 4555 |PRJEBE9690 | ERR12389569 Atag et al. 2024
PRJEB69690 | ERR12389570, | Atag et al. 2024
Ovis gmelini anatolica N.A. Turkey Anatolian mouflon OGA_m018 147,35 ERR12389571,
ERR12389572
Ovis gmelini anatolica N.A. Turkey Anatolian mouflon OGA mo021 | 57,66 |PRJEBEIEIO | ERR12389573 Atag et al. 2024
Ovis gmelini anatolica N.A. Turkey Anatolian mouflon OGA m022 | 24,10 |PRJEBE9690 | ERR12389574 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy m02 | 1787,44 |PRJEBE9690 | ERR12389557 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy_mo03 395,04 |PRJEBE9690 | ERR12389558 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy mo4 | 245655 |PRJEBE9690 | ERR12389559 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy_mO06 485327 | PRJEBE96I0 | ERR12389560 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy m07 | 304859 |PRJEBE9690 | ERR12389561 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy_m08 2470,51 PRJEB69690 E';m%%%%%%% Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy_m09 4152,50 | PRJEBE96I0 | ERR12389564 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy_mi1 172,10 |PRJEB69690 | ERR12389565 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy_m1i2 168,00 |PRJEB69690 | ERR12389566 Atag et al. 2024
Ovis gmelini ophion N.A. Cyprus (Paphos Forest) Cypriot mouflon Cy_mi3 191,60 |PRJEBE9690 | ERR12389567 Atag et al. 2024
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_mO01 177,30 PRJEB76447 | ERS20226289 This study




Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_ m02 | 250,82 |PRJEB76447 | ERS20226290 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B m03 | 873,98 |PRJEB76447 | ERgo0226291 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_m04 | 514,93 |PRJEB76447 | Erson206292 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_ m05 | 599,53 |PRJEB76447 | ERS00226293 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_m06 | 692,80 |PRJEB76447 | ERs00226294 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_ m07 | 553,95 |PRJEB76447 | ERgo0226295 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_m08 | 990,79 |PRJEB76447 | ERso0226296 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_m09 554,32 PRJEB76447 ERS20226297 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_m10 | 880,55 |PRJEB76447 | ERgo0226298 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B_m11 | 1389,12 | PRIEB76447 | ERso0226299 This study
Ovis gmelini musimon N.A. Corsica (Bavella) Corsican mouflon Cor-B m12 | 78558 |PRJEB76447 | ERS00226300 This study
Ovis gmelini musimon N.A. Corsica (Monte Cinto) Corsican mouflon Cor-C_mo01 524,36 | PRIEB76447 | ERS20226301 This study
Ovis gmelini musimon N.A. Corsica (Monte Cinto) Corsican mouflon Cor-C_m02 | 162,90 |PRJEB76447 | ERS20226302 This study
Ovis gmelini musimon N.A. Sardinia (Montes Forest) Sardinian mouflon Sar-M_m01 | 893,37 |PRJEB76447 | ERS20226303 This study
Ovis gmelini musimon N.A. Sardinia (Montes Forest) Sardinian mouflon Sar-M_mo02 | 273,89 |PRJEB76447 | ERS20226304 This study
Ovis gmelini musimon N.A. Sardinia (Montes Forest) Sardinian mouflon Sar-M_mo03 | 29909,29 | PRJEB76447 | ERS20226305 This study
Ovis gmelini musimon | MG489885 | Sardinia (Montes Forest) Sardinian mouflon Sar-M_mo04 PRJEB76447 | ERS20226306 This study
Ovis gmelini musimon N.A. Sardinia (Montes Forest) Sardinian mouflon Sar-M_mo05 | 3034,90 |PRJEB76447 | ERS20226307 This study
Ovis gmelini musimon N.A. Sardinia (Montes Forest) Sardinian mouflon Sar-M_mo06 | 3412,82 |PRJEB76447 | ERS20226308 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_m01 | 261,41 |PRJEB76447 | ERS20226309 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_ m02 | 109,35 |PRJEB76447 | ERS20226310 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_m03 | 208,45 |PRJEB76447 | ERS20226311 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_ m04 | 186,96 |PRJEB76447 | ERS20226312 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_mo6 | 126,51 |PRJEB76447 | ERS20226313 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T m09 | 67,77 |PRJEB76447 | ERS20226314 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_ mi0 | 4351 |PRJEB76447 | ERg20206315 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_mi1 | 207,65 |PRJEB76447 | ERg20226316 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_mi2 | 4389,10 |PRJEB76447 | ERS20226317 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_mi3 | 184,42 |PRJEB76447 | ERg20226318 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_mi4 | 119,40 |PRJEB76447 | ERS20226319 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_mi5 | 173,17 |PRJEB76447 | ERg20226320 This study




Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T mi7 | 251,63 |PRJEB76447 | ERS20226321 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_m19 | 236,74 |PRJEB76447 | ERgo0206322 This study
Ovis gmelini musimon N.A. Sardinia (mt. Tonneri) Sardinian mouflon Sar-T_m20 79,86 | PRIEB76447 | ERS20226323 This study
Ovis gmelini musimon | HM236184 Germany European mouflon Eur_m Meadows et al., 2011




S2 Table. Radiocarbon dating results of the three successfully dated Sardinian samples.

Sample ID | Radiocarbon date (uncalibrated + 1 SD, before present*) | Radiocarbon date (calibrated, AD, 95.4% probability) | Accession

ALG-001M 1716 + 28 252 - 292 Ua-78301
ALG-003 208 £ 47 1528 - 1949 Ua-78302
ALG-004 1606 + 61 262 - 593 Ua-78303

* Present = 1950 for radiocarbon dating




S3 Table. Calibration points used for molecular dating.

CP 95% C.I. Mean ST.Err | Reference study

1 Kobus 2000000 - 3000000 | 2500000 | 707107

2 | Crown Hippotragini | 3600000 - 6500000 | 5050000 | 2050610 "
3 Crown Reduncini 5100000 - 7000000 | 6050000 | 1343503

4 Stem Hippotragini | 6400000 - 13000000 | 9700000 | 4666905

5 tps083 8314 102

6 tps062 8796 188 5
7 ALGO1 1716 28 *
8 APORO5 4946 95

9 APORO08 7147 123 °
10 APOR11 5459 128

#Bibi et al. 2013; § Yurtman et al. 2021; *Morell-Miranda 2023; *This study.




