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Abstract: The use of multidisciplinary approaches of investigation including biological, biogeograph-
ical, historical, morphological, and genetic analysis, can be useful in identifying and preserving
biodiversity. The present study focuses on the characterisation and conservation of a mouflon pop-
ulation (Ovis gmelini musimon) from the Mediterranean island of Giglio. Here we provide the first
molecular data on the Giglio population and compare it with mouflons from Sardinia, Elba, and
Corsica using both nuclear and mitochondrial markers. Our results suggest that the Giglio mouflon
harbours genetic variability likely of Sardinian origin but not represented in the current Sardinian
mouflon diversity. Although not presenting the typical characteristics of an invasive alien species,
the Giglio mouflon is being subjected to eradication through culling or trapping and surgical steril-
ization. The molecular evidence we report highlights that such actions are causing the irremediable
loss of ancestral genetic variants of the genus Ovis. Finally, we highlight how a multidisciplinary
approach is necessary to aid the conservation and management of the anthropochorous populations
of Mediterranean mammals.
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1. Introduction

The Tyrrhenian mouflon, Ovis gmelini musimon (Pallas, 1811), is a medium-sized
ungulate occurring in Sardinia and Corsica, where it was introduced by humans in the Ne-
olithic [1-4]. In these Mediterranean islands, the species is protected by law. In the present
paper, we follow the taxonomic definition of the species Ovis gmelini Blyth, 1841 [5,6]. Due
to intense poaching and habitat loss, the Sardinian population suffered a dangerous census
decline during the 20th century, which lasted until the 1970s [7], at which time it was
estimated that just a few hundred individuals survived [8,9].

At the initiative of some Italian authorities in zoology (including A. Ghigi, A. Toschi,
and R. Videsott), a small group of mouflons was transferred to the island of Giglio (2380 ha)
in the Tuscan Archipelago in the mid-1950s to avert their anticipated extinction in Sardinia
and Corsica [10-12]. This small population was hosted in a private, fenced property approx-
imately 90 ha in size, on the Franco promontory (Figure 1A). Its initial nucleus was formed
in 1955 with seven animals: four females and three males, of which one young male and
two females were collected from Germany “ ... from Corso-Sardinian stock, first imported
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to Hungary around 1800 and fortified, while maintaining breed purity in Germany” [10].
The other individuals were all collected from reserves in Sardinia. The animals thrived
in the Mediterranean climate of Giglio Island and by 1960-1961, the headcount reached
24 individuals. Due to breaches in the original fence, mouflons began to be sighted outside
the reserve in the early 1980s, first in the northern part of the Franco promontory and then
in the southwestern portion of the island (Figure 1B). Although no official estimate of the
current population size exists, anecdotal records suggest a population size ranging from
24 to 96 individuals [13]. Currently, the Giglio mouflon is being subjected to an introduced
species eradication project mediated by the local government [13]. However, no prior
biological and ecological studies, and no genetic evaluation have been undertaken to assess
the value of this population in terms of biodiversity. Here, we provide the preliminary
findings obtained by the genetic characterisation of the Giglio mouflon via investigation of
mitochondrial DNA (mtDNA) and microsatellite markers.

Figure 1. Geographic location of the Giglio Island. (A) The dark grey area represents the range of
the original enclosure in the Franco promontory. (B) Two adult males of mouflon roaming in Franco
promontory. Photo courtesy of Amy Bond, 2021.

2. Materials and Methods

Overall, 24 mouflon specimens were sampled, including 15 from Giglio Island, one
from Elba, seven from Sardinia, and seven from Corsica. Importantly, the Sardinian in-
dividuals were selected from a previous study [14] to maximise their representativeness
of the Sardinian mouflon diversity and contrast the small sample size. Additionally, two
individuals of Sarda, a modern domestic Sardinian breed, were included. Whole peripheral
blood was collected by competent veterinarians from the specimens of Sardinia and Corsica.
Non-invasive hair sampling was performed on Elba and Giglio individuals translocated
to natural reserves located in mainland Tuscany, Italy. Genomic DNA was extracted from
blood and hair using the GenElute Blood genomic DNA and the GenElute Mammalian ge-
nomic DNA Minipreps kits (Merck), respectively, according to the manufacturer’s protocol.
Sample quality and DNA concentration were determined using an ND-8000 spectropho-
tometer (NanoDrop Technologies, Thermo Fisher Scientific, Waltham, MA, USA).

The primer pair CR1-CR2 (Table S2, Supplementary Materials) was used to amplify
the entire mtDNA D-loop region, following the protocol described by Satta and colleagues
(2021). The PCR products were purified using a Montage Gel Extraction Kit (Merck
Millipore), sequenced by terminator chemistry (BigDye Terminator v3.1 Cycle Sequencing
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Kit, Applied Biosystems) and subjected to capillary electrophoresis on an ABI PRISM 3130
Genetic Analyzer (Applied Biosystems). Multiple sequence alignment was performed
using Bioedit v7.2.5 [15].

The dataset was extended including 88 O. gmelini sequences retrieved from Satta and
colleagues [14] to better cover the geographical distribution of the species. We included
sequences representative of mouflons from the islands of Sardinia (54) and Corsica (2), and
from mainland Europe (3). Three additional homologous sequences from urial (O. vignei)
were included as outgroups. Sequence data were analysed using DnaSP v6.10.03 to assess
the genetic diversity [16]. The genetic relationship among haplotypes was investigated by
means of median-joining network using PopART v1.750 [17]. Pairwise genetic distances
were estimated with the software MEGA v11 [18].

To evaluate the population diversity and structure, samples were genotyped at
14 Simple Sequence Repeats (SSR) loci retrieved from literature [14]. The amplification
products were obtained according to Scali and colleagues [19] and subjected to fine siz-
ing by capillary electrophoresis using an ABI 3130 DNA analyser (Applied Biosystems).
The single sample from Elba Island was not subjected to population-aimed analyses. To
investigate the ordinal relationship between populations and individuals, we performed a
Principal Components Analysis (PCA) as implemented in the ade4 v1.7-19 R package [20].
For each SSR locus, we assessed whether any allele was private to the Giglio population
rather than shared across populations.

3. Results

The sequencing reaction for the D-loop region failed for six samples from Giglio,
which were consequently excluded from further analyses. The nucleotide sequencing
of the PCR products provided nine Giglio, one Elba, and eight Corsica sequences of
heterogeneous length ranging from 630 to 1180 nucleotides (GB#ON960213-22). The whole
dataset counted 109 sequences. The analyses were carried out on the hypervariable domain
I of the mitochondrial D-loop region to estimate the genetic variability on the available
population sample. Two novel haplotypes were detected among the nine Giglio samples,
Hpt-6 found in eight samples and Hpt-7 in the remaining one, separated by three-step
mutations, with haplotype diversity Hd = 0.222 and nucleotide diversity 7t = 0.0021. Hpt-6
and Hpt-7 were found in Giglio with frequency 89% and 11%, respectively.

Among the eight Corsican samples analysed in the present study, six shared the same
haplotypes identified in a Corsican mouflon sample (h11) by Sanna and colleagues [21],
whereas two showed a new haplotype (Hpt-8). Within the ten Corsican samples, we found
three mtDNA haplotypes separated by one-step mutations (Hd = 0.511; 7t = 0.0018). The
Elba sample harboured a private haplotype (Hpt-9). To the best of our knowledge, none of
these haplotypes had previously been described in domestic sheep breeds.

The median-joining network detected three main mtDNA haplotype clusters charac-
terised by a strong geographical component (Figure 2). The 18 mouflon sequences clustered
in five haplotypes (Hpt-6 to 9 and h11), according to the results inferred from the analysis of
the genetic variability and haplotype diversity previously reported. Hpt-6 and Hpt-7 were
found to be closely related to haplotypes Hpt-1 and Hpt-4, both previously described in the
Sardinian mouflon [14], whereas Hpt-9 appeared closer to continental Europe mouflons.

To quantify the differences among the haplotypes within the European Cluster (n = 62),
pairwise genetic distances between groups were calculated. Hpt-6 was found more related
to Hpt-1 (0.0063 £ 0.005) than Hpt-7 (0.0096 £ 0.005), the latter being equidistant from
Hpt-1 and Hpt-4 (0.0032 £ 0.003). For both Hpt-6 and Hpt-7, the maximum distance was
recorded from Hpt-9 (0.0193 £ 0.003).

The PCA performed on SSR genotypes discriminated the dataset into three distinct
clusters, overlapping with the geographic origin of the samples: Sardinia, Corsica, and
Giglio Island (Figure 3), with the domestic individuals included within the Sardinian cluster.
Importantly, we found ten Giglio individuals harbouring two private SSR alleles at two
loci (MCM150-112 and MINS5-185; Table S1, Supplementary Materials).
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Figure 2. Median-joining network showing the relationship among mouflon mtDNA haplotypes.
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Figure 3. PCA of four mouflon and one domestic population, X and Y axes represent the first and

second PCs, respectively. The inset shows the importance of each PC in terms of percentage of total
variance explained.

4. Discussion

The biodiversity existing on islands can be extremely rich as geographic isolation
might simultaneously promote evolutionary diversity as well as host formerly widespread
lineages of species [22-24]. Our results confirm the role of the Mediterranean islands as
a genetic reservoir, as already highlighted for: the Cretan shrew and sparrow [25,26], the
Sicilian shrew [27], the Rhodian fallow deer [28,29], the Cypriot mouse and mouflon [21,30],
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the European griffon vulture [31], the Sardinian miniature horses and red deer [32,33], the
Pianosa hare [34], and the viper and goat of Montecristo [35,36].

The two mtDNA haplotypes, Hpt-6 and Hpt-7, grouped within the European mouflon
cluster and have not been previously described in domestic sheep breeds. Hpt-6 appeared
closely related to Hpt-1, which is the oldest mtDNA haplotype identified within the
European mouflon cluster, and possibly the one from which the current mouflon diversity
originated [37]. Hpt-7 is positioned between Hpt-1 and Hpt-4 in the median-joining
network (Figure 2). Both Hpt-1 and Hpt-4 are of Sardinian origin, suggesting that Hpt-7
represents a residual trace of the original Sardinian mouflon variability [14]. Similarly, SSR
analyses showed private alleles in the Giglio mouflons, indicating that this population
harbours exclusive genetic variability. The low incidence of Hpt-7 in the Giglio population
highlights its inherent frailty, hence requiring adequate and urgent protection measures
to prevent its irreversible disappearance. The haplotype harboured by the Elba sample
descends from the lineage ancestor of the European haplotypes; this is consistent with the
historical sources which trace back the origin of the Elban colony to the introduction in
1975 of six females and three males from continental Europe [12].

The translocation of Sardinian mouflons to Giglio occurred in the mid-1950s, when
the Sardinian population was experiencing a severe bottleneck due to habitat erosion and
extensive poaching, with only ~300 remaining individuals recorded around 1978 [8,38].
According to the available scans of the Sardinian mouflon diversity [14,21], the Sardinian
lineages translocated to Giglio did not survive in the source population. The occurrence
of genetic isolates stemming from a widespread species is not uncommon, as seen in
the present-day fallow deer population inhabiting the island of Rhodes in the eastern
Aegean Sea, which retains some genetic traits absent both in the current, neighbouring
Turkish population, and in the remaining world population of the species [28,29]. Over
the following decades, the enactment of several laws aimed at protecting local wildlife,
coupled with the institution of natural reserves, allowed the Sardinian mouflon to increase
in number. However, the population bottleneck experienced in the first half of the 20th
century eroded a proportion of the original diversity, a part of which has been fortuitously
preserved on the island of Giglio.

Eradication can be a useful tool to prevent the spread of invasive alien species and
mitigate their impact on native biodiversity, ecosystem functions, animal and plant health,
and human economies [39-41]. However, along with evaluating the impacts of removing a
species from an ecosystem, the irreversible nature of eradication should also impose an
in-depth evaluation of the genetic value of the focal population, and whether it represents
a genetic isolate of a formerly widespread population [39]. Our results suggest that the
Giglio mouflon population is of a high conservation priority as it represents an invaluable
and irreplaceable genetic resource.

In 2014, the European Union provided guidelines to define ‘invasive alien species or
race’ (IAS; Regulation EU 1143/2014). IAS, often introduced as a result of globalisation,
are defined as those species or breeds inserted outside their natural geographical range,
intended as a macro-area, accidentally or intentionally, perhaps for commercial exchanges.
IAS are known to negatively affect island biota due to their tendency to become demo-
graphically out of control in a relatively short period of time and alter the structure and
functioning of entire ecosystems [42,43]. The main consequences are significant economic
impacts and serious/major problems for human health [42,44]. However, no negative
impact on the environment or on other species has been assessed through sound and
documented studies to establish containment measures of the Giglio mouflon. The only
notified disturbance due to the mouflon seems to be some negligible damage to crops
(amounting to a few hundred euros over the last 19 years).

This study demonstrates that the mouflon population on Giglio Island harbours
genetic diversity undetected in the Sardinian stock. Like a time capsule, the island of Giglio
might have preserved a proportion of the ancestral DNA of the Sardinian mouflon, as the
extant population represents a snapshot of the autochthonous Sardinian pool at the time of
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translocation. Our results suggest an urgent need to interrupt the eradication activities and
simultaneously conceive conservation plans to preserve what is left of the Giglio population,
whilst allowing larger-scale genomic investigations to confirm and add detail to this lost
genetic resource. The original enclosure in the Franco promontory could be restored to
allow the monitoring of the population, while sound and documented investigations on
the impact of the mouflon on Giglio Island can be performed [45]. Importantly, the in situ
conservation strategy would allow the Giglio authorities to leverage the presence of the
local mouflon population to promote biodiversity awareness as an added feature of the
highly tourism-based local economy, ultimately converting the presence of mouflon from
an alleged nuisance to an enriching feature of Giglio Island. The data obtained on the
enclosed population would enable educated choices to either allow the Giglio mouflon
back to unmanaged conditions, or whether to develop alternative in situ and ex situ
conservation plans. In the long term, following the necessary genomic assessment and
the implementation of a dedicated restocking program, it would be possible to reintegrate
the once lost lineages represented in the Giglio mouflon back into the Sardinian mouflon
population. Moreover, the availability of these unexplored mouflon genetic variants is
promising to add detail to the general understanding on the evolution under human cultural
control of the genus Ovis [46—48]. This additional information will likely increase the
detection power on studies aimed at assessing the levels of selection, genomic adaptation
to environmental challenges [49-52], and the fine-grained ancestry and occurrence of
crossbreeding [3,53,54].

5. Conclusions

The Mediterranean has been intensively influenced by human activity over a pro-
longed period, with no ecosystems left untouched. Over the past 12,000 years, this geo-
graphical area has been characterised by the multiple stratification of successive anthro-
pogenic cultural events that have deeply altered the composition of its original biocenoses.
Such complex events led to multiple occurrences of introduced populations likely harbour-
ing unique genetic diversity, such as the one discussed here. The case of the Giglio mouflon
suggests that whenever irreversible conservation actions are under consideration, the pre-
cautionary principle should be embraced, and thorough multidisciplinary investigations
should be implemented to assess the benefit-risk ratio [45].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/xxx/s1, Table S1: SSR scores, Table S2: CR1-CR2 primers sequence.
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