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Abstract: Innovative technological approaches are crucial to enhance naturalistic museum collections
and develop information repositories of relevant interest to science, such as threatened animal
taxa. In this context, museomics is an emerging discipline that provides a novel approach to the
enhancement and exploitation of these collections. In the present study, the discovery of a neglected
lion skeleton in the Museum of Zoology “Pietro Doderlein” of the University of Palermo (Italy)
offered the opportunity to undertake a multidisciplinary project. The aims of the study consisted
of the following: (i) adding useful information for museographic strategies, (ii) obtaining a new
genetic data repository from a vulnerable species, (iii) strengthening public awareness of wildlife
conservation, and (iv) sharing new learning material. The remains of the lion were examined with a
preliminary osteological survey, then they were restored by means of 3D printing of missing skeletal
fragments. Phylogenetic analyses based on cytochrome b sequence clearly indicate that the specimen
belongs to the Central Africa mitochondrial clade. At the end of the study, the complete and restored
skeleton was exhibited, along with all of the information and data available from this project. This
study shows a useful approach for the restoration and enhancement of a museum specimen, with
important opportunities for preserving biodiversity and driving specific conservation policies, but
also for providing Life Science learning material.

Keywords: ancient DNA; biodiversity; conservation; digital restoration; education; lion; museomics;
museum collections; Panthera leo leo; phylogeography

1. Introduction

Historical collections from natural history museums represent an important reser-
voir of biological materials that could be used to trace biodiversity changes through time.
Collections can be important to resolve taxonomic issues and reconstruct distribution
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patterns of species and evolutionary processes across different time frames and geograph-
ical areas [1-3]. The investigation of such materials is of particular importance for rare
or threatened species, such as large marine or terrestrial carnivores, often stored in old
collections [4-6].

These mammals have been demonstrated to be charismatic species that can be used as
fundamental tools for raising awareness among wider audiences regarding conservation
challenges [7]. The purpose of the project presented here was aimed at the planned
exhibition of a skeleton of a lion, which is considered to be a globally vulnerable and
critically endangered species in Western Africa according to the IUCN [8]. Historical data
indicate that lions were formerly distributed throughout West Africa, except for coastal
rainforests and the interior of the Sahara Desert. Recent studies suggest that lions have lost
almost 99% of their former range in West Africa [4,9].

In recent years, methodological advances [10-14] have allowed for useful genetic and
genomic data to be obtained from degraded samples, such as the ones from museums and
archives. Indeed, historical and ancient specimens from museum collections have been
widely analyzed in order to reconstruct the evolutionary history, ecology, and phylogeog-
raphy of many species and populations [15-22]. The results of such published studies
underline the importance of museum specimens in research and orient the management
of natural resources, further improving and driving advancements in museomics. This
recent research field involves the application of -omics techniques (genomics, palaeoge-
nomics, and palaeoproteomics) to historical and archival samples for the study of extinct or
endangered species [23].

The analysis of ancient and/or historical DNA was used in several studies where
it provided important conservation insights, e.g., tigers in Asia (Panthera tigris) [24], the
African elephant (Lodoxonta spp.) [25], tuna (Thunnus thynnus) [26], or Atlantic cod (Gadus
morhua) [27]. Historical DNA analyses are particularly valuable when the aim is to identify
the geographical origin, especially when the sampling location is missing or when a sample
comes from a private collection that has not been properly catalogued. Furthermore,
historical DNA studies have also highlighted the possibility that some museum samples
could have been misidentified or mislabeled [16,28,29]. In this particular context, the use of
ancient DNA techniques as a tool to support the study of museum specimens could achieve
the correct identification of individuals that have been taken from certain locations in the
wild and smuggled into Western countries.

In this study, we analyzed the skeletal remains of a lion (Panthera leo—register number
AN-1420), from which all the information is missing, which presumably was acquired
by the Museum of Zoology “Pietro Doderlein” of the University of Palermo, in a period
around the 19th century.

In this project, the specimen was completely reconstructed and finally given back to
the community in its full magnificence (Figure 1). The restoration and exhibition of the
skeleton were planned and performed in several phases: (a) the cleaning and the study of
the remains, (b) the 3D printing of the missing skeletal elements and the restoration of the
skeleton, and (c) the phylogenetic characterization of the specimen through ancient DNA
investigation in order to find out its geographical origin.

Any scientific information on the historical lion and its exhibition was intended to
improve education regarding ecological issues and public awareness of biodiversity and
conservation, but also for the phylogenetic placement of the specimen and the preservation
of genetic material for future studies.
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Figure 1. The skeleton of a lion, Panthera leo, AN-1420, restored and mounted for exhibition. Frontal
(left) and lateral (right) views. Photos credit: Andrea Calascibetta, Daniele Di Lorenzo, kind conces-
sion of the Museum of Zoology "P. Doderlein", Sistema Museale d’Ateneo, Universita degli Studi
di Palermo.

2. Materials and Methods
2.1. The History of the Museum Collection and the Lion Sample

In 1862, the unification of Italy had just occurred, leading to a thorough reassessment
of Italian academia. It was in this period that there was a separation of the Life and Earth
Sciences. Thus, the Chairs of Zoology and Comparative Anatomy were also established in
Italy. Given this new academic context, the University of Palermo saw the need to replace
the old Zootomic Cabinet with a proper Museum of Zoology. Of the greatest importance
were zoological specimens for comparative study and the development of the disciplines
of zoology and comparative anatomy. Many of the collections from the initial “Doderlein
phase” of the Museum are still well preserved today [30].

As Sicilian mammalian fauna (and particularly larger animals) were scarce and not
unique compared to the continental mammalian fauna, Doderlein collected only some
species from Sicily (Sicilian wolf, Canis lupus; fox, Vulpes vulpes; martens, Martes martes and
M. foina; the weasel, Mustela nivalis; and bats and various rodents) and bought exotic species
captured in overseas expeditions and from private collections or public parks (Doderlein’s
historical notes). The Mammalogy Collection today comprises almost 200 mounted speci-
mens.

The recent discovery of a neglected skeleton of a lion (Panthera leo Linnaeus, 1758—
register number AN-1420) in the Museum of Zoology “P. Doderlein” provided an opportu-
nity for its restoration and molecular analysis as the history of the specimen was unknown,
as well as its origin. No information or documentation about it was found. The lion was
presumably collected in the second half of the 19th century, and the skeleton had been
mounted and displayed in the Doderlein museum but was then disassembled on a date
unknown to us.

2.2. 3D Printing of Missing Skeletal Fragments and Restoration

A preliminary assessment of the state of conservation of the skeleton and the missing
parts was carried out. For the reconstruction of the missing bone elements, two strategies
were adopted. Taking advantage of the bilaterality of the skeleton, it was possible to
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generate the missing elements from mirror copies of the skeletal elements that were present
through 3D printing. Where bones were completely missing, another lion skeleton (ID: 547)
from the Faunal Museum of the Department of Veterinary Science of the University of
Messina (Messina, Italy) was used as a source model with a metric adjustment of the
osteometric parameters before proceeding to the creation of the missing elements so that
the 3D-printed elements would fit the skeleton (AN-1420).

For the reconstruction of bones and teeth, the structured-light 3D scans for the subse-
quent filament 3D printing (fused filament fabrication—FFF) were used. This technology
was appropriate for the creation of replicas suitable for being assembled with original
skeletal elements and forming the whole skeleton for museum exhibition purposes within
the protection of a transparent display case.

The structured light scanner used for this project works using the projection method
and is a scan in a box (Open Technologies, Rezzato, Italy) that comprises a 200 lumens
800 x 600 pixels LED projector and two 1.3 MPx cameras. The scanner was calibrated based
on the size of the skeletal remains to be scanned and the exposure conditions. Subsequently,
based on the geometry of the findings, the positions of the various objects were chosen
with respect to the rotating table (i.e., choice of the rotation axis).

Therefore, we proceeded, for each skeletal element, with the acquisition of one or more
sets of “depth images” of the object placed on the rotating table (at least 20 images for a 360°
rotation). The alignment of the various point clouds was manually performed and then a
mesh was created and improved. The meshes were saved in STL and OB]J format. The STL
files, obtained from the scanner’s software, could be directly processed by slicing software
to obtain the file for 3D FFF printing. However, in the case of these skeletal remains,
these files were further processed by using the freeware Autodesk Meshmixer (https:
/ /www.autodesk.com/research/projects/meshmixer (accessed on 03 February 2022)) to
perform localized “smoothing” or reduce the number of polygons. For the printing of
the reproductions of the bones, we used the Ultimaker CURA slicing software v. 5.2.1
(https:/ /ultimaker.com/software /ultimaker-cura (accessed on 10 March 2022)), setting the
height of the layers at 160 pm, the printing speed at 50 mm/s, and the temperature at 200 °C.
The Easyfil™ PLA Light Gray filament from FormFutura (Nijmegen, The Netherlands)
was used to print the reproductions of the skeletal remains (See Appendix A for a detailed
explanation of the methodology).

2.3. Sampling and DNA Extraction

The sampling of the material necessary for DNA extraction was performed in a room
of the Doderlein Museum, following strict criteria for decontamination [31]. As ancient
DNA analysis is a destructive technique, the sampling was carried out to maximize the
yield of DNA, but at the same time to minimize the visual impact of the sampled area.
We decided to cut the apex part of the root of a tooth (Figure 2), which, once re-inserted
into the alveolus, would not create aesthetic damage for exhibition. A tooth root was
chosen as previous studies demonstrated that teeth are an optimal source for the retrieval
of endogenous DNA [32,33]. Thus, for exhibition in museums, but also to preserve the
specimen for future research, the choice of sampling area is very important, in order to both
avoid/minimize external damage to the sample while not frustrating efforts at genotyping.

The sample was processed in the Ancient DNA (aDNA) laboratory at the Depart-
ment of Cultural Heritage (University of Bologna), following appropriate and strict crite-
ria [31,34,35], to avoid contamination and to authenticate the data obtained. The tooth was
first photographed, then decontaminated and drilled in a designated room.

The DNA extraction and pre-PCR setup were performed in physically separated areas
reserved for ancient DNA analysis. In order to minimize the contamination from modern
DNA, the working area and the equipment used for sampling, DNA extraction, and PCR
were decontaminated and sterilized with bleach and ethanol or DN A-ExitusPlus washing
and UV irradiation before use. Bodysuits, two pairs of gloves, hair caps, face masks,
and arm covers were worn during the analysis in the pre-PCR areas, and all the reagents
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used during the extraction and PCR setup were exposed to UV irradiation except DNA
polymerase, primers, and dNTPs. Negative controls were processed along the sample to
monitor the occurrence of contamination.

The fragment of the tooth was first cleaned on its surface with sodium hypochlorite
solution (2%) using a sterile brush and then decontaminated with UV irradiation for 20 min.
Dentine was removed along the root by powdering the internal surface with a 1.2 mm
spherical drilling bit, and discarding the powder from the pulp chamber.

Figure 2. The apex part of the tooth root collected for the DNA extraction.

During the DNA extraction protocol [36], which was slightly modified from a previous
paper [37], 300 mg of dentine powder was decalcified overnight at 37 °C under constant
rotation in a 3 mL extraction buffer (0.45 M EDTA, 0.25 mg/mL proteinase K). Then, the
solution was concentrated and purified using a silica-based method with High Pure Viral
Nucleic Acid kit and finally eluted twice with a total of 50 puL of EB buffer (Qiagen, Hilden,
Germany). DNA concentration was measured with the QuBit® fluorometer and the extract
was stored at —20 °C.

2.4. DNA Amplification and Sequencing

According to Barnett and colleagues [38], we selected a set of 14 pairs of primers to
amplify 981 bp of the cytochrome b (cytb) gene using short overlapping fragments. In
this study, a portion of the cytb was amplified as, despite its limited length, it includes a
high number of polymorphic sites and is commonly used for determining phylogenetic
relationships between organisms [38,39]. In addition, the choice of the marker was driven
by the fact that mitochondrial DNA is easily recovered from ancient remains [40]. We
set the PCR with the pairs of primers, previously designed and successfully described by
Burger et al. [41] and Barnett and colleagues [38] (Table S1 and Figure S1).

In order to avoid contamination by amplicons, PCR set-up was performed in the
ancient DNA laboratory, but PCR runs were conducted in physically separated rooms
designated for post-PCR analysis. The PCR reaction final volume was 25 uL, composed of
2.5 mM of MgCly, 0.25 mM of dNTPs, 0.2 uM of forward and reverse primers, 0.8 mg/mL
of Bovine Serum Albumin, and 2.5 units of AmpliTaq Gold (Applied Biosystems, Waltham,
MA, USA). Then, 2—4 uL of DNA were added to the amplification solution, and the PCR
was set with an initial denaturation at 95 °C for 5 min, then 40 cycles at 95 °C for 45 s,
followed by specific annealing temperature for 45 s and the extension at 72 °C for 45 s,
with the final step at 72 °C for 7 min. Amplifications were conducted in triplicate in order
to avoid miscalling of bases during consensus sequence reconstruction, due to potential
damage to DNA sequences. We performed electrophoresis on a 2% agarose gel to observe
positive amplifications, and then PCR products were purified through the MinElute®
PCR Purification kit (Qiagen, Hilden, Germany) and eluted in a 15 ul EB buffer (Qiagen,
Hilden, Germany).
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The Sanger sequencing reaction was performed using the BigDye™ Terminator v1.1
Cycle Sequencing Kit (Applied Biosystems, Waltham, MA, USA). Then, the products were
purified with ethanol and sodium acetate and resuspended in water. DNA sequencing
fragments were separated and detected by capillary electrophoresis on the SeqStudioTM
Genetic Analyzer (Applied Biosystems, Waltham, MA, USA) at the Laboratory of Forensic
Genetics in the Department of Medical and Surgical Sciences, Section of Legal Medicine of
the University of Bologna.

2.5. Data Analysis

The chromatograms obtained from the sequencing were visualized through FinchTV
v 1.5.0 (Geospiza, Seattle, WA, USA). All of the amplified fragments were checked and
aligned using BioEdit v. 7.2.5 (Hall, 1999) to a Panthera leo cytochrome b gene sequence
(GenBank accession number MG677922.1).

A dataset of 963 bp Panthera leo mtDNA cytb region sequences [38,42] was used for
comparison with modern and ancient genetic diversity (Table S2), representative of most
common lion cytb haplotypes from Africa and Asia regions (Panthera leo, sensu stricto).
Only sequences of a known origin were selected, while data from samples of an uncertain
provenance were discarded.

A Median Joining (M]) network was created through PopArt software v. 1.7 [43]
using this database (¢ = 0). Moreover, a maximum likelihood (ML) phylogenetic tree was
reconstructed with the software MEGA v. 10.2 [44] using this dataset, by setting the substi-
tution model HKY + I + G, assessed by JModelTest2 v.2.1.10 [45], running 1000 bootstrap
repetitions, and using a Panthera pardus cytb sequence (GenBank acc n. KP001507.1) as
an outgroup.

3. Results
3.1. Skeletal Reconstruction and Exhibition

The skeletal tissue was in excellent condition. The various skeletal districts were
well cleaned and, in general, all the bones were well preserved. The skeleton had been
disassembled, and all bones, except some from the distal limbs, were not articulated. There
were holes and iron wires on the surface of several bones, which were evidence of the
previous assembly, as well as two wooden sternebrae. Moreover, in the sternum, the
distal-caudal cartilage had been made from cardboard. From this assessment, it emerged
that the skeleton of AN-1420 was incomplete: 69 anatomical parts were absent, including
bones, teeth, and 18 claws (Figures 52-55).

All epiphyses were fused and the dental eruption was complete, so the specimen
was identified as a young adult, following White and Belant [46]. Following Naples and
Rothschild [47], the sex of AN-1420 was determined as being female.

All of the missing skeletal elements were reconstructed (Figures S6-5S8) and the skele-
ton was articulated and mounted (Figure 1). The 3D models of all of the skeletal elements
are available for scientific, educational and exhibition purposes on the Sketchfab repository
(https:/ /sktb.ly /oAA6D (accessed on 3 November 2022)) or upon request to the authors.

3.2. Phylogeographical Analyses

One sample from the AN-1420 specimen was co-extracted and amplified along with the
negative controls. A total of 0.267 ng/uL of DNA was quantified using a Qubit fluorometer,
and no contaminations were detected in the negative controls. Moreover, the authenticity
of the data was confirmed through agreement in the sequence of nucleotides present in the
overlapping regions and in the replicate amplifications. We successfully amplified 981 bp of
cytb sequence from 11 of the 14 pairs of primers used. No amplifications were obtained for
the following primer pairs: CB12RU-CB12RL, CB14RU-CB14BRL, and CB22RU-CB22RL.

The 981 bp consensus sequence from specimen AN-1420 (GenBank acc. n. OP837954)
was then compared with those deposited in the GenBank database [48], using the Basic
Local Alignment Search Tool (BLAST) [49]. The relevant alignments on GenBank with 100%
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to the Central African region (Table S3).

Then, we analyzed the phylogenetic relationships between the cytb region of specimen
AN-1420 and the ones included in the dataset created for this study. We first performed
a Median Joining network (Figure 3A), where specimen AN-1420 was placed within the
lineage of the Central African lions (in yellow), and more specifically in a pool that con-
tained samples from the Democratic Republic of the Congo (DRC) and Cameroon. From the
analyses of the data and a comparison with the published sequences, it was also possible to
assign the sample to haplotype A [38], identified as haplotype 9 in another study [42]. The
Maximum Likelihood tree (Figure 3B), although with limited support for the nodes due
to the length of the sequences here analyzed, shows a clear clustering of the haplotypes
into five main clades: (I) Central Africa, (II) Western Africa, (III) Asia/Northern Africa, (IV)
Southern Africa, and (V) Eastern Africa, as previously highlighted [38]. In the phylogenetic
tree, the sample from the Museum Doderlein was placed in the Central Africa clade, as
suggested by the network analysis.
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Figure 3. Phylogenetic analyses of the lion data based on the alignment created for this study. (A) Me-
dian Joining network for the alignment of the cytb haplotypes. (B) Phylogenetic tree reconstruction
with the Maximum Likelihood method. Sample AN-1420 is placed in the Central African clade.

4. Discussion

In this study, a neglected skeleton of a lion, retrieved from the Museum of Zoology
“P. Doderlein” of the University of Palermo, was chosen for restoration and molecular
analysis, as the history of the specimen was unknown, as well as its origin. The specimen
underwent an osteological survey, then it was restored by means of the reproduction of
missing elements from the digitization and 3D printing of these bones. An animated
morphological rendering of several bones of the lion skeleton, using 3D models, was
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obtained. The cytochrome b gene of the mitochondrial DNA was amplified and sequenced
to assess the geographical origin of the specimen.

This project aimed to achieve results that enable applications in different fields, in-
cluding the following: (1) add useful information for museographic strategies, (2) obtain
genetic resources from a vulnerable species, (3) strengthen public awareness of wildlife
conservation, and (4) share new learning biological material.

The lion, which represents one of the world’s most iconic animals, was once one of the
most widespread terrestrial large carnivores, which had a wide species distribution range
that included most of non-Saharan Africa, the Middle East, and southwest Asia into the
Eastern Balkans in Europe and Western India during human history [4].

Recent surveys have estimated that only about 23,000-39,000 lions are living in the
wild in Africa, compared with the already critically shrinking populations of Asian lions,
consisting of only 411 wild individuals [8,50]. Since 1977, the African lion has been listed
in CITES Appendix II, although researchers have suggested that the African lion might
soon become endangered as well [8]. Particularly, under Appendix II, the trade of bones is
considered legal if they are from captive sources. Since the 19th century, lion populations
have begun to disappear from southwestern Eurasia and North Africa [4]. Nowadays,
the lion population is experiencing a dramatic decline and fragmentation of remaining
populations, caused by anthropogenic factors such as hunting, poaching, habitat loss, and
prey base depletion.

Two extant subspecies of lions are recognized by most taxonomic authorities, namely,
Panthera leo leo (Linnaeus, 1758) distributed in Asia, West Africa, and Central Africa, and
Panthera leo melanochaita (Hamilton Smith, 1842), spread in East and South Africa [51].
However, recent whole genome sequencing data [52] have suggested that, even though the
Central African lions cluster with P. leo leo in mtDNA-based phylogenies, the nuclear data
show a higher affinity with P. leo melanochaita, distributed in East and South Africa. Thus,
the population dynamics of this species are not yet fully understood, and more data are
needed to clarify the taxonomic position of the Central African lions.

The phylogenetic analyses conducted (tree and network) here showed that specimen
AN-1420 from the Museum “P. Doderlein” belongs to the Central African mtDNA clade,
and in particular from haplotype A [38], or haplotype 9, following the nomenclature pro-
posed by Bertola and colleagues [42]. The results and the data obtained were useful for
providing the correct phylogenetic and phylogeographical assignment of this sample for
museographic purposes, but at the same time represent an invaluable resource for conser-
vation and educational aims. In light of the picture outlined by the genomic analyses [52],
from a conservation point of view, any ancient and/or historical genetic material that could
be useful to better clarify the population dynamics and connectivity of lions in Africa and,
in particular, for Central and Western African lions, is important. The study of historical
samples is fundamental to the conservation strategy of vulnerable species because it can
add a temporal dimension to the genetic diversity characterization.

At the same time, from an educational perspective, the lion is one of the most charis-
matic species, which can be viewed as a tool to promote actions and initiatives addressed
to wider audiences. The role of charisma is important in public communication, as people
are naturally attracted to specific species and may understand biodiversity loss better via
storytelling about endangered large felids [7,53].

The animated morphological rendering of the lion skeleton can be used to attract
people towards topics related to evolution, the adaptability of animals, and the risk of
extinction. Thanks to the digital materials available on the Sketchfab repository, consisting
of 3D reconstructions with rendering and animated videos, people can observe animal life
with curiosity. Moreover, the approach is useful for the preservation of historical, museum,
and archaeological remains, also representing a useful database that may meet the needs or
interests of academics.

The essential roles of a museum institution include the preservation of findings
(e.g., [54,55]), the dissemination of knowledge, and the collection of new material. The
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scientific collections in museums are an essential vehicle for informing visitors about the
actual threats to nature, as well as an indirect means of study and research, and a source
of economic and social benefits [2,56,57]. Museums have a fundamental role in such a
view as they can invest efforts in exhibitions of exotic animal collections and digitizing
material to adopt for education purposes, but also with potential scientific benefits. Natural
history collections, often forgotten, are a crucial cornerstone for systematics, natural history,
ecology, and conservation biology, and represent important sources of biological data for
scientists [3,54,55,58]. Many authors have highlighted the primary benefits that natural
history collections provide to science and society [59].

Information and data gained from ancient/historical museum samples have the poten-
tial to allow the temporal study of genetic erosion in endangered populations; to analyze
genomic data from extinct species; and to obtain information about phylogeny, population
dynamics, taxonomy, and genetic diversity [54,60]. The results from ancient and historical
specimens, as here obtained, can play a pivotal role in preserving biodiversity and driving
specific conservation policies [1,61].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d15010087 /s1. Figure S1: Graphical representation of the portion
of the cytochrome b analyzed in this study. Figure S2: Schematic view of the missing skeletal elements
of AN-1420 on the entire skeleton. Figure S3: Missing elements from the cranium (left side view).
Figure S4: Missing skeletal elements of the cranium and the mandible (dorsal, frontal and ventral
view). Figure S5: Missing elements of the distal region of the skeleton—autopodium. Figure Sé:
The copies of the carpals created for specimen AN-1420. Figure S7: The mounted left forelimb of
specimen AN-1420. Figure S8: A particular of the restored skull of Panthera leo AN-1420. Table S1:
List of the primers used in this study. Table S2: Database of the 55 sequences used for phylogenetic
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