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Abstract: Lions (Panthera leo) play a crucial ecological role in shaping and maintaining fragile
ecosystems within Africa. Conservation efforts should focus on genetic variability within wild
populations when considering reintroduction attempts. We studied two groups of lions from two
conservation sites located in Zambia and Zimbabwe to determine their genetic make-up, information
that is usually unknown to the sites. In this study, we analysed 17 specimens for cytb and seven
microsatellite markers to ascertain family relationships and genetic diversity previously obtained by
observational studies. We then produced a standardised haplogroup phylogeny using all available
entire mitogenomes, as well as calculating a revised molecular clock. The modern lion lineage
diverged ~151 kya and was divided into two subspecies, both containing three distinct haplogroups.
We confirm that Panthera leo persica is not a subspecies, but rather a haplogroup of the northern P.l. leo
that exited Africa at least ~31 kya. The progenitor to all lions existed ~1.2 Mya, possibly in SE Africa,
and later exited Africa and split into the two cave lion lineages ~175 kya. Species demography is
correlated to major climactic events. We now have a detailed phylogeny of lion evolution and an idea
of their conservation status given the threat of climate change.

Keywords: lion phylogeny; Panthera leo; Panthera atrox; Panthera spelaea mitogenome; big cat evolution;
cave lion; molecular phylogeny; evolutionary biology

1. Introduction

The lion (Panthera leo) is a carnivorous mammal belonging to the feline family which
plays an important role in the food chain, regulating the numbers of the most dominant
herbivore species, besides being one of the most charismatic animals on Earth. Lions
appeared in Tanzania between 3.46 and 1.2 Mya [1,2], becoming the most widespread
carnivorous mammal on Earth, spanning Africa, Europe, and Asia (Figure S1A). In recent
times, however, lions have been restricted almost exclusively to Africa, where, because
of the anthropic impact upon landscape, whose main and most evident effect is habitat
disruption and/or fragmentation, large populations of these felines survive only in reserves
and large parks of southern Africa [3].

The International Union for Conservation of Nature (IUCN) in 2016 recognized two
existing subspecies of lion: the African lion, Panthera leo leo (Linnaeus, 1758), located
throughout Sub-Saharan Africa with the exception of the rainforests areas; and the Asian
lion, Panthera leo persica (Meyer, 1826), which is recovering from near extinction and is now
present only in the Gir forest in India in low numbers [4]. In 2017, the two subspecies
were described as the North African lion, Panthera leo leo, north of the East African rift, and
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Panthera leo melanochaita, south of the rift. However, no specification for Panthera leo persica
was given [5].

In addition to modern lions, we know of three other extinct species of lions: Panthera
spelaea or cave lion, distributed in Eurasia and Beringia; Panthera atrox or American cave
lion, found in North America; and Panthera fossilis, also found in Eurasia. The latter, how-
ever, has historically been classified as a separate species due to its different stratigraphic
position and morphology. However, the species has recently been deemed an ancestral
P. spelaea chronospecies, since the differences in morphology were mainly in size and the
two overlapped temporarily [6]. Cave lions and modern lions have been found to have
diverged during the Pleistocene between 1.2 and 2.9 Mya, calculated using both fossil and
molecular estimates [7,8].

These results indicate that cave lions and modern lions are indeed different species,
with the former further split into two main haplogroups which diverged ~578 kya. The
American cave lion, on the other hand, diverged from a population of P. spelaea around
~165 kya, which became separated by the Laurentide ice sheets; this lineage is recognised
today as Panthera atrox and its mitochondrial origins can be dated to ~81 kya [9].

The IUCN Red List of Threatened Species currently lists lions as “Vulnerable” [10],
giving an estimate of closer to 23,000 wild lions living in Africa and now extinct in
26 different African countries [11]. Contrary to the IUCN definition, molecular analy-
ses [12] have shown that there are at least three distinct populations of lions located in as
many different areas of the continent: the population located in North Africa–Asia, that of
Southern Africa, and that of Central Africa. The level of genetic differentiation between
lions coming from the three macro geographical areas (Northern Africa, Eastern Africa, and
Central-West Africa) is quite high, as shown by the FST values between 0.064 and 0.396; the
Indian population is very well differentiated from the African ones, having an FST value of
0.736 [13].

Fortunately, in African lions, no evidence of genetic erosion appears. In a study of
15 African populations based both on mtDNA and nuclear microsatellites [3], the nucleotide
diversity (π) value at the mtDNA level was 0.102, estimated on 87 sequences of 1454 bp,
and the polymorphism values were close to 100%, while He values were between 0.41
and 0.70. In the same work, an Asian population was also used as a comparison, for
which the levels of genetic variability were much lower, with a polymorphism value of
25% and He equal to 0.13. Asiatic lions have low genetic diversity compared to African
lions, having discovered a total absence of variability for each locus of the DNA sequences
studied compared to the moderate levels of variation for the same loci analysed in African
lions [14].

This scenario must, however, be maintained, if not reversed, because we can otherwise
expect, in a few generations, a reduction of gene flow as a consequence of the fragmentation
of the populations and both genetic drift and inbreeding to slowly erode the gene pool of
today’s lions as a consequence of the serious decline in the number of specimens. Therefore,
in managing the remaining populations it is vital to minimise the loss of genetic variability:
transferring animals to nearby areas should also ideally imitate the natural gene flow. This is
an important concern when lion populations are involved—the genetic tool should become
more and more relevant for planning sound conservation strategies, being complementary
to the eco-ethological aspects of reintroduction projects.

The aims of this work are, therefore, multiple:

1. To verify, by analysis of the mtDNA, the family structure established by field ob-
servations and study the phylogenetic relationships of our specimens, through a
comparison with the information available in the literature.

2. To study, by means of microsatellite markers, the variability and differentiation of two
lion populations for their management and reintroduction into the wild.

3. To confirm the species and subspecies status of Panthera leo, P. spelaea, and P. atrox, and
determine the divergence times of their main haplogroups.

4. To produce a standardised phylogeny and develop a molecular clock for lions.
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2. Results
2.1. Phylogeography of Modern and Cave Lions
2.1.1. Species Determination via Cytb Sequence

The phylogenetic analyses for cytb revealed that all 277 mitogenomes clustered into
three main branches based on the alleged species, with Panthera spelaea (n = 56) having
three main sub-haplogroups (S1a, S1b and S1c) and being a sister clade to Panthera atrox
(n = 11), which has two main sub-haplogroups (X1 and X2).

Moreover, Panthera leo (n = 160) clustered into six main haplogroups, named A through
F. These form two main clusters (Figure 1) and correspond to two of the three postulated
lion subspecies: the first, P.l. leo, encompasses haplogroups A (Central Africa), B (Barbary,
Iran and India), and C (Western Africa); while the second, P.l. melanochaita, encompasses
haplogroups D (Eastern Africa), E (Horn of Africa), and F (Southern Africa). The nucleotide
diversity values within the six haplogroups ranged from 0.03 to 0.33 (lowest in C and
highest in F), while the values between them confirmed the two subspecies split with values
ranging from 0.80 to 1.12 (BD and AF, respectively). The third described subspecies, P.l.
persica, had low nucleotide diversity values compared to the closely related haplogroups A
and C (Table S1), suggesting the same subspecies. All modern lion haplogroups derive from
a common female ancestor denominated LiAM (Lion Ancestral Mitogenome). Moreover,
our analysis also revealed that the 15 sampled specimens share three haplotypes distributed
into three sub-haplogroups (D1 and F2a and F3).
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Figure 1. Schematic maximum parsimony cytb phylogeny. Haplogroups are represented as coloured
squares and sample IDs are written in the circles. Triangles represent a group of individuals with the
same haplotype, triangle bases are proportional to the number of mitogenomes. Different colours
were assigned to major haplogroups (squares). Branch length is proportional to the number of
nucleotide substitutions, blue values indicate the number of nucleotide substitutions of out-of-scale
branches, and red values indicate bootstrap values. Inset: haplogroup phylogeny of cytb sequences.
Sizes of circles are proportional to the number of cytb sequences, with the smallest circle representing
one individual. Dots on branches represent intermediate haplotypes.
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2.1.2. Entire Mitogenomes Reveal Lion Evolutionary History

The study of the entire mitogenome revealed new haplogroups which were determined
by mutations outside the cytb region (Figure 2); these were A4 (DRC), B3 (India specific,
Panthera leo persica), and E2 (Somalia and India). The nucleotide diversity was found to be
greatest at the control region (Figure S3) and signs of positive selection were seen in the
non-synonymous/synonymous mutations ratio in the ATP8 gene for P. atrox and P. spelaea,
and to a lesser extent also in P. leo, and positive selection for the ND3 gene was seen in
P. atrox (Figure S4).
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Figure 2. Schematic maximum parsimony mtDNA coding region phylogeny. Different colours were
assigned only to major haplogroups and are consistent with other figures. Main haplogroups are
indicated at the node while sub-haplogroups are indicated below. Numbered circles refer to the same
individuals as Figure 1. Numbers on branches indicate the number of nucleotide substitutions. Red
values indicate bootstrap values.

Haplogroups A and B shared a common ancestor (node AB), indicating that hap-
logroup C split off early and reached western Africa, then A and B split, giving rise to
a lion population that stayed in central Africa (haplogroup A) and one that migrated
north (haplogroup B). On the other hand, haplogroup F split from node DE and moved to
southern Africa, with haplogroups D and E splitting later and colonising eastern Africa
and the Horn of Africa, respectively. Furthermore, samples #25 and #158 were found in
Genbank as “white lion” sequences, and although they clustered correctly in haplogroups
F and A in cytb analysis, they appeared to be as divergent to lions as panthers and tigers
are when considering the entire mitogenome.

2.1.3. Times of Population Expansion

The age estimates for all cytb nodes were obtained using Bayesian analysis and a strict
molecular clock previously calculated via the maximum likelihood (ML) method (Table S2).
We calculated that the split between all lion species lineages occurred 1264 ± 33 kya, which
is in the range of previous works [7] and fossil data; we named this individual “Lion
Progenitor”. Then, according to our calculations, the female lioness carrying the ancestral
modern lion mitogenome (LiAM) lived around 151 ± 38 kya, possibly in southern Africa
as the oldest haplogroups are found here (Figure 3). This node is also the time of the first
phylogenetic split which gave rise to the two subspecies: P.l. leo, including haplogroups A,
B, and C, which all moved north and west (65 ± 19 kya); and P.l. melanochaita, haplogroups
D, E, and F, which moved south and east (89 ± 23 kya). Haplogroup A originated in central
Africa 21 ± 6.7 kya ago and encompasses four main sub haplogroups (A1–A4), all dated
between 1.3 and 9.4 kya. Haplogroup B moved to northern Africa, possibly following the
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Red Sea coast around 31 ± 12 kya, splitting on the way into three main sub-haplogroups:
B1, found in Barbary and dated 17 ± 8.0 kya; B2, found in Iran and dated 1.5 ± 1.7 kya; and
B3, found in India and dated 2.3 ± 2.0 kya. The distribution of B sub-haplogroups show an
out-of-Africa dispersion pattern. Haplogroup C is found in western Africa and originated
14 ± 7.0 kya. Haplogroup D originated in eastern Africa 24 ± 9.0 kya and comprises
nine of our 15 new samples, all of which belong to the main sub-haplogroup, D1, dated
15 ± 4.8 kya. Haplogroup E instead moved towards the Horn of Africa and its origins are
dated to 22 ± 10 kya; there are two sub-haplogroups present: E1, dated 3.8 ± 2.7 kya; and
E2, dated 3.1 ± 2.7 kya. Finally, Haplogroup F is found in southern Africa and is dated
to 48 ± 15 kya; it encompasses three main sub haplogroups: F1, dated 3.7 ± 2.9 kya; F2,
which comprises four of our samples and was dated 20 ± 7.3 kya; and F3, which comprises
two of our samples and was dated 16 ± 7.1 kya (Figure 4).
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Figure 3. Modern lion population spread through time. Map is based on cytb divergence times
obtained with ML molecular clock and Bayesian analysis. Squares indicate main haplogroups while
circles indicate sub-haplogroups. Colours are consistent with other Figures. Thick lines indicate
main haplogroup expansions and thinner lines indicate sub-haplogroup expansions. Numbers above
or below haplogroups indicate the coalescence times in thousands of years ago (kya) with their
respective standard deviation. Numbers at nodes indicate separation times between lineages (kya).
The red star indicates the lion ancestral mitogenome (LiAM), or mitochondrial eve.
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We estimate that the cave lion lineage originated around 175 ± 8.5 kya and further
split into P. spelaea 131 ± 3.5 kya and P. atrox 81 ± 8.5 kya. All major sub-haplogroups are
pre-Last Glacial Maximum (LGM), with most of them becoming extinct before the LGM.
Very few linages survived during the LGM; these are S1a1a with its two sub-haplogroups
in Russia and Alaska, and X1 and its sub-haplogroups in current day USA.

2.1.4. Demography of Lions over Time

The Bayesian skyline plot (Figure 5) shows the change in effective population size (Ne)
over time for all lions (Haplogroups A, S, and X). The first demographic event occurred
~185 kya at the beginning of the Marine Isotope Stage 6 (MIS6). The decrease in the effective
population size (Ne) is sharp and in concordance with the beginning of the glaciation period
followed by a plateau for roughly ~50 kya. The second demographic event occurred at
the beginning of the interglacial MIS5, and though it was not as sharp as the first decrease,
Ne slowly reduced throughout the whole era with a smaller reduction around ~109 kya,
corresponding to the MIS5d glacial peak. The final demographic decrease occurred at
the beginning of the LGM and corresponds to the extinction of most spelaea and atrox
individuals. The final demographic event is a sharp increase in Ne occurring after the
Younger Dryas (YD) at the beginning of the Holocene Climactic Optimum (HCO) ~10 kya.
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Figure 5. Bayesian Skyline Plot of lion mitogenomes. The plot considers all cytb samples listed in
Supplementary Table S3. These include Panthera leo, Panthera spelaea, and Panthera atrox. The blue
line within the shaded area indicates the median estimate of the effective population size and the
blue shading shows the 95% highest posterior density limits. The time axis is limited to 220 kya,
beyond which the curve remains flat. Background colours represent: HCO, Holocene Climactic
Optimum; YD, Younger Dryas; LGM, Last Glacial Maximum; MIS5, Marine Isotope Stage 5; MIS6,
Marine Isotope Stage 6.

2.2. Nuclear Genetic Variability

In addition to cytb sequencing, we genotyped 17 lions from the field for seven mi-
crosatellite loci and added their genotype data to an already published dataset [3] for a
combined total of 139 samples genotyped using seven microsatellite markers (Table S4). We
are aware of possible differences in peak analysis when studying genotype data obtained in
different manners, but our mitochondrial data further corroborate our results, suggesting
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that the nuclear microsatellite analysis was correctly performed. The Polymorphism Infor-
mation Content (PIC) was calculated for all SSRs and ranged between 0.7 and 0.9, indicating
largely informative sites [15]. The expected (He) and observed (Ho) heterozygosity values
were calculated for each population (Table S5), for the total population, and for each species.
The He values varied from 0.14 (India) to 0.70 (Zimbabwe and Zambia) with an average
value equal to 0.56, while the values of Ho appeared to be relatively higher for the single
populations, where they were between 0.17 (India) and 0.83 (Benin), with an average of 0.61.
The inbreeding coefficient, FIS, values were below 0.3, indicating an excess of heterozygotes
for all populations.

Differentiation tests were performed using Genetix v.4.05.2 (Belkhir et al., Montpellier,
France) [16]. Weir and Cockerham’s estimator of FST [17] was obtained overall and for each
population pair (Table S6). The null hypothesis of identical allelic distribution among all
populations was tested by means of a permutation test both at the overall level for the
populations considered, and at a more specific level by carrying out differentiation tests
between pairs of populations. All FST values were significantly different from zero. What
emerges from this data is a medium-to-high total differentiation value (total FST), equal to
0.29, with a confidence interval that ranges between 0.25 and 0.32. At the inter-population
level, the highest values of differentiation were found to be those relating to the Indian
population. The lowest values were those of Central Africa, while our studied populations
(Zimbabwe and Zambia) were found to have intermediate values, which can also be clearly
seen from the PCoA (Figure S6).

The software STRUCTURE v.2.3.4 (Pritchard, Stanford, CA, USA) was used to investigate
the genetic composition of the population, and we identified the most likely number of
ancestral gene pools to be K = 5 (Figure S7) using Evanno’s ∆K method [18]. In Table
S7, we report the probability that a given population may have originated from the same
ancestral population. Finally, we used CLUMPP v.1.1.2 (Rosenberg, Stanford, CA, USA)
and DISTRUCT V.1.1 (Rosenberg, Stanford, CA, USA) on the structure results to obtain
the barplot of the average run for each K value (Figure 6). The populations of Cameroon,
Chad, and DRC (represented by magenta bars); the populations of Kenya and Tanzania
(represented by blue bars); the populations of Namibia, RSA1, and RSA2 (represented by
green bars); and the Indian population (orange bars) all belong to single differentiated gene
pools. Regarding the Ethiopian populations, the first group clustered with India while
the second one clustered with the group of central African countries. The lions from both
Benin and Zambia 2, on the other hand, have three main origins. Two lions from Benin
were found to share the same proportion of ancestral genome with central African lions,
another two had east African origins most likely due to reintroduction policies, and one
lion had admixed origins. The Zambia 2 lions also showed these two different origins with
the addition of two lions having south African origins.
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3. Discussion
3.1. A New Phylogeny for Lions

Our analysis found three main sub-haplogroups of Panthera spelaea and two in Panthera
atrox; the first shows a west-to-east expansion with the most recent sub-haplogroups ap-
pearing in in Asia and Alaska. The latter, on the other hand, most likely originated from a
P. spelaea population in Canada or Alaska which separated from the mainland Eurasia
population, as can be seen by the low number of mutations between haplogroups S and
X and from the cytb nucleotide diversity value of 1.74 ± 0.17 (Table S1). Values below 2%
are indicative of a within-species status [19]; therefore, as far as the cytb is concerned, we
can consider these either as sister species or P. atrox as a subspecies of P. spelaea. Moreover,
Panthera leo clustered into six main haplogroups as previously postulated [20–22]. These
two main subclades follow a geographic distribution pattern and have nucleotide diversity
values (0.80–1.12) compatible with the existence of two lion subspecies, P.l. leo [23] hap-
logroups A, B, and C; and P.l. melanochaita [12] haplogroups D, E, and F. This, however,
cannot be said for P.l. persica (haplogroup B). This postulated subspecies was found to have
a difference of between 0.43 and 0.54% with P.l. leo, far below the nucleotide difference ob-
served with the other confirmed subspecies. This, together with the few private mutations
present in haplogroup B phylogeny (with respect to haplogroups D, E, and F, for example),
is not enough to consider P.l. persica a separate subspecies.

The analysis of the complete mitogenomes was consistent with the cytb, and, even with
a reduced number of individuals, confirmed the main topography of the tree while further
subdividing a few haplogroups only present in the cytb tree at the macro level. From this
tree we programmed a script for mtPhyl v. 5.003 (Eltsov & Volodko, Novosibirsk, Russia)
to automatically classify whole mtDNAs (Figure S2) into the correct haplogroups and draw
out the detailed phylogeny; this could be useful for future classification and conservation
studies. The produced tree further explained the relationships between sub-haplogroups of
the two main postulated subspecies of modern lions. Once again, P.l. persica was found to
have too few mutations when compared to the close A and C to be considered a subspecies.
This was backed by the resolved phylogeny of the entire mitogenome, as haplogroups
B and A shared a more recent common ancestor than haplogroup C. A further in-depth
analysis of sequences deposited as “white lion” (#25 & 158) showed that roughly half
the mitogenome had very few mutations (from the control region to the ND1 gene; from
half of the ND4 gene to the control region), thus classifying the samples as P.l. leo and
therefore consistent with the cytb analysis as the gene was included in the range. The other
half of the mitogenome had a rather large and unaccountable number of mutations for
the two samples to be considered a lion, most likely due to the presence of many nuclear
mitochondrial DNA (NUMTs) in the sequence, as has been previously observed [24,25].
The white lion, like the Indian lion, cannot be classified as a subspecies, as one individual
is a P.l. leo and the other is P.l. melanochaita. We therefore confirm the subspecies status of
two out of the three postulated subspecies of Panthera leo.

Judging by the fossil record, the presence of close species, and our coalescence times,
the origin of the genus Panthera occurred somewhere in Asia [26]. Later, an ancestor to
panthers and the Lion Progenitor migrated to Africa at least 3.6–3.8 Mya in concordance
with the fossil record [27]. Their ancestral lines then split around 1.8 Mya (Figure S5). Like
previously said, the ancestor to all lions lived around 1.2 Mya, most likely in modern day
Tanzania. According to our model, the lion lineages then split into modern and cave lions;
the latter, judging by the fossil record, exited Africa and reached Eurasia. Here, it became
smaller, as seen by several morphological traits [6] until at least 175 kya, when, from this
study, the main lineage of Panthera spelaea-atrox (node SX) arose, indicating the continuity
and subsequently the substitution of P. fossilis with P. spelaea, confirming the chronospecies
status of the former. Here, they settled into Europe and Russia first, as reflected in the most
ancient individuals, then into Beringia and later into northern America. This west-to-east
movement can be seen in Haplogroup S1a1a2, ranging from the Urals all the way to the
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Bering strait and dated at 52 kya, but individuals within the group form younger nodes
while moving east towards the Bering strait.

Cave lions reached North America on at least two different occasions, the first during
the MIS6 around the aforementioned 175 kya of the two cave lions split, which is in
concordance with a previous study [9]. An ancestor to both spelaea and atrox reached North
America via the Beringian land bridge and diverged into the two species giving rise to the
haplogroup X progenitor 81 kya. There is no trace of spelaea here until much later, indicating
the extinction of the progenitors in Beringia. Later, a wave of Panthera spelaea (individuals
from sub-haplogroup S1a1a) reached Alaska around 92 kya. This sub-haplogroup further
diverged to form S1a1a1, which is only found in eastern Alaska and was dated to 39 kya.
This split from a Beringia population around 59 kya. Another two sub-haplogroups of
spelaea can be found in North America (S1c1a and S1c1b) dated to around 80 kya and went
extinct ~30 kya. Finally, sub-haplogroup S1a1b can only be found in eastern Russia and
Austria and is dated to 69 kya. Due to the limited number of whole mitogenomes and
their incomplete presence in all haplogroups, time estimates calculated with whole mtDNA
sometimes differ from the values obtained via cytb analysis. Both estimates are reported in
Table S2.

The two main modern lion lineages (ABC and DEF) all originated pre-LGM, with the
initial split between the two subspecies occurring 151 kya, most likely in the African Rift
Valley, with the geographical barrier restricting gene flow (Figure 4). The LGM drove the
further differentiation of the main haplogroups as all but haplogroup F were dated to this
event (14–24 kya) probably due to refugia with restricted gene flow occurring, as can be
seen in climatological data [28]. Most sub-haplogroups then emerged during the post-LGM
with the climate being milder. The Indian individuals have a rather large coalescence date
span (3.5–35 kya) due to there being few whole mtDNAs and a lack of sub-haplogroups
which increases the error in dating. Though deep node ages between cytb and whole
mtDNA appear to be very different due to the date overestimation of the shorter cytb
sequence, coalescent ages of more recent nodes and leaves are similar (Table S2). Once
again, the dates confute the existence of a P.l. persica subspecies, though radiation times are
consistent with an out-of-Africa migration to the Arabian Peninsula post-LGM.

3.2. Climate Change and Lion Diversification

The demography of lions confirms the effects of climate change on the history of these
species. Considering standard deviation error, the drop in the effective population size, Ne,
reflects the separation dates of P.l. spelaea and P.l. atrox, probably brought on by the climate
change occurring during the beginning of the MIS6. The second population decrease at the
beginning of the MIS5 occurred at the time of the formation of haplogroup S and LiAM,
once again linking the change in climate to a speciation event. The final demographic
decrease occurred at the beginning of the LGM and corresponds to the extinction of most
spelaea and atrox individuals and is within previously obtained dates [29]. The warming
temperatures at the end of the Younger Dryas brought on a large radiation of Panthera leo
populations, with many sub-haplogroups diverging at this stage. From the BSP data we
can see how climate change played an important role in shaping the demography of the
three species as well as driving speciation and extinction events. Here, we confirm that, as
previously speculated [30], the demographic drop and subsequent extinction of cave lions
in Eurasia occurred at the same time as the disappearance of prey species [31–33].

3.3. Genetic Variability and Conservation

Nuclear data showed healthy populations with an average heterozygosity value of
0.56. Indian populations harboured the lowest value (0.14), which is likely due to two
bottlenecks/founder effects which occurred during the population’s history. The first
bottleneck/founder effect occurred when haplogroup B split from haplogroup A and
followed a northward path to Egypt, possibly following the Nile River. The second event
occurred at the split between haplogroups B2 and B3, with the latter reaching India. All
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other major haplogroups in fact have much higher heterozygosity values (0.46–0.70), and
therefore a higher genetic variability; this can be attributed to some level of gene flow
occurring between the other populations having remained in Africa.

3.4. Bayesian Analysis and Population Structure

An interesting picture emerged from the analysis of nuclear variability by means
of SSRs. We identified five ancestral gene pools of origin. We are aware that we have
not been working on a “true” population, but rather on a random sample of lions from
a given geographic region. However, we found out that our sample behaved as a real
population, as its most evident feature is the common inferred origin of the Zimbabwe and
Zambia lions, which was found to be different from all others, thus suggesting that the
studied lions may represent a novel gene pool. In fact, there are several findings from our
work that could support this hypothesis. First, the genetic variability was remarkably like
that estimated in another work [3], and this showed the expected heterozygosity values
for 15 populations across Africa ranging between 0.41 and 0.70. Considering that the He
values obtained in this work for the Zimbabwe and Zambia samples were 0.70 and 0.59,
respectively, we can start to say that at least considering the populations under study, there
are no signs of genetic erosion. Moreover, the populations from Cameroon, Chad, DRC,
and Ethiopia2 appear to belong to the same cluster, as well as populations from Namibia,
RSA-A, and RSA-B, and populations from Kenya and Tanzania. The genetic differentiation
values between our lions and those coming from other macro geographical areas were
found to be overall medium-high, with a total FST equal to 0.29. This value perfectly falls
within previously obtained ranges [3] of 0.06–0.40. These values could be explained by the
presence of natural structures such as the Rift Valley or the African rainforests that would
have acted as barriers to maintain the differences between West/Central African lions and
those in the southern regions. These finding are in concordance with our mitochondrial
analysis, as our six haplogroups corresponded to five of the ancestral gene pools. With
the absence of genotyped western African samples, the sixth potential ancestral gene pool
is absent, which would be corresponding to haplogroup C. The only populations not to
show a definite structure were Benin, Zambia 2, and, at least in part, Ethiopia 1. The latter
showed some common origin with the Indian gene pool, leading us to guess that at least a
few lions were imported from Asia or, as mitochondrial analysis suggests, haplogroups B
and A have a common origin and therefore individuals in central Africa, such as those in
Ethiopia, could still harbour the same genetic profile of Indian samples.

4. Materials and Methods
4.1. Sample Collection

Samples were derived from lions from two different sites. First, we analysed lions
from a pride of captive-bred origin, the Ngamo pride, owned and managed under ALERT
(African Lion and Environmental Research Trust) and located 13 km outside of Gweru
(Zimbabwe) within a fenced game reserve. The samples from the second group came from
a sanctuary situated in the Mosi-oa-tunya National Park, Livingstone (Zambia). After
the morphological identification of every lion, 17 faecal samples were collected during
research sessions: in Table S8 information about sampling is reported, together with other
geographical and time data. Once collected, the stool samples were immediately preserved
in ethanol; DNA extraction was carried out using the Stool DNA Isolation Kit (Norgen
Biotek, Thorold, ON, Canada) following the manufacturer’s instructions. Extracted DNA
was visualised for integrity and quantified in a 0.8% agarose gel: 3 µL of each sample was
loaded with 1 µL of loading dye. Integrity of DNA samples was verified by comparing
them against a 1kb DNA Ladder (SibEnzyme, Novosibirsk, Russia).

4.2. Analysed Samples for Mitogenome Variation

A 718 bp region of the mitochondrial cytochrome b (cytb) gene was amplified and
successfully sequenced in 15 individuals using PCR-based methods with locus-specific
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primers (Table S9) forward (2F) and reverse (4R) [3]. All amplifications were performed in
20 µL reaction volume containing 4 µL PCR buffer, 0.25 µM forward primer, 0.25 µM reverse
primer, 12.8 µL water, 0.2 µL Taq Polymerase, and 0.2 µL of DNA extract. Amplification
was performed on an Eppendorf AG 22331 Thermocycler. Samples were denatured at
94 ◦C for 4 min, PCR profiles consisted of 40 cycles as follows: 94 ◦C for 20 s, annealing
temperature of 52 ◦C for 1 min and 72 ◦C for 1 min, with a final elongation period of
10 min at 72 ◦C. The results of the PCR were evaluated by electrophoresis; positive samples
were sequenced using external service and data verification was carried out manually with
BioEdit v.7.2.5 (Hall, Tampa, FL, USA) [34].

For cytb analysis, in addition to the 15 partial cytb sequences obtained in this study,
145 modern lions were included from GenBank (accession numbers can be found in
Table S3), together with 56 Eurasian cave lions (P. spelaea) and 11 American cave lions
(P. atrox) cytb sequences. Sequences were aligned by hand using MEGA v.11.0.13 (Tamura
et al., Tokyo, Japan; Philadelphia, PA, USA) [35]. The complete 1040 bp sequence was
artificially reconstructed for those individuals who had gaps in the sequence by using the
lion reference mitogenome and taking into consideration haplogroup mutations; therefore,
though incomplete, it was possible to assign individuals to haplogroups and allowed for
the reconstruction of the cytb maternal phylogeny. Moreover, to test the validity of the
cytb tree, 66 available entire mitogenomes were aligned (without control region or indels)
for complete mtDNA analysis. Of these mtDNAs, 26 were from modern lions, 29 from
Eurasian cave lions, and 11 from American cave lions.

The detailed mitochondrial DNA map (Figure S8) of Genbank sample NC028302 [36]
was built using Proksee v.1.1.1 (Grant et al., Alberta, CA, Canada) [37] and mapped using
GC Content (Window size 500bp, auto step size), GC Skew (Window size 500 bp, auto
step size), and MITOS v.2.1.3 (Donath et al., Bonn, Germany); refseq 89 Metazoa, Genetic
code 2: Vertebrate mitochondrial [38]. Nucleotide diversity (π) values were calculated
using the Jukes and Cantor method and DNA Polymorphism values for whole mtDNA
were calculated with window length of 50 sites and step size of 25 base pairs (Figure S3)
using DNAsp v.6.12.03 (Rozas et al., Barcellona, Spain) [39]. Ratio of non-synonymous vs.
synonymous mutations was calculated using mtDNA GeneSyn v1.0 (Pavesi et al., Milan,
Italy) [40].

4.3. Phylogenetic Analysis

A maximum parsimony (MP) tree for cytb variation was manually built to confirm
main haplogroup mutations and later confirmed by using Molecular Evolutionary Genetics
Analysis X, MEGA v.11.0.13 (Tamura et al., Tokyo, Japan; Philadelphia, PA, USA) [35]. An
MP tree was built using the GTR model (8 gamma-distributed categories) with 1000 boot-
straps (extensive SPR method) to obtain likelihood values for the main haplogroups. The
tree was rooted using Panthera pardus (KP001507), Panthera onca (NC022842), and two
Panthera tigris (NC010642, AF053054). Given the publication of at least seven different
mtDNA haplogroups nomenclatures from the literature [3,13,20–22,41–43] and two for
cave lions [8,9], we tried to standardise the nomenclatures and A to F were chosen for P. leo,
S for P. spelaea, and X for P. atrox. All haplogroups (including a conversion table from other
works) can be found in Table S3. The haplotype network was constructed using Fitchi v
1.1.4 [44]. The script was run using the following flags: -haploid; -p [A–X populations]. The
coding region parsimony tree was built using MEGA v.11.0.13 (Tamura et al., Tokyo, Japan;
Philadelphia, PA, USA) (Figure 2); it can be seen in greater detail in Figure S2 and was built
by programming a script for the software mtPhyl v 5.003 (Eltsov & Volodko, Novosibirsk,
Russia) [45] (modified files are available on request); indels and control region were not
considered for this analysis due to the large gaps present in ancient samples compared to
the reference sequence.
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4.4. Molecular Clock and Tree Dating

For age estimations we used a combination of two methods and calculated coalescence
ages for both cytb and the whole mtDNA. Firstly, we estimated ML values using the
BaseML package present in PAMLX v1.3.1 (Xu & Yang, Beijing, China) [46]. These were
performed assuming a HKY85 mutation model [47], 32 categories of gamma-distributed
rates (plus invariant sites) and either first, second, and third codon as three partitions [48]
or 17 partitions (13 for protein coding genes, 1 for tRNAs, 1 for each of the two rRNA
gene, and 1 for intergenic regions) using the previously obtained maximum parsimony
tree [49]. In both cases, ML mutational distances were converted into years by assuming
an estimated split time between P. pardus and P. leo at 2.96 Mya (95% CI: 1.4–4.5 Mya) [50].
This standard molecular approach does not include the error of a calibration point using
the debated and often misattributed Panthera fossilis (or Panthera spelaea fossilis) calibration
point [15,25,49,51–53], which has previously been used for root calibration. A mutation
rate for cytb and the whole mtDNA was then calculated from the ML dates; these were
0.01797 and 0.01327 s/s/l/m (or one mutation every 53,522 and 4854 years, respectively).

Bayesian estimations were then performed using the software Bayesian Evolutionary
Analysis Sampling Trees (BEAST) v.2.7.5 (Bouckaert et al., Auckland, New Zealand) [54]
under the HKY nucleotide substitution model (8 gamma-distributed rates plus 0.5 propor-
tion invariant sites) with a strict clock (uniform using ML calculated rates) [49,55]. Fossil
dates for all atrox and spelaea samples were set as priors with the addition of the following
node age constraints: S (0.11–0.1354 Mya); X (0.0747–0.0876 Mya); SX (0.145–0.185 Mya);
and ASX (0.52–2.91 Mya). The different outgroup splits were derived from the literature
(uniform distribution with standard deviation) [6,8,9,49]. The MCMC chain length was set
at 100 million iterations to increase the posterior values and samples were drawn every
1000 steps with 10 million steps discarded as burn-in. We constructed Bayesian skyline
plots (BSPs) using the output tree file and a stepwise constant.

Haplogroup expansion maps were built using Surfer® v 9.11 (La et al., Golden, CO,
USA) using the point kriging method (Figure S9) and overlayed manually on a world map.

4.5. Genotyping and Population Structure

A set of seven microsatellite markers, chosen among those utilised by Bertola et al., [13],
was used for all the analysis: FCA075, FCA097, FCA126, FCA144, FCA208, FCA211, and
FCA275. Sequences, annealing temperatures, and PIC values of each pair of primers
used in this work are reported in Table S3. PCR amplification of microsatellite loci was
prepared using 0.2 µL of Taq DNA polymerase (MyTaq, Meridian Bioscience, Cincinnati,
OH, USA) in 10 µL reaction with final conditions as follows: 5X PCR buffer, 1 µL of primer
mix (forward and reverse), and 1 µL of genomic DNA template. PCR amplification was
conducted in an Eppendorf AG 22331 Thermal Cycler as follows: 95 ◦C for 3 min, 30 cycles
for 15 s at 95 ◦C, 15 s at the optimum Ta, and 30 s at 72 ◦C, followed by extension at 72 ◦C
for 10 min.

Amplification products were analysed by an automatic sequencer with capillary
technology; genotypic data were obtained by using Peak Scanner v.2.0 (ThermoFisher
Scientific, Waltham, MA, USA). Genotypic data from other populations used as comparison
(Table S5) were obtained from the database published by Bertola et al., [56].

We then calculated the allelic frequencies, the expected and observed heterozygos-
ity at each locus for all populations, and the FST statistics according to the estimate of
Weir and Cockerham [17] to determine the genetic diversity within and between them
(Table S6). Genetix v.4.05 (Belkhir et al., Montpellier, France) [16] was used to estimate
the divergence between the populations under study by means of correspondence factor
analysis. The software STRUCTURE v.2.3.4 (Pritchard, Stanford, CA, USA) was used to
investigate the genetic composition of the population; 10 runs for each K were run from
K = 1 to K = 12 using Evanno’s ∆K method [18]. In Table S7 we report the probability that a
given population may have originated from the same ancestral population. Finally, using
v.1.1.2 (Rosenberg, Stanford, CA, USA) and DISTRUCT V.1.1 (Rosenberg, Stanford, CA,
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USA) on the STRUCTURE results, we obtained the barplot of the average run for each K
value (Figure 6).

5. Conclusions

Among the big charismatic carnivores, the tiger (Panthera tigris) and the lion have seen
the largest reductions in their respective ranges, with 95% and 94%, respectively [56], due
to anthropogenic impacts. The main consequence of this is that gene flow is made difficult
because of isolation due to the physical distances involved; this can be especially important
in the case of lions, which live in large family groups and, therefore, the phenomenon of
inbreeding can be particularly evident.

Henschel and coworkers [57] brought to light that only approximately 400 lions
remain in West Africa, highlighting how the situation is critical due to the geographical
isolation of these populations, which present a genetic peculiarity that would make them
“incompatible” with individuals from the rest of the continent. This proves the fact that
simply moving lions from distant areas to areas in need of restocking is not the solution.

Many studies have focused their attention on lion mtDNA, without fully exploiting its
phylogenetic potential. These studies mainly assessed cytb sequences and each one used
different nomenclatures to refer to the same haplogroups [8,9,13,15,17,45–48]. Taking these
data, together with the available whole mtDNAs, we constructed a complete and detailed
phylogeny for three lion species and reconstructed their genetic history and relationships,
and presented a standardised nomenclature. We found that cytb alone, as far as lions are
concerned, is informative enough to correctly classify individuals into six main Panthera leo
haplogroups, distinguish the two modern lion subspecies from one another, and discern
modern lions from Eurasian and American cave lions. The addition of whole mtDNA
samples helped with an even more precise phylogenetic reconstruction, though in smaller
numbers and spanning fewer haplogroups.

We have found a species/subspecies geographic specificity within major mitogenome
haplogroups. These distinctions have emerged at various temporal and spatial instances.
Leveraging estimated radiation times, we have constructed a unified framework to hy-
pothesize the overarching patterns governing the geographical and temporal dispersion
of modern lion populations across Africa and Asia and the spread of their cave ancestors
in Eurasia and North America. This phylogenetic assessment will be beneficial for lion
conservation, by providing a better classification of the various subspecies/lineages.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25105193/s1.

Author Contributions: Conceptualization, G.L., G.B. and I.V.; methodology, C.B. and M.C.; software,
G.L. with contributions from M.C.; formal analysis and investigation, G.L. and M.C.; writing—original
draft preparation, G.B., M.C. and G.L.; writing—review and editing, G.B., C.B., M.C., I.V., J.A.
and G.L. funding acquisition, G.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by grant FAR 2020 of University of Insubria to G.B.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Samples were deposited in Genbank under the following accession
numbers: 15 modern lions, KX110059–KX110073.

Acknowledgments: M.C. is a student of the “Biotechnology and Life Science” Ph.D. course at
Università degli Studi dell’Insubria, Varese, Italy.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ijms25105193/s1
https://www.mdpi.com/article/10.3390/ijms25105193/s1


Int. J. Mol. Sci. 2024, 25, 5193 15 of 17

References
1. Barry, J.C. Large Carnivores (Canidae, Hyaenidae, Felidae) from Laetoli. In Laetoli: A Pliocene Site in Northern Tanzania; Leakey,

M.D., Harris, J.M., Eds.; Clarendon Press: Oxford, UK, 1987.
2. Hemmer H The Story of the Cave Lion-Panthera leo Spelaea (Goldfuss, 1810)—A Review. Quaternaire 2011, 4, 201–208.
3. Bertola, L.D.; Tensen, L.; van Hooft, P.; White, P.A.; Driscoll, C.A.; Henschel, P.; Caragiulo, A.; Dias-Freedman, I.; Sogbohossou,

E.A.; Tumenta, P.N.; et al. Autosomal and MtDNA Markers Affirm the Distinctiveness of Lions in West and Central Africa. PLoS
ONE 2015, 10, e0137975. [CrossRef]

4. Singh, H.S.; Gibson, L. A Conservation Success Story in the Otherwise Dire Megafauna Extinction Crisis: The Asiatic Lion
(Panthera leo Persica) of Gir Forest. Biol. Conserv. 2011, 144, 1753–1757. [CrossRef]

5. Kitchener, A.C.; Breitenmoser-Würsten, C.; Eizirik, E.; Gentry, A.; Werdelin, L.; Wilting, A.; Yamaguchi, N.; Abramov, A.V.;
Christiansen, P.; Driscoll, C.; et al. A Revised Taxonomy of the Felidae: The Final Report of the Cat Classification Task Force of the
IUCN Cat Specialist Group. Cat. News 2017.

6. Sabol, M.; Tomašových, A.; Gullár, J. Geographic and Temporal Variability in Pleistocene Lion-like Felids: Implications for Their
Evolution and Taxonomy. Palaeontol. Electron. 2022, 25, 1–27. [CrossRef]

7. Barnett, R.; Mendoza, M.L.Z.; Soares, A.E.R.; Ho, S.Y.W.; Zazula, G.; Yamaguchi, N.; Shapiro, B.; Kirillova, I.V.; Larson, G.; Gilbert,
M.T.P. Mitogenomics of the Extinct Cave Lion, Panthera Spelaea (Goldfuss, 1810), Resolve Its Position within the Panthera Cats.
Open Quat 2016, 2, 4. [CrossRef]

8. Stanton, D.W.G.; Alberti, F.; Plotnikov, V.; Androsov, S.; Grigoriev, S.; Fedorov, S.; Kosintsev, P.; Nagel, D.; Vartanyan, S.; Barnes, I.;
et al. Early Pleistocene Origin and Extensive Intra-Species Diversity of the Extinct Cave Lion. Sci. Rep. 2020, 10, 12621. [CrossRef]
[PubMed]

9. Salis, A.T.; Bray, S.C.E.; Lee, M.S.Y.; Heiniger, H.; Barnett, R.; Burns, J.A.; Doronichev, V.; Fedje, D.; Golovanova, L.; Harington,
C.R.; et al. Lions and Brown Bears Colonized North America in Multiple Synchronous Waves of Dispersal across the Bering Land
Bridge. Mol. Ecol. 2022, 31, 6407–6421. [CrossRef]

10. Nicholson, S.; Bauer, H.; Strampelli, P.; Sogbohossou, E.; Ikanda, D.; Tumenta, P.; Venktraman, M.; Chapron, G.; Loveridge,
A. Panthera leo. In The IUCN Red List of Threatened Species 2023; Oxford Academics: Oxford, UK, 2023; Available online:
https://www.iucnredlist.org/species/15951/231696234 (accessed on 7 May 2024).

11. Bauer, H.; Henschel, P.; Packer, C.; Sillero-Zubiri, C.; Chardonnet, B.; Sogbohossou, E.A.; De Iongh, H.H.; Macdonald, D.W. Lion
Trophy Hunting in West Africa: A Response to Bouché et Al. PLoS ONE 2017, 12, e0173691. [CrossRef] [PubMed]

12. Barnett, R.; Yamaguchi, N.; Barnes, I.; Cooper, A. Lost Populations and Preserving Genetic Diversity in the Lion Panthera leo:
Implications for Its Ex Situ Conservation. Conserv. Genet. 2006, 7, 507–514. [CrossRef]

13. Bertola, L.D.; van Hooft, W.F.; Vrieling, K.; Uit de Weerd, D.R.; York, D.S.; Bauer, H.; Prins, H.H.T.; Funston, P.J.; Udo de Haes,
H.A.; Leirs, H.; et al. Genetic Diversity, Evolutionary History and Implications for Conservation of the Lion (Panthera leo) in West
and Central Africa. J. Biogeogr. 2011, 38, 1356–1367. [CrossRef]

14. O’Brien, S.J.; Joslin, P.; Smith, G.L.; Wolfe, R.; Schaffer, N.; Heath, E.; Ott-Joslin, J.; Rawal, P.P.; Bhattacharjee, K.K.; Martenson, J.S.
Evidence for African Origins of Founders of the Asiatic Lion Species Survival Plan. Zool. Biol. 1987, 6, 99–116. [CrossRef]

15. Serrote, C.M.L.; Reiniger, L.R.S.; Silva, K.B.; dos Santos Rabaiolli, S.M.; Stefanel, C.M. Determining the Polymorphism Information
Content of a Molecular Marker. Gene 2020, 726, 144175. [CrossRef]

16. Belkhir, K.; Borsa, P.; Chikhi, L.; Raufaste, N.; Bonhomme, F. GENETIX 4.05, Logiciel Sous Windows TM Pour La Génétique Des
Populations. Laboratoire Génome, Populations, Interactions. CNRS UMR 5000. 2004. Available online: https://mybiosoftware.
com/genetix-4-05-set-of-population-genetics-programs.html (accessed on 7 May 2024).

17. Weir, B.S.; Cockerham, C.C. Estimating F-Statistics for the Analysis of Population Structure. Evolution 1984, 38, 1358. [CrossRef]
18. Evanno, G.; Regnaut, S.; Goudet, J. Detecting the Number of Clusters of Individuals Using the Software Structure: A Simulation

Study. Mol. Ecol. 2005, 14, 2611–2620. [CrossRef] [PubMed]
19. Schrago, C.G.; Mello, B. Employing Statistical Learning to Derive Species-level Genetic Diversity for Mammalian Species. Mamm.

Rev. 2020, 50, 240–251. [CrossRef]
20. Barnett, R.; Yamaguchi, N.; Shapiro, B.; Ho, S.Y.; Barnes, I.; Sabin, R.; Werdelin, L.; Cuisin, J.; Larson, G. Revealing the Maternal

Demographic History of Panthera leo Using Ancient DNA and a Spatially Explicit Genealogical Analysis. BMC Evol. Biol. 2014, 14,
70. [CrossRef]

21. Bertola, L.D.; Jongbloed, H.; Van Der Gaag, K.J.; De Knijff, P.; Yamaguchi, N.; Hooghiemstra, H.; Bauer, H.; Henschel, P.; White,
P.A.; Driscoll, C.A.; et al. Phylogeographic Patterns in Africa and High Resolution Delineation of Genetic Clades in the Lion
(Panthera Leo). Sci. Rep. 2016, 6, 30807. [CrossRef]

22. Cilli, E.; Fontani, F.; Ciucani, M.M.; Pizzuto, M.; Di Benedetto, P.; De Fanti, S.; Mignani, T.; Bini, C.; Iacovera, R.; Pelotti, S.; et al.
Museomics Provides Insights into Conservation and Education: The Instance of an African Lion Specimen from the Museum of
Zoology “Pietro Doderlein”. Diversity 2023, 15, 87. [CrossRef]

23. Dubach, J.; Patterson, B.D.; Briggs, M.B.; Venzke, K.; Flamand, J.; Stander, P.; Scheepers, L.; Kays, R.W. Molecular Genetic Variation
across the Southern and Eastern Geographic Ranges of the African Lion, Panthera leo. Conserv. Genet. 2005, 6, 15–24. [CrossRef]

24. Kim, J.-H.; Antunes, A.; Luo, S.-J.; Menninger, J.; Nash, W.G.; O’Brien, S.J.; Johnson, W.E. Evolutionary Analysis of a Large
MtDNA Translocation (Numt) into the Nuclear Genome of the Panthera Genus Species. Gene 2006, 366, 292–302. [CrossRef]

https://doi.org/10.1371/journal.pone.0137975
https://doi.org/10.1016/j.biocon.2011.02.009
https://doi.org/10.26879/1175
https://doi.org/10.5334/oq.24
https://doi.org/10.1038/s41598-020-69474-1
https://www.ncbi.nlm.nih.gov/pubmed/32724178
https://doi.org/10.1111/mec.16267
https://www.iucnredlist.org/species/15951/231696234
https://doi.org/10.1371/journal.pone.0173691
https://www.ncbi.nlm.nih.gov/pubmed/28323837
https://doi.org/10.1007/s10592-005-9062-0
https://doi.org/10.1111/j.1365-2699.2011.02500.x
https://doi.org/10.1002/zoo.1430060202
https://doi.org/10.1016/j.gene.2019.144175
https://mybiosoftware.com/genetix-4-05-set-of-population-genetics-programs.html
https://mybiosoftware.com/genetix-4-05-set-of-population-genetics-programs.html
https://doi.org/10.2307/2408641
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://www.ncbi.nlm.nih.gov/pubmed/15969739
https://doi.org/10.1111/mam.12192
https://doi.org/10.1186/1471-2148-14-70
https://doi.org/10.1038/srep30807
https://doi.org/10.3390/d15010087
https://doi.org/10.1007/s10592-004-7729-6
https://doi.org/10.1016/j.gene.2005.08.023


Int. J. Mol. Sci. 2024, 25, 5193 16 of 17

25. De Flamingh, A.; Rivera-Colón, A.G.; Gnoske, T.P.; Kerbis Peterhans, J.C.; Catchen, J.; Malhi, R.S.; Roca, A.L. Numt Parser:
Automated Identification and Removal of Nuclear Mitochondrial Pseudogenes (Numts) for Accurate Mitochondrial Genome
Reconstruction in Panthera. J. Hered. 2023, 114, 120–130. [CrossRef]

26. Tseng, Z.J.; Wang, X.; Slater, G.J.; Takeuchi, G.T.; Li, Q.; Liu, J.; Xie, G. Himalayan Fossils of the Oldest Known Pantherine Establish
Ancient Origin of Big Cats. Proc. R. Soc. B Biol. Sci. 2014, 281, 20132686. [CrossRef] [PubMed]

27. Werdelin, L.; Dehghani, R. Carnivora. In Paleontology and Geology of Laetoli: Human Evolution in Context: Volume 2: Fossil Hominins
and the Associated Fauna; Springer: Berlin/Heidelberg, Germany, 2011; pp. 189–232.

28. Blinkhorn, J.; Timbrell, L.; Grove, M.; Scerri, E.M.L. Evaluating Refugia in Recent Human Evolution in Africa. Philos. Trans. R. Soc.
B Biol. Sci. 2022, 377, 20200485. [CrossRef]

29. Ersmark, E.; Orlando, L.; Sandoval-Castellanos, E.; Barnes, I.; Barnett, R.; Stuart, A.; Lister, A.; Dalén, L. Population Demography
and Genetic Diversity in the Pleistocene Cave Lion. Open Quat. 2015, 1, 4. [CrossRef]

30. Stuart, A.J.; Lister, A.M. Extinction Chronology of the Cave Lion Panthera Spelaea. Quat. Sci. Rev. 2011, 30, 2329–2340. [CrossRef]
31. Owen-Smith, N. Megafaunal Extinctions: The Conservation Message from 11,000 Years B.P. Conserv. Biol. 1989, 3, 405–412.

[CrossRef] [PubMed]
32. Stuart, A.J.; Lister, A.M. Patterns of Late Quaternary Megafaunal Extinctions in Europe and Northern Asia. Cour. Forsch.-Inst.

Senckenberg Frankf. 2007, 259, 287–297.
33. Lister, A.M.; Stuart, A.J. The Impact of Climate Change on Large Mammal Distribution and Extinction: Evidence from the Last

Glacial/Interglacial Transition. Comptes. Rendus. Geosci. 2008, 340, 615–620. [CrossRef]
34. Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT. Nucleic

Acids Symp. Ser. 1999, 41, 95–98.
35. Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38,

3022–3027. [CrossRef]
36. Li, G.; Davis, B.W.; Eizirik, E.; Murphy, W.J. Phylogenomic Evidence for Ancient Hybridization in the Genomes of Living Cats

(Felidae). Genome Res. 2016, 26, 1–11. [CrossRef]
37. Grant, J.R.; Enns, E.; Marinier, E.; Mandal, A.; Herman, E.K.; Chen, C.; Graham, M.; Van Domselaar, G.; Stothard, P. Proksee:

In-Depth Characterization and Visualization of Bacterial Genomes. Nucleic Acids Res. 2023, 51, W484–W492. [CrossRef]
38. Donath, A.; Jühling, F.; Al-Arab, M.; Bernhart, S.H.; Reinhardt, F.; Stadler, P.F.; Middendorf, M.; Bernt, M. Improved Annotation

of Protein-Coding Genes Boundaries in Metazoan Mitochondrial Genomes. Nucleic Acids Res. 2019, 47, 10543–10552. [CrossRef]
39. Rozas, J.; Ferrer-Mata, A.; Sánchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sánchez-Gracia, A. DnaSP 6:

DNA Sequence Polymorphism Analysis of Large Data Sets. Mol. Biol. Evol. 2017, 34, 3299–3302. [CrossRef]
40. Pereira, L.; Freitas, F.; Fernandes, V.; Pereira, J.B.; Costa, M.D.; Costa, S.; Máximo, V.; Macaulay, V.; Rocha, R.; Samuels, D.C. The

Diversity Present in 5140 Human Mitochondrial Genomes. Am. J. Hum. Genet. 2009, 84, 628–640. [CrossRef]
41. Bruche, S.; Gusset, M.; Lippold, S.; Barnett, R.; Eulenberger, K.; Junhold, J.; Driscoll, C.A.; Hofreiter, M. A Genetically Distinct

Lion (Panthera leo) Population from Ethiopia. Eur. J. Wildl. Res. 2013, 59, 215–225. [CrossRef]
42. Dubach, J.M.; Briggs, M.B.; White, P.A.; Ament, B.A.; Patterson, B.D. Genetic Perspectives on “Lion Conservation Units” in

Eastern and Southern Africa. Conserv. Genet. 2013, 14, 741–755. [CrossRef]
43. Smitz, N.; Jouvenet, O.; Ligate, F.A.; Crosmary, W.G.; Ikanda, D.; Chardonnet, P.; Fusari, A.; Meganck, K.; Gillet, F.; Melletti, M.;

et al. A Genome-Wide Data Assessment of the African Lion (Panthera leo) Population Genetic Structure and Diversity in Tanzania.
PLoS ONE 2018, 13, e0205395. [CrossRef]

44. Matschiner, M. Fitchi: Haplotype Genealogy Graphs Based on the Fitch Algorithm. Bioinformatics 2016, 32, 1250–1252. [CrossRef]
45. Eltsov, N.; Volodko, N. MtPhyl-Software Tool for Human MtDNA Analysis and Phylogeny Reconstruction. Available online:

http://eltsov.org (accessed on 7 May 2004).
46. Xu, B.; Yang, Z. PAMLX: A Graphical User Interface for PAML. Mol. Biol. Evol. 2013, 30, 2723–2724. [CrossRef]
47. Hasegawa, M.; Kishino, H.; Yano, T. Dating of the Human-Ape Splitting by a Molecular Clock of Mitochondrial DNA. J. Mol.

Evol. 1985, 22, 160–174. [CrossRef]
48. Zuffi, M.A.L.; Coladonato, A.J.; Lombardo, G.; Torroni, A.; Boschetti, M.; Scali, S.; Mangiacotti, M.; Sacchi, R. The Italian Wall

Lizard, Podarcis Siculus Campestris, Unexpected Presence on Gorgona Island (Tuscan Archipelago). Acta Herpetol. 2022, 17,
135–145. [CrossRef]

49. Lombardo, G.; Rambaldi Migliore, N.; Colombo, G.; Capodiferro, M.R.; Formenti, G.; Caprioli, M.; Moroni, E.; Caporali, L.;
Lancioni, H.; Secomandi, S.; et al. The Mitogenome Relationships and Phylogeography of Barn Swallows (Hirundo rustica). Mol.
Biol. Evol. 2022, 39, msac113. [CrossRef]

50. Bagatharia, S.B.; Joshi, M.N.; Pandya, R.V.; Pandit, A.S.; Patel, R.P.; Desai, S.M.; Sharma, A.; Panchal, O.; Jasmani, F.P.; Saxena,
A.K. Complete Mitogenome of Asiatic Lion Resolves Phylogenetic Status within Panthera. BMC Genom. 2013, 14, 572. [CrossRef]

51. Burger, J.; Rosendahl, W.; Loreille, O.; Hemmer, H.; Eriksson, T.; Götherström, A.; Hiller, J.; Collins, M.J.; Wess, T.; Alt, K.W.
Molecular Phylogeny of the Extinct Cave Lion Panthera leo Spelaea. Mol. Phylogenet Evol. 2004, 30, 841–849. [CrossRef]

52. Argant, A.; Argant, J.; Jeannet, M.; Erbajeva, M. The Big Cats of the Fossil Site Château Breccia Northern Section (Saône-et-
Loire, Burgundy, France): Stratigraphy, Palaeoenvironment, Ethology and Biochronological Dating. Courier Forschungsinstitut
Senckenberg. 2007, 259, 121–140.

https://doi.org/10.1093/jhered/esac065
https://doi.org/10.1098/rspb.2013.2686
https://www.ncbi.nlm.nih.gov/pubmed/24225466
https://doi.org/10.1098/rstb.2020.0485
https://doi.org/10.5334/oq.aa
https://doi.org/10.1016/j.quascirev.2010.04.023
https://doi.org/10.1111/j.1523-1739.1989.tb00246.x
https://www.ncbi.nlm.nih.gov/pubmed/21129027
https://doi.org/10.1016/j.crte.2008.04.001
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1101/gr.186668.114
https://doi.org/10.1093/nar/gkad326
https://doi.org/10.1093/nar/gkz833
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1016/j.ajhg.2009.04.013
https://doi.org/10.1007/s10344-012-0668-5
https://doi.org/10.1007/s10592-013-0453-3
https://doi.org/10.1371/journal.pone.0205395
https://doi.org/10.1093/bioinformatics/btv717
http://eltsov.org
https://doi.org/10.1093/molbev/mst179
https://doi.org/10.1007/BF02101694
https://doi.org/10.36253/a_h-12388
https://doi.org/10.1093/molbev/msac113
https://doi.org/10.1186/1471-2164-14-572
https://doi.org/10.1016/j.ympev.2003.07.020


Int. J. Mol. Sci. 2024, 25, 5193 17 of 17

53. Barnett, R.; Shapiro, B.; Barnes, I.; Ho, S.Y.W.; Burger, J.; Yamaguchi, N.; Higham, T.F.G.; Wheeler, H.T.; Rosendahl, W.; Sher,
A.V.; et al. Phylogeography of Lions (Panthera leo ssp.) Reveals Three Distinct Taxa and a Late Pleistocene Reduction in Genetic
Diversity. Mol. Ecol. 2009, 18, 1668–1677. [CrossRef]

54. Bouckaert, R.; Vaughan, T.G.; Barido-Sottani, J.; Duchêne, S.; Fourment, M.; Gavryushkina, A.; Heled, J.; Jones, G.; Kühnert, D.;
De Maio, N.; et al. BEAST 2.5: An Advanced Software Platform for Bayesian Evolutionary Analysis. PLoS Comput. Biol. 2019, 15,
e1006650. [CrossRef]

55. Olivieri, A.; Sidore, C.; Achilli, A.; Angius, A.; Posth, C.; Furtwängler, A.; Brandini, S.; Capodiferro, M.R.; Gandini, F.;
Zoledziewska, M.; et al. Mitogenome Diversity in Sardinians: A Genetic Window onto an Island’s Past. Mol. Biol. Evol.
2017, 34, 1230–1239. [CrossRef]

56. Wolf, C.; Ripple, W.J. Range Contractions of the World’s Large Carnivores. R. Soc. Open Sci. 2017, 4, 170052. [CrossRef] [PubMed]
57. Henschel, P.; Coad, L.; Burton, C.; Chataigner, B.; Dunn, A.; MacDonald, D.; Saidu, Y.; Hunter, L.T.B. The Lion in West Africa Is

Critically Endangered. PLoS ONE 2014, 9, e83500. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1365-294X.2009.04134.x
https://doi.org/10.1371/journal.pcbi.1006650
https://doi.org/10.1093/molbev/msx082
https://doi.org/10.1098/rsos.170052
https://www.ncbi.nlm.nih.gov/pubmed/28791136
https://doi.org/10.1371/journal.pone.0083500
https://www.ncbi.nlm.nih.gov/pubmed/24421889

	Introduction 
	Results 
	Phylogeography of Modern and Cave Lions 
	Species Determination via Cytb Sequence 
	Entire Mitogenomes Reveal Lion Evolutionary History 
	Times of Population Expansion 
	Demography of Lions over Time 

	Nuclear Genetic Variability 

	Discussion 
	A New Phylogeny for Lions 
	Climate Change and Lion Diversification 
	Genetic Variability and Conservation 
	Bayesian Analysis and Population Structure 

	Materials and Methods 
	Sample Collection 
	Analysed Samples for Mitogenome Variation 
	Phylogenetic Analysis 
	Molecular Clock and Tree Dating 
	Genotyping and Population Structure 

	Conclusions 
	References

