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Piecing the punicus Puzzle

Byron Baron

AnGen Labs, Marsascala,
Malta

1. Introduction

The occurrence of Myotis species in the Mediterranean region has been documented for a
very long time. At present, 15 Myotis species are known to inhabit the Mediterranean region
(Temple & Cuttelod, 2009). However the classification of some of these species has been
continuously shifting and somewhat difficult to determine. One such species has been what
is now referred to as Myotis punicus Felten, 1977 (Castella et al., 2000). Until the late 1990s
Moyotis punicus was generally thought to be an insular variant of either Myotis myotis or
Myotis blythii, mostly because both these species are distributed throughout the
Mediterranean region. It was considered to be either a smaller variant of Myotis myotis
(Gulia, 1913; Ellerman & Morrison-Scott, 1966, Benda & Horacek, 1995), or a larger variant
of Myotis blythii (Lanza, 1959; Strelkov, 1972; Felten et al., 1977; Bogan et al., 1978; Corbet,
1978). In Malta, some authors also attributed particular individuals to other species
including Myotis daubentoni (Gulia, 1913), Myotis capaccinii (Gulia, 1913) and Myotis
oxygnathus (Lanfranco, 1969). However, several authors have commented on the differences
observed from individuals of Myotis myotis and Myotis blythii across the rest of their
distribution range and expressed doubt as to the correct classification (Strinati, 1951;
Strelkov, 1972; Felten et al., 1977; Gaisler, 1983; Menu & Popelard, 1987; Borg et al., 1990;
Courtois et al., 1992).

The distinguishing features of Myotis punicus were first reported through comparative
analyses of morphometric data (Benda & Horacek, 1995; Arlettaz et al., 1997). Cranial
morphometrics in conjunction with measurements of forearm and ear length presented a
distinct cluster of individuals from the Mediterranean region intermediate in size between
Myotis myotis and Myotis blythii. It was also noted that this intermediate cluster lacked the
white spot of hair on the forehead, which is typical of Myotis blythii (Arlettaz et al., 1997).
Among the distinctive features of Myotis punicus are its large size (comparable to Myotis
myotis), the plagiopatagium (wing membrane) starting at the base of the toes, a lancet
shaped tragus and distinct dorsal (light brown) and ventral (white) fur coloration (Dietz &
von Helversen, 2004).

2. The appropriate sampling method

However, genetic analysis was required to solve this riddle and obtaining the samples
required for such analyses was the first hurdle. In order to carry out research on a protected
species such as Myotis punicus, which is protected, together with all other European bats
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under the EUROBATS Agreement (The Agreement on the Conservation of Populations of
European Bats, 1994), as well as under local legislation, a sampling permit is required.
Permits issued for such research limit the type of sampling that can be carried out and the
amount of tissue that can be taken from each individual bat. Most of the genetic analyses
carried out on Myotis species around the Mediterranean would not have been possible had it
not been for the development of a particular non-lethal sampling technique based on skin
biopsies (Worthington Wilmer & Barratt, 1996). Before the advent of this technique, the most
common methods of obtaining tissue samples from bats for genetic studies had been blood
samples, toe clipping (the removal of the smallest digit) or muscle biopsies (Wilkinson and
Chapman, 1991) but there were a number of ethical and technical issues associated with
such sampling.

The use of this biopsy punch technique for sampling wing and tail membrane was shown to
yield sufficient, good quality high molecular weight DNA to carry out most Polymerase
Chain Reaction (PCR) based genetic analyses. The main advantages of this sampling
technique are that it is quicker and simpler than the previously mentioned sampling
methods, can be easily carried out in the field and is applicable to all chiropteran species
regardless of size (Worthington Wilmer & Barratt, 1996). Using this method, tissue biopsies
are taken from the wing membrane (plagiopatagium) or the tail membrane (uropatagium)
using a sterile punch (Stiefel Laboratories) of a diameter that ranges from 2mm to 8mm, the
size used being determined by the size and wing area of the bat species being studied. A
3mm punch was reported to yield approximately 15ug of genomic DNA (Worthington
Wilmer & Barratt, 1996). This sampling method was originally tested on the species
Pipistrellus pipistrellus (Barrett et al., 1995) and Macroderma gigas (Worthington Wilmer et al.,
1994) because they cover most of the size range of michrochiropterans, weighing 5g and
150g respectively. In addition, megachiropteran species were also sampled using this
technique (Worthington Wilmer & Barratt, 1996).

This technique was deemed to be safe through follow-up of the sampled bats. The holes in
the wing or tail membranes resulting from such biopsies were observed to heal within four
weeks in most species (Worthington Wilmer & Barratt, 1996). The presence of tears in bat
wings which do not impair the flight capacity of the individual have been frequently
observed in the wild, sometimes even as a result of copulation. However in order to be
completely safe for the bat, particular attention must be made to select a region of the wing
or tail membrane that contains few or no visible blood vessels so that bleeding does not
occur and infection is avoided, resulting in faster healing.

3. Piecing the puzzie

With this sampling technique available and proven to be the safest and most effective
method available for obtaining genomic DNA from bats, the search into the genetic
structure of the Mediteranean Myotis species could progress a lot faster. In fact, Myotis
punicus was proposed as warranting its separate classification at the beginning of the decade
on account of studies based on the genetic analyses of cytochrome b (a mitochondrial
respiratory gene) and microsatellites (Castella et al., 2000). In this study the authors set out
to test the effect of the Strait of Gibraltar as a geographical barrier to gene flow in colonies of
Myotis myotis between Spain and Morocco. A section of the cytochrome b gene and six
microsatellite loci were used in conjunction because, being of mitochondrial and nuclear
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origin respectively, they provided information regarding the proportion of males and
female migrants contributing to the gene pool of a population and shed light onto the
phylogenetics of the populations across the Strait of Gibraltar.

The cytochrome b gene is part of the mitochondrial DNA (mtDNA), which means that it is
inherited maternally (Avise, 1994) and as such can provide information about the inter-
population movements pertinent solely to the females. On the other hand, microsatellites
are nuclear markers, which means that they are inherited biparentally (Tautz & Renz, 1984)
and thus can be used to follow the movements of both males and females. When comparing
microsatellites between two populations, the exchange of mating individuals of just one sex,
be it males or females, would be sufficient to homogenise both populations, even if no
individuals of the other sex ever leave their native population.

The mtDNA variation observed across the Strait of Gibraltar showed a very weak
differentiation between populations on the same side of the Strait because all the mtDNA
haplotypes recorded within the Spainish or Moroccan populations were identical or very
similar to each other. Concomitantly, almost all the sequence variation present (i.e. 54-59
observed base substitutions over the 600 base pairs of the cytochrome b gene sequenced)
was observed when comparing populations across the Strait presenting two groups which
are endemic to either side of the Strait of Gibraltar. This dichotomy suggested that this
region was inhabited by two genetically distinct groups that have been reproductively
isolated for millions of years (Castella et al., 2000). An interesting find was that some
cytochrome b haplotypes were only found in one colony, suggesting that females may be
more philopatric than males to their natal colonies. In fact, a similar bias of sex dispersal was
also proposed as a result of mitochondrial Hypervariable Region I (a control region located
within the D-loop of mitochondria) studies carried out on a population of Myotis myotis in
Germany (Petri et al., 1997). This means that both Myotis myotis and Myotis punicus are
known to exhibit this behaviour.

The findings of the microsatellite analysis supported those from the mtDNA with
microsatellite variability being high and evenly distributed among populations from the
side of the Strait indicating that colonies from the same side of the Strait were only weakly
differentiated from each other. This suggested that there was high nuclear gene flow taking
place between the colonies within either region over considerable geographical distances,
with a range covering at least 770km, which lead to very weak genetic differentiation
between such populations. In contrast, a strong genetic differentiation was apparent across
the Strait of Gibraltar. Three of the six microsatellites analysed presented almost no overlap
between alleles across the Strait, while the other three microsatellite loci analysed had a
more overlapping allelic distribution across the Strait (Castella et al., 2000). The significance
of this result to future diagnostic tests was that Myotis myotis and Myotis punicus could be
distinguished using their three unique alleles as well as comparing the allele frequencies for
the other three shared loci. Furthermore, the analysis of the same six microsatellite loci in
Myotis blythii from various locations in Europe and Asia showed that Myotis blythii appears
to be more closely related to the Spanish populations of Myotis myotis than to the Moroccan
populations of Myotis punicus making it easier to eliminate the possible mix-up caused when
using only morphometric comparisons.

Allozyme analysis had been originally used to uncover distinct allelic frequencies for Myotis
populations from the Mediterranean region (Arlettaz et al., 1997) giving a clear indication
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that the differences observed from mainland European populations of Myotis myotis and
Myotis blythii where not simply phenotypic variations. Allozymes are allelic variants of
enzymes encoded by structural genes. A total of 35 allozyme loci were essayed in these
analyses but only 11 of these showed any variability within the three Myotis species, having
in general either two or three alleles. Some allozymes can be diagnostic as in the case of the
ADA and GOT-1 loci, which are fixed for alternative alleles for Myotis myotis and Myotis
blythii in Europe and Asia (Arlettaz, 1995; Arlettaz et al., 1997b). The phylogenetic analysis of
these three Myotis species in the Mediterranean region using allozymes suggested a closer
phylogenetic relationship of Myotis myotis with Myotis punicus than with Myotis blythii
although the association was not very strong. These contrast substantially with the
phylogenetic results obtained from the combined use of cytochrome b and the six
microsatellite loci in which Myotis myotis is more closely related to Myotis blythii than Myotis
punicus by a very strong association (Castella et al., 2000).

Additionally, the gathered data was used to understand the process by which Myotis
punicus established itself and spread in the Mediterranean region. For cytochrome b the
authors applied a divergence rate in mammals of 2% per million years (Johns & Avise, 1998)
and based on the difference observed between Myotis myotis and Myotis punicus, which was
about 11%, determined that the divergence between these two species must date back to the
Pliocene epoch. This means that these species have diverged from a common ancestor
around that time and have remained isolated ever since, colonising and spreading along the
two sides of the Mediterranean up to their meeting at the Strait of Gibraltar. This hypothesis
is supported by the fossil record, given that fossils of typical Myotis myotis are known at
least since the Pleistocene in Spain (Sevilla, 1989) and the Maltese Islands have been
inhabited by Myotis species at least since the late Quaternary (Felten et al., 1977), as shown
by the fossil records from Ghar Dalam (Storch, 1974). This coincides with the existence of the
last land bridge between Europe and North Africa, which was during the last Messinian
crisis of 5.5 million years ago, when the greater part of the present-day Mediterranean Sea
dried up. Thus dispersal across the Strait of Gibraltar must have been severely limited since
the Pliocene. This hypothesis was strengthened when another study of African Myotis
species showed that the divergence between Myotis punicus from Myotis myotis and Myotis
blythii can be traced back to the Pliocene (Stadelmann et al., 2004).

Taking into consideration the long distances Myotis species are capable of covering over
relatively short periods of time, such as has been shown in Myotis myotis females, which are
known to cover up to 25km daily between their nursery roosts and feeding grounds
(Arlettaz, 1996; Arlettaz, 1999) and annual distances of several hundreds of kilometres
between summer and winter roosts (Horacek, 1985; Paz et al., 1986), these species have had
ample time to exchange mating individuals between Europe and North Africa especially
considering that they have been able to successfully colonise all the major islands of the
Mediterranean Sea which could act as stepping stones between the two continents. They
have even managed to colonise Mallorca, which is about 200km away from Spain and yet
the haplotypes on this island are identical or very similar to those of Spanish populations
(Castella et al., 2000).

Both the temporal factor of over 5.5 million years since establishment and the physical
ability of Myotis species to cover vast distances over both land and sea argue against the
hypothesis that 14km of open sea separating Europe from North Africa could have been
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sufficient as a lone factor to prevent gene flow. Two questions that still remain unanswered
however are whether Myotis myotis and Myotis punicus ever exchange migrants across the
Strait of Gibraltar and which routes have been used by these bats to colonise Europe and
North Africa. Another more plausible explanation proposed was that of competitive
exclusion between Myotis myotis and Myotis punicus since the niche occupied by Myotis
punicus in North Africa is very similar to that occupied by Myotis myotis in Europe in that
both have a diet based on ground-dwelling arthropods such as carabid beetles, ground
crickets, scorpions, etc.) (Arlettaz et al., 1997a; Arlettaz, 1999). This does not however explain
why Myotis punicus is not sympatric with Myotis blythii since the latter exploits a completely
different niche throughout its distribution range, with a diet that is based principally on
grass-dwelling prey such as bush crickets (Arlettaz et al., 1997a; Arlettaz, 1999). Thus, for the
moment, the justification for the current distribution of these three sibling species remains
open to debate with the historical processes of colonisation and competitive exclusion being
the strongest contendants. The only certainty is that to maintain such high levels of genetic
differentiation between the populations of the sibling species Myotis myotis and Myotis
punicus, a strong, persistent and ancient barrier preventing gene flow has to be present
(Castella et al., 2000).

Over the past ten years the above knowledge about the genetics of Myotis punicus has been
used to further expand on these analyses and confirm its segregation from Myotis myotis and
Muyotis blythii as well as confirm the range of its distribution, which covers the greater part of
the Maghreb region from Morocco, through Algeria and Tunisia, up to Tripolitania in north-
west Libya and northwards to the European islands of Malta, Corsica and Sardinia (Castella
et al., 2000; Mucedda & Nuvoli, 2000; Topal & Ruedi, 2001; Beuneux, 2004; Baron and Vella,
2010; Biollaz et al., 2010).

On the Maltese Islands, Myotis punicus has a unique ecological niche because it is the only
Myotis species and currently their largest resident bat species (Borg, 1998). The Maltese
archipelago consists of seven islands covering an area of 316 square kilometres of which
only the largest three islands, Malta (245 km?), Gozo (67 km2) and Comino (2.8 km?), are
inhabited. The deep karstic caves and extensive garigue spread throughout the archipelago
provided the ideal habitat combination for the colonisation of Myotis punicus. However, in
depth studies to better understand this species in Malta were fuelled by the realisation that
incessant human disturbance as a result of urbanisation was leading to dwindling
population numbers (Borg, 1998; Baron, 2007; Baron & Vella, 2010).

An allozyme study of the Maltese Myotis punicus population was undertaken to compliment
data available for Myotis myotis and Myotis blythii (Ruedi et al., 1990; Arlettaz et al. 1997).
Using the novel combination of cellulose acetate allozyme electrophoresis with a non-lethal
sampling technique (wing biopsy punches), enzyme biochemistry was used to shed light on
the allele frequencies at six loci. This study showed that Nei’s (1978) Genetic Distance (D)
ranged from 0 to 0.047 indicating that the population on the Maltese Islands is a single
panmictic unit with an tendency towards becoming isolated mating systems (overall Fst =
0.272) across the territory due to inbreeding as a result of diminishing population numbers.
Another interesting outcome of this study was the identification of gene duplication in
Glucose Phosphate Isomerase (GPI - 5.3.1.9), which was never reported in Myotis myotis and
Muyotis blythii making it a unique species identifier for Myotis punicus within this three
species complex (Baron & Vella, 2010).
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Subsequently the morphometric data collected during the sampling sessions across the
Maltese Islands for the allozyme study were amalgamated with those of the previous 20
years to explore the premise of niche expansion in Myotis punicus following the extinction of
Rhinolophus ferrumequinum and shed light onto whether the increase in human disturbance
has restricted or promoted variation within the Maltese population. Although the statistics
carried out on external characters such as ear length and forearm length showed significant
broadening in the value ranges of body size, it was proposed that other more immutable
features such as cranial and dentition measurements should be included into such statistical
considerations (Baron & Borg, 2011).

Concurrently other researchers were looking in detail at the cranial morphometrics of Myotis
punicus samples from across the distribution range in greater detail (Evin et al., 2008) and
these strengthened the mitochondrial data for Myotis punicus (Castella et al., 2000). Using 19
lateral and 29 ventral curvatures and tips present on the skull of Myotis punicus, which were
mapped as three dimensional co-ordinates, it was possible to obtain a means of identifying
Muyotis punicus from Myotis myotis and Myotis blythii solely by cranial measurements. The
results of this study revealed that the skull shape of Myotis punicus completely differs from
that of any other Myotis in Europe and North Africa (Evin et al., 2008). Apart from that, it
was observed that there were morphological differences in the skull shape and size of
Myotis punicus populations inhabiting the Mediterranean Islands compared to those
inhabiting North Africa. This was interpreted as being in accordance with the genetic data
available (Castella et al., 2000) which had already indicated the presence of two distinct
evolutionary lineages within Myotis punicus. The suggested reason for these morphological
differences was a strong enough restriction of gene flow between the Myotis punicus
populations of North Africa and those on the Mediterranean Islands to bring about
morphological segregation (also known as demographic independence) (Evin et al., 2008).

However, genetic isolation on its own is not a valid reason for the observed cranial
differences. Each phenotypic change is generally driven by a selective pressure presented by
the different environments inhabited by the two populations. In bats, diet is known to be an
important selective factor acting upon the evolution of cranial morphology (Freeman, 1979;
Reduker, 1983; Van Cakenberghe, Herrel & Aguirre, 2002; Aguirre et al., 2003; Dumont &
Herrel, 2003). The differences in cranium, teeth and the associated muscles presented by
different species are only in part due to the different prey types forming part of a species’
diet (Reduker, 1983). Thus when two species have a similar diet it is expected that the
cranial morphologies would be similar. This was shown to be the case in Myotis myotis
which presents greater morphological similarities to Myotis punicus than to Myotis blythii,
which could be the result of morphological convergence due to their similarity in feeding
habits (Evin et al., 2008), even though the genetic data had shown Myotis myotis to be more
closely related to Myotis blythii.

Once it was determined that the insular populations of Myotis punicus were distinct from
those of North Africa, the question arose as to how different the populations on the separate
islands were from each other. The cytochrome b gene was sequenced for individuals from
roosts across the Maltese Islands in an attempt to isolate SNPs unique to the Maltese
population of Myotis punicus. Through PCR of the Second Hypervariable Domain (HVII) of
the mitochondrial D-loop followed by sequencing, it was determined that only a single
haplotype is present on the Maltese Islands (Baron, unpublished). It was recently possible to
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compare this data with haplotypes isolated from all over the Mediterranean Basin (Biollaz et
al., 2010). Interestingly the closest haplotype was found in Tunisia showing that Malta could
have been used as a route to the other Mediterranean islands.

In conjunction with the HVII amplification and sequencing, 13 microsatellite loci previously
described for Myotis myotis (Castella & Ruedi, 2000) were analysed for the Maltese
population of Myotis punicus. It was thus possible to obtain a reliable data set for a
representative number of individuals from across Malta. However, until recently, only
limited microsatellite data for Myotis punicus was available (Castella et al., 2000). With the
availability of microsatellite data from the other Mediterranean Islands to compare with
(Biollaz et al., 2010), the microsatellite data collected in Malta could be put to more rigorous
evaluation. A permit application has recently been approved to expand this study to sample
individuals from as many roosts as possible and obtain a clearer and more complete picture
of the variability throughout the Maltese archipelago in an attempt to answer questions
related to allele frequency distribution and possible inferences of roost movements.

The mitochondrial and microsatellite haplotypes from the Maltese Islands would not have
any meaning had it not been for the detailed work carried out across the Mediterranean
region by Biollaz et al. (2010). In this study the authors set out to determine the population
genetic structure of Myotis punicus and current patterns of gene flow between the islands of
Corsica and Sardinia and their relationships with North African populations. A combination
of mitochondrial and nuclear markers was used to compare levels of gene flow within and
between Corsica, Sardinia and North Africa by estimating the contributions of both sexes to
the migrant gene pool. Due to the different evolution rates of the selected markers (Chesser
& Baker, 1996), it was possible to investigate both recent demographic processes and more
remote events in the population history of Myotis punicus (Bertorelle & Barbujani, 1995).
Based on the proximity between the islands of Corsica and Sardinia and their distance from
North Africa, it was expected that a higher genetic differentiation would be present between
the populations of North Africa and the two islands than between the insular populations of
Corsica and Sardinia.

The theoretical basis of this study is that colonisation of adjacent islands by bats depends in
part on the ecological attributes such as dispersal and colonisation abilities of the species
and due to this, bat populations on such islands would probably have similar
phylogeographical histories as a result of identical colonisation strategies and most probably
similar insular geomorphological factors (Trujillo et al., 2002; Pestano et al., 2003; Juste et al.,
2004; Salgueiro et al., 2007). However, since the geological history of a region influences the
ecology and pattern of diversification of the species, it is the combination of ecological and
historical factors of a particular species on a specific island that generates the intraspecific
genetic diversity observed between populations on neighbouring islands (Heaney et al.,
2005; Roberts, 2006; Heaney, 2007).

The islands of Corsica and Sardinia offer a very interesting view into the dispersal of Myotis
punicus because they have common geological (Meulenkamp & Sissingh, 2003) and faunal
assemblage histories (Vigne, 1992; Ferrandini & Salotti, 1995; van der Made, 1999; Marra,
2005; Sondaar & Van der Geer, 2005). In addition to this, after the Messinian salinity crisis,
which occurred 5.5 million years ago (Krijgsman et al., 1999), Corsica and Sardinia were
isolated from the mainland by Pliocene flooding (van der Made et al., 2006), which gave rise
to endemic species (Carranza & Amat, 2005) but then during the Pleistocene glaciations, the
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lowering in sea level provided periods of intermittent contact during which faunal
exchanges could have possibly occurred (Lanza, 1972; Lanza, 1983; Caloi et al., 1986; van
Andel & Tzedakis, 1996).

The mitochondrial analysis of part of the HVII of the mitochondrial D-loop was carried out
using primers previously tested on Myotis myotis (Fumagalli et al., 1996; Castella et al., 2001).
Sequencing of the HVII region revealed 26 different haplotypes (3 haplotypes in Corsica, 13
in Sardinia, 3 in Morocco and 7 in Tunisia). The sequenced region contained a total of 38
variables sites, of which 31 were present more than once. The haplotypes segregated into
three main groups - corresponding to the combined samples from the islands of Corsica and
Sardinia, the samples from the region around Tunisia and the samples from across Morocco.
About 15 mutations separated Corsica and Sardinia from Tunisia and Morocco and the
latter two between themselves. Interestingly, no haplotypes were shared between the
islands since the insular populations were separated by at least one mutation. The results
also suggested that the Corsican haplotypes are derived from the most represented
Sardinian haplotype, which was found in almost half the sampled Sardinian individuals.
This means that the population inhabiting Corsica most probably crossed over from
Sardinia. Similarly in Morocco, the great majority of samples were represented by a single
haplotype. Thus overall, haplotype diversity and nucleotide diversity were lower in the
populations of Morocco and Corsica than in those of Tunisia and Sardinia (Biollaz et al.,
2010). The mitochondrial data was also used to estimate the time of divergence of the insular
populations. These analyses indicated that the Sardinian population separated from the
common ancestor population in North Africa during the early Pleistocene while the
Corsican populations diverged much later, during the mid-Pleistocene. These results
support the hypothesis that the colonisation of the Mediterranean islands by Myotis punicus
occurred in a stepping-stone manner.

The microsatellite analyses involving the use of seven loci were amplified and analysed
using primers originally designed for Myotis myotis (Castella & Ruedi, 2000). The
microsatellite results confirmed the segregation obtained through the mitochondrial
analysis, with no differentiation being observed for all seven microsatellite loci between the
insular populations or between the populations of North Africa. On the other hand, there

were no shared haplotypes between the populations of North Africa, Sardinia and Corsica
(Biollaz et al., 2010).

The data from these two sets of molecular markers was used to understand the exchange of
individual between the islands of Corsica and Sardinia. The authors focused solely on the
exchange of individuals between the islands because of the geographical distances involved.
While Sardinia is separated from North Africa by 200km of open water, the islands of
Corsica and Sardinia are separated by the Strait of Bonifacio, which is just 11km.
Mitochondrial and nuclear analyses both suggested that male and female Myotis punicus
moved freely within Corsica and Sardinia and thus appeared to be strong dispersers
compared with the populations in North Africa. The authors suggest that the discrepancy
between the populations of North Africa and those on Corsica and Sardinia could be due to
a non-equilibrium situation on the islands with contemporary gene flow being masked by
the fact that these populations are expanding or recently established from a common source
population (Whitlock, 1992). On the other hand, despite the apparent high dispersal ability,
dispersal between Corsica and Sardinia is virtually non-existent. Open water seems to
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represent an almost unsurpassable barrier that drastically hampers gene flow between
Corsica, Sardinia and North Africa irrespective of the distance. As a result of this, Myotis
punicus populations inhabiting Corsica and Sardinia appear to be completely isolated
(Biollaz et al., 2010).

The hypothesis that Corsica might have been colonised from Sardinia and the strong
bottleneck resulting from such a colonisation event could explain the lower mitochondrial
diversity observed in the Myotis punicus population of Corsica. Small insular populations,
due to the limited carrying capacity of such islands, tend to be more susceptible to extinction
and drift and as a result show less variability than on larger islands which can support a
more extensive genetic variability (Johnson et al., 2000). Corsica is smaller than Sardinia and
most distant from the North African source population. Moreover, caves are a rare habitat
which can be found exclusively in the north of the island (Courtois et al., 1997), while
Sardinia is larger and more karstic, with more potentially suitable caves and foraging
habitats. Also, while the population of Myotis punicus in Corsica is currently estimated at
around 3000 individuals with four nursery colonies (Beuneux, 2004), that in Sardinia
consists of 19 large nursery colonies (Mucedda et al., 1999). Therefore, the smaller
population size of Corsica contains a lower genetic diversity, especially since there is no
immigration from Sardinia. Compared with the pooled population of North Africa, Corsica
and Sardinia harbour significantly lower allelic richness as well as observed and expected
heterozygosities (Biollaz et al., 2010). The authors suggest that such genetic features could
reflect recent population crashes or a bottleneck during the colonisation of these islands,
reducing the effective population size (Frankham, 1997; Knopp et al., 2007).

The reasoning behind the colonisation of Corsica from Sardinia is based on the availability
of land bridges during subsequent Pleistocene glaciations which brought about the lowering
of sea level and the exposure of previously submerged land (Rohling et al., 1998). The
geographical distances between Mediterranean islands and the surrounding mainland were
thus reduced and with the emergence of land bridges between some islands, it became
easier for species to explore and colonise new territories and one of the species that took
advantage of this situation was Myotis punicus. The population spread out slowly from
North Africa and extended all the way up to Corsica in stages. Once the glaciation periods
ended and the water levels rose again the colonising populations were isolated and this
would explain the strong reduction of gene flow observed in both mitochondrial and
genomic markers.

Interestingly, despite the presence of no water barriers in North Africa, a strong
mitochondrial differentiation was revealed between the nursery colonies of Myotis punicus
in Tunisia and Morocco. This contrasts strongly with the phylogeographical pattern
observed in European Myotis myotis, which present a main haplotype spanning from the
south of Spain to Poland and Greece. The pattern of mitochondrial haplotype uniformity
across Europe in Myotis myotis was explained by a post-glacial recolonisation from a single
Spanish glacial refugium (Ruedi & Castella, 2003). The huge divergence between the
populations of Tunisia and Morocco suggests that these two populations have in some way
been isolated since the Pleistocene. In fact, despite the current nuclear gene flow (which is
due to male-biased dispersal), no female exchange seems to have occurred since then. Thus
it was proposed that the low haplotype diversity due to isolation could have been enhanced
by a combination of the populations in Morocco being confined to the High Atlas Mountains
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and the philopatric behaviour of Myotis punicus females (Biollaz et al., 2010). This is not an
isolated case of divergence in North Africa. Similar divergence between eastern and western
lineages in North Africa have been previously documented in species such as in white-
toothed shrews, Crocidura russula (Brandli et al., 2005), in tree frogs, Hyla spp. (Stock et al.,
2008), and in spur-thighed tortoises, Testudo graeca (Fritz et al., 2009). This demonstrates that
a strong barrier, possibly driven by climatic fluctuations during the Pleistocene, has affected
the distribution of a number of species lineages in this region (Biollaz et al., 2010).

A by-product of the research into the Myotis punicus population of the Maltese Islands was
the setting up of a technique for the preparation of Myotis punicus cell lines. The testing of
three mitochondrial regions and thirteen microsatellites for each bat sampled required more
DNA than was being collected per individual as stipulated by the legal permit for protected
species issued for the project, especially in the cases where sequencing did not give
conclusive results and the sample had to be retested for one or more loci. To supplement the
need for more DNA the two options available were either to bulk up the DNA extracted
from each biopsy punch using whole genome amplification or else increase the amount of
cellular material used for the DNA extraction. The latter was opted for and a cell culture
project was set up in which transient cell lines were created for as many individuals as
possible. The success rate of this culture effort was 37% due to a number of limiting factors.
The prime difficulty was antibiotic resistant fungal infections that had survived the short
wash step in 70% ethanol and that had transferred into the culture medium from the wing
membrane. The second most common setback was that samples did not present a large
enough seeding surface and died before enough cells had grown out, onto the plastic
surface, to be able to sustain a cell population. In addition to growing primary cultures of
fibroblasts several attempts were made to obtain an immortalised (permanent) Myotis
punicus cell line. The difficulty in transfecting and immortalising primary cells is well
known and although the transfection and selection processes were successful, no
immortalised cell line has as yet been achieved. The benefit of having available such cell
cultures greatly outweighs the effort put into the set up, optimisation and maintenance
required and the use of this technique for the production of transient cultures in vitro can be
applied to any line of chiropteran genetic conservation research (Baron, in preparation).

4. Conclusion

Thus, over the past eleven years, the resident Myotis species of the Maltese Islands has gone
from being considered a small, unimportant population of either Myotis myotis or Myotis
blythii, about which very little was known, to a key population in the understanding of how
a species unique to the Mediteranean has spread from North Africa towards the European
islands by a stepping-stone mechanism through allozyme, mitochondrial and microsatellite
analyses and has served as a driving force in the development of a cell culture technique for
chiropteran conservation genetics.

In the end, every research question answered adds another piece to this puzzle but there are
dozens of questions still unanswered regarding the Muyotis punicus population on the
Maltese Islands such as: Is there an exchange of individuals with other populations of the
Mediterranean region? If yes, where from and where to? how often? and what is the driving
force for these migrations? If not, is the aquatic barrier the only factor limiting this
exchange? Are there any unique genetic markers to this insular population of Myotis



Piecing the punicus Puzzle 11

punicus? If inbreeding becomes a critical issue, would it be possible to bring in individuals to
boost numbers? and which would be the best population to bring them from?

As more advanced laboratory techniques become available, more questions will be
answered, adding even more pieces to this puzzle and other questions as yet unasked might
eventually find themselves forming part of this ever-growing puzzle for future scientists to
solve.
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