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Mohammad Basuony7, Chabi Adéyèmi Marc Sylvestre Djagoun9,

Emmanuel Do Linh San10, Carlos Fonseca8, Eli Geffen11, Sakir Onder

Ozkurt12, Corinne Cruaud13, Arnaud Couloux13 and Francisco Palomares4
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Systématique et Evolution, UMR CNRS 7205

OSEB, 57 rue Cuvier – CP 51, Paris, France,
6Department of Basic Sciences, Faculty of

Dentistry, Sinai University, El-Masaid,

El-Arish, North Sinai, Egypt, 7Department of

Zoology, Faculty of Science, Al-Azhar

University, Nasr City, Cairo, Egypt,
8Departamento de Biologia, Universidade de

Aveiro, CESAM, Campus Universitário de

Santiago, 3810-193 Aveiro, Portugal,
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ABSTRACT

Aim Natural processes of colonization and human-mediated introductions have

shaped current patterns of biodiversity in the Mediterranean Basin. We use a

comparative phylogeographic approach to investigate the genetic structure of

Herpestes ichneumon and Genetta genetta (Carnivora) across the Strait of

Gibraltar, and test for their supposedly contemporaneous introduction into

Iberia.

Location Mediterranean Basin and Africa.

Methods We sequenced two mitochondrial fragments (cytochrome b and

control region) of 91 (H. ichneumon) and 185 (G. genetta) individuals, including

the sole archaeological record of G. genetta in Iberia, dating from the Muslim

occupation. We used phylogenetic and tokogenetic methods, summary statistics,

neutrality tests, geographic–genetic pairwise comparisons and coalescent

estimates to explore the history of the two species in the Mediterranean Basin.

Results In North Africa, an autochthonous (Clade I) and a western African

mtDNA clade, coalescing in the Middle to Late Pleistocene, co-occurred in both

species. Only Clade I was present in Europe. In H. ichneumon, the European pool

showed deep coalescence (median = 335 kyr) and high genetic differentiation

and diversity compared with its North African counterpart, suggesting long-term

stability of female effective population size. In sharp contrast, G. genetta in

Europe exhibited lower genetic diversity, weak differentiation with North Africa

and recent demographic expansion; however, Andalusia and Catalonia (Spain)

showed distinctly higher genetic diversity, and the archaeological specimen had

the predominant European haplotype.

Main conclusions The co-occurrence of autochthonous and sub-Saharan

lineages in North Africa (1) supports a new, emerging biogeographic scenario

in North Africa, and (2) suggests a connection through the Sahara, possibly from

the Middle Pleistocene onwards. Our results refute the idea that H. ichneumon

was introduced into Europe contemporaneously with G. genetta. Instead, they

support a scenario of sweepstake dispersal during Late Pleistocene sea-level

fluctuations, followed by long-term in situ evolution throughout the last

glaciation cycles. Genetta genetta appears to have undergone a recent spread

from at least two independent introduction ‘hotspots’ in Catalonia and
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INTRODUCTION

In the Mediterranean Basin superimposed forces, including

climatic fluctuations, natural processes of colonization and

human-mediated introductions, have deeply impacted cur-

rent patterns of biodiversity (Blondel & Vigne, 1993). During

the Late Miocene Messinian salinity crisis, the c. 200-m

lowering of sea level created a continuous land bridge across

the western Mediterranean (Rouchy et al., 2007), which

allowed intense dispersal between North Africa and south-

western Europe, notably in mammals (van der Made et al.,

2006). The opening of the Strait of Gibraltar (SG) in the

Early Pliocene (Loget & Van Den Driessche, 2006), now

14 km wide, has long been considered a biogeographic

barrier to the natural dispersal of non-flying vertebrates

(Dobson & Wright, 2000; O’Regan et al., 2006). However,

recent palaeontological data show that North Africa lost its

predominantly Afro-tropical affinities during the Late Pleis-

tocene through the combined effects of desiccation and

invasion by European immigrants (Geraads, 2010). This

supports a scenario of sweepstake migrations across the SG

during sea-level fluctuations associated with the last glacia-

tions (Flemming et al., 2003), when large vegetated islands

resulted from a sea-level depression of 140 m relative to the

present (Masseti, 2009).

Although it is difficult to distinguish between natural

crossings during the Late Pleistocene and prehistorical,

human-mediated introductions (see Zeder, 2008), phylogeo-

graphic analyses, along with routine ancient DNA techniques,

have recently provided evidence for a complex, temporally

superimposed, dispersal framework across the SG, which

included (1) episodic permeability to the natural dispersal of

non-flying vertebrates from North Africa, from the Upper

Pliocene to approximately the Last Glacial Maximum (e.g.

Harris et al., 2002; Pinho et al., 2007), and (2) several early

translocations by humans from both sides of the western

Mediterranean (e.g. Cosson et al., 2005; Beja-Pereira et al.,

2006; Recuero et al., 2007).

Facing the potential multiplicity of geographic sources and

time-scales of species dispersal, we investigate here the

comparative phylogeography of two small carnivorans (Mam-

malia), the Egyptian mongoose, Herpestes ichneumon (Linna-

eus, 1758), and the common genet, Genetta genetta (Linnaeus,

1758), both presumably introduced from North Africa to

Europe during a contemporaneous historical period (Morales,

1994; Dobson, 1998; Amigues, 1999; Riquelme-Cantal et al.,

2008; but see Campanella & Wilkens, 2004). Both species are

opportunistic, ubiquitous carnivores that share similar distri-

butions (Fig. 1) and ecological requirements within their

native ranges (Delibes & Gaubert, in press; Palomares, in

press). However, the mongoose is restricted to the south-

western quarter of Iberia (Delibes, 1982; Barros, 2009),

whereas the genet shows a more ‘successful’ establishment

in Europe, from Iberia to south-eastern France (Gaubert

et al., 2008). The two species are ideal cases for studying

dispersal routes in the western Mediterranean because (1)

they never shared a circum-Mediterranean distribution that

would have allowed continental diffusion through the eastern

Mediterranean (Fig. 1), (2) the fossil record attests their

presence in the Pleistocene–Holocene of North Africa, but not

in Europe (Kurten, 2007; Werdelin & Peigné, 2010), (3)

archaeozoological records in continental Europe associate

them with the last Muslim dynasty ruling Iberia, the

Almohads (Morales, 1994; Riquelme-Cantal et al., 2008),

and (4) they exhibit different European, invaded ranges, the

common genet also being present in the Balearic Islands

(Delibes & Gaubert, in press).

We generated a new mitochondrial DNA (mtDNA) data

set for the Egyptian mongoose, and completed a previously

published data set on the common genet (Gaubert et al.,

2009). In both cases, we used ancient DNA techniques to

include representatives from crucial, under-represented areas,

such as the unique European archaeozoological record of the

common genet from Portugal (Morales, 1994). We used

batteries of exploratory methods, including summary statis-

tics, neutrality tests and coalescent estimates, to test the

following predictions based on contemporaneous introduc-

tion into Europe of the Egyptian mongoose and the common

genet: (1) the two species share common phylogeographic

and demographic patterns in North Africa, suggesting that

similar historical processes shaped their matrilineal genealo-

gies, (2) the two species dispersed from the same geographic

source into Europe, and (3) the Egyptian mongoose exhibits

a genetic structure and demographic history similar to those
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Andalusia, possibly following antique trade routes and/or Muslim invasions.

Despite their contrasting histories, the European gene pools of both species

represent unusual cases leading to the preservation of autochthonous, North

African lineages.
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of the common genet, compatible with historical introduc-

tion in Europe (e.g. low genetic differentiation between

European and source populations, mtDNA signature of a

demographic event reflecting introduction, and decrease of

genetic diversity with geographic distance from putative sites

of introduction).

MATERIALS AND METHODS

Geographic coverage and nature of samples

Tissue and hair samples from trapped or road-killed animals

were gathered opportunistically between 1999 and 2009

through a network of collaborators (see Appendix S1 in

Supporting Information). We examined nucleotide variability

in 91 and 185 individuals of H. ichneumon and G. genetta,

respectively. Because our main interest lies in comparative

phylogeography across the SG, we focused our sampling effort

on Europe and North Africa (c. 74 and 82% of the sample sets,

respectively). We achieved a representative geographic cover-

age of the species’ native ranges in western and southern Africa

and the Middle East (Fig. 1). We strengthened our geographic

sampling in critical areas such as North Africa and in poorly

represented regions in Europe through the use of museum

specimens. In the case of H. ichneumon, we extracted DNA

from four individuals from central Spain (Castilla-La Mancha

and Castilla-Leon), four from Maghreb (Algeria and Tunisia)

and one from Lebanon. Regarding G. genetta, we added 52 new

individuals to the sample set of Gaubert et al. (2009),

including three museum specimens representing Haute-

Normandie (France), Tunisia, and the only known individual

collected from Libya. We also included the sole archaeological

record of G. genetta found in Europe, from the Almohad levels

of Mértola (first quarter of the 13th century; Morales, 1994)

(Appendix S1).

Ancient-DNA laboratory procedures

We extracted DNA from a total of 26 skeletal, dental, pad and

connective tissue samples, which included museum specimens

(Appendix S1). Extraction was performed in isolated, ancient-

DNA-dedicated boxes equipped with an autonomous ventila-

tion system and UV-irradiation, in two laboratories: (1)

Laboratorio de Sistemática Molecular, at the Museo Nacional

de Ciencias Naturales of Madrid (MNCN collection samples),

and (2) Service de Systématique Moléculaire, at the Muséum

National d’Histoire Naturelle of Paris (MNHN collection

samples). No sample of either species had been extracted using

the ancient-DNA boxes prior to this study. At MNHN, we first

processed the archaeological material of a common genet, a

superbly preserved right hemipelvis. The bone had been in an

undisturbed deposit (a sealed cesspit at the entrance of a

house), among abundant micro-vertebrate debris, mostly of

the black rat (Rattus rattus) (Morales & Rodriguez, 1997). All

extractions were performed twice independently in the two

laboratories, and polymerase chain reaction (PCR) products

were checked for consistencies in nucleotide polymorphism.

DNA was extracted from bones and teeth following a modified

protocol of Rohland et al. (2004). The material was gently

washed with Tris-EDTA buffer (pH = 9) solution and was

then incubated under gentle rotation in the dark in 1.5 to

60 mL of GuSCN-based buffer (depending on sample size) at

40 �C for 5 days, along with negative extraction controls.
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Figure 1 Distribution ranges of the Egyptian mongoose,

Herpestes ichneumon (horizontal lines), and the common genet,

Genetta genetta (dashed, diagonal lines), with each country’s

proportion of the total sample set given as black and white

circles, respectively. The four boxes delimit the co-distributed,

mtDNA geographic clades into which the two species were

partitioned (Clade I in H. ichneumon also included one specimen

from Benin). Country acronyms are defined in Appendix S1.

The inset (bottom) shows the North African distribution of

Clade I and IV haplotypes in both species. For H. ichneumon

(grey and black circles for Clade I and IV representatives,

respectively): 1, Marrakech; 2, Ceuta; 3, Forêt de Zéralda;

4, Fondouk; 5, unknown Algerian localities; 6, Ain Draham;

7, captive specimens from Tunisia. For G. genetta (white and

light grey circles for Clade I and IV representatives, respectively):

1, Marrakech; 2, Missoura; 3, Tlemcen; 4, Algiers; 5, Forêt de

Zéralda; 6, Batna; 7, Jijel; 8, El-Kala NP; 9, Kroumirie; 10, Tunis;

11, Zagouan; 12, Tripoli.
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Purification consisted of two successive washes of chloroform-

isoamyl alcohol (CIA 96:4). DNA was precipitated for 2 h at

)20 �C, adding 2/3 volume of isopropanol and 0.1 volume of

3M sodium acetate. The final elution volume was 50 lL H2O.

We followed Gaubert & Zenatello (2009) for the extraction of

the remaining samples, representing tanned, smoked or badly

preserved tissues.

PCR amplification and sequencing

Two mtDNA fragments from the cytochrome b (cyt b) and

control region (CR) were PCR-amplified. Given that cyt b

tends to evolve at a slower rate than the CR in mammals,

combining information from these two markers can avoid

misleading effects on phylogenetic and genealogical recon-

struction of possible homoplasy in the non-coding, fast-

evolving CR (Phillips et al., 2009). In the case of ancient-DNA

protocols, PCRs were performed twice for each sample –

resulting in four PCR replicates for each fragment – with

negative amplification controls each time. The specific primers

used to amplify mtDNA in H. ichneumon are given in Gaubert

& Zenatello (2009). Four new pairs of primers were designed

for G. genetta using Primer3 (Rozen & Skaletsky, 2000), fixing

different ‘Targets’ values to obtain overlapping sets of PCR

products. Because the presence of long tandem repeats in the

first hypervariable region of CR in genets (Gaubert & Begg,

2007) may rend amplifications of short fragments difficult, we

designed a new pair of primers that amplifies within the 5¢
flanking region of CR, excluding the repeated motifs. PCR

amplification protocols for ancient-DNA and fresh sample

extracts are detailed in Gaubert & Zenatello (2009) and

Gaubert et al. (2009), respectively. Complementary cyt b

sequences were also produced for all of the CR-sequenced

Clade I representatives (Europe) from Gaubert et al. (2009).

The list of primer pairs, corresponding annealing temperatures

and product sizes are given in Table 1. PCR products were

visualized on a 1.5% agarose gel, purified and directly

sequenced in both directions on 3730xl DNA Analyzer

96-capillary sequencers (Applied Biosystems, Foster City, CA,

USA) at GenoScreen (Lille, France), Genoscope (Evry, France)

and Secugen (Madrid, Spain).

The sequences produced from this study were deposited in

GenBank under the accession numbers GU183490–GU183545

and GU189389 (Appendices S2–S4).

Phylogenetic analysis, coalescent events and genetic

diversity among the main geographic lineages

We generated cyt b and CR sequences for outgroups chosen as

closely related, non-monophyletic pairs with H. ichneumon

(Herpestes javanicus and Galerella sanguinea) and G. genetta

(Genetta johnstoni and Genetta maculata) (Gaubert & Begg,

2007; Patou et al., 2009). We followed Gaubert & Begg (2007)

by removing the third repeat motif of 81 bp (TR3¢) responsible

for cases of heteroplasmy in G. genetta, before proceeding to

the alignment of CR sequences. Final alignments were

reconstructed by eye using BioEdit 7.0.9 (Hall, 1999),

representing 93 individuals and 926 bp (cyt b: 402 bp; CR:

524 bp) for H. ichneumon, and 187 individuals and 913 bp

(402 bp; 511 bp) for G. genetta.

Models of molecular evolution for statistical phylogenetic

analyses were selected from alignments pruned of indels and

incomplete nucleotide sequences using ModelGenerator

0.85 under the Bayesian information criterion (Keane et al.,

2006). We performed model selection with four gamma

categories for the separated data sets (cyt b/CR), with and

without outgroups (see below). Best-fitting models and

associated parameters are detailed in Appendix S5.

We ran maximum parsimony (MP) analyses with paup*

4.0b10 (Swofford, 2003) using tree bisection–reconnection

(TBR) branch-swapping and fixing ‘maxtrees’ at 10,000. Indels

were coded as binary characters using GapCoder (Young &

Healy, 2003). Maximum likelihood (ML) analyses were run

with TreeFinder (October 2008 version; Jobb et al., 2004),

injecting models for cyt b (HKY + I) and CR [HKY + C
(H. ichneumon)/TrN + C (G. genetta)] as selected from

ModelGenerator. Node support was assessed by 1000

bootstrap pseudo-replicates (Felsenstein, 1985) in MP and

ML analyses. We used beast 1.4.8 (Drummond & Rambaut,

2007) to run Bayesian Markov chain Monte Carlo (MCMC)

phylogenetic estimates. Model parameters followed

ModelGenerator outputs, fixing uniform priors. Phylo-

genetic relationships were reconstructed under the Yule

speciation process (Steel & McKenzie, 2001), with enforced

monophyly of the ingroup. The mean substitution rate was

unfixed, and branch rates were estimated from an uncorrelated

lognormal distribution to accommodate possible rate variation

among lineages. In order to separate parameter estimates for

cyt b and CR, we partitioned the data sets by editing the xml

source files, according to various sources of information

(Drummond et al., 2007; http://beast.bio.ed.ac.uk/Tutorials;

http://groups.google.com/group/beast-users; http://tlpcouvreur.

googlepages.com/beastpartitioning). Operators were tuned

manually after screening of effective sample size values from

preliminary runs, to maximize their efficiency and obtain

convergence in poorly estimated parameters (Drummond

et al., 2007). Chain lengths were 50 to 100,000,000, sampled

every 5 to 10,000 generations. Analyses were run two to four

times independently using the web-accessible platform of the

Computational Biology Service Unit (CBSU, Cornell Univer-

sity, NY; http://cbsuapps.tc.cornell.edu/beast.aspx). Conver-

gence and stability of estimated parameters were checked using

Tracer 1.4.1 (Rambaut & Drummond, 2008). Log and tree

files were concatenated under LogCombiner 1.4.8 (Drum-

mond et al., 2007) with a final burn-in of 1000. Trees were

summarized as maximum clade credibility trees using

TreeAnnotator 1.4.8 (Drummond et al., 2007), and were

visualized and edited using FigTree 1.2.2 (Rambaut, 2009).

We estimated times to most recent common ancestors

(TMRCAs) for the main geographic lineages through beast,

restricting our data sets to the ingroup and fixing a coalescent

model of expansion growth (see Pybus & Rambaut, 2002).

P. Gaubert et al.
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TMRCAs and credibility intervals (95% highest posterior

density – 95% HPD) were calculated using an uncorrelated

lognormal relaxed clock function (Drummond et al., 2006),

fixing model parameters estimated from ModelGenerator

[cyt b: HKY + I; CR: HKY + I (H. ichneumon)/TrN + C + I

(G. genetta)]. We used fossil data to calibrate the root height of

the tree. For H. ichneumon, we fixed a uniform prior (lower

bound of 3.5 Ma to upper bound of 3.8 Ma) reflecting the

time frame of the species’ first record in Laetoli, Tanzania

(Werdelin & Lewis, 2005). In the case of G. genetta, some

uncertainty is caused by a possible first record from Sterkfon-

tein Jacovec Cave, South Africa (4.2–3.5 Ma; Werdelin &

Peigné, 2010), whereas remains confidently identified at the

species level have been described from Koobi Fora, Kenya

(2.5 Ma; Werdelin & Lewis, 2005). To take this into account,

we used a lognormal prior (Drummond et al., 2007), with the

lower, hard bound fixed at 2.5 Ma and the lognormal standard

deviation value fixed at 0.8725, so that the upper, soft bound

reaches its 95% credibility interval at 4.2 Ma (initial

value = 3.5 Ma).

We used DnaSP 5.00.07 (Librado & Rozas, 2009) to

calculate the number of polymorphic sites (S), nucleotide

diversity (p), number of haplotypes (h) and haplotype

diversity (Hd) among the main geographic lineages. Given

that DnaSP considers gaps or missing data as unique features,

‘new’ haplotypes based on missing data distribution along

sequences may bias estimates of genetic diversity. We thus

removed nucleotide sequences with a fair level of missing data,

when they were 100% identical to at least one complete

haplotype. In order to maintain sequences with unique

Table 1 List of the primer pairs used to amplify fragments of the cytochrome b and control region of the Egyptian mongoose, Herpestes

ichneumon, and the common genet, Genetta genetta, together with their corresponding annealing temperatures and product sizes. Primers

specifically designed to amplify short mitochondrial fragments are given under ‘aDNA’ (ancient-DNA protocol).

Primer pairs

Annealing

temperature

(�C)

Product size

(excluding

primers)

(bp) Source

Herpestes ichneumon

Cytochrome b GVL14724 5¢ GAT ATG AAA AAC CAT CGT TG 3¢ 50 402 Modified from Irwin et al.

(1991)

H15149 5¢ CTC AGA ATG ATA TTT GTC CTC A 3¢ Modified from Kocher et al.

(1989)

Cytochrome b

(aDNA)

HERP-cytb-41L 5¢ TAA TGA CCA ACA TCC GCA AA 3¢ 52 124 Gaubert & Zenatello (2009)

HERP-cytb-204H 5¢ GTG CAT GGC TAG GAA TAG GC 3¢ Gaubert & Zenatello (2009)

HERP-cytb-185L 5¢ GCC TAT TCC TAG CCA TGC AC 3¢ 52 206 Gaubert & Zenatello (2009)

HERP-cytb-433H 5¢ AAC CTA TGA AGG CAG TTG CTA TT 3¢ Total: 350 Gaubert & Zenatello (2009)

Control region HERP-DL93L 5¢ CAA CTC CAC CCC ACA ACT CT 3¢ 51 443 Gaubert & Zenatello (2009)

HERP-DL656H 5¢ TGT GTG ATC ATG GGC TGA TT 3¢ This study

Control region

(aDNA)

HERP-DL93L 52 118 Gaubert & Zenatello (2009)

HERP-DL251H 5¢ TTC ATG GGG ACA AGC AGT TA 3¢ Gaubert & Zenatello (2009)

HERP-DL213L 5¢ AAC TGC TTG TCC CCA TGA AT 3¢ 58 127 Gaubert & Zenatello (2009)

HERP-DL379H 5¢ GCA AGG GTT GAT GGT TTC TC 3¢ Gaubert & Zenatello (2009)

HERP-DL324L 5¢ CCT CAA CTG TCC GAG AGA GC 3¢ 61 112 Gaubert & Zenatello (2009)

HERP-DL475H 5¢ ATG GCC CTG AGG TAA GAA CC 3¢ Total: 362 Gaubert & Zenatello (2009)

Genetta genetta

Cytochrome b GVL14724 id. id. id.

H15149 id.

Cytochrome b

(aDNA)

GG-cytb1L 5¢ TGA CCA ACA TCC GAA AAT CC 3¢ 54 143 This study

GG-cytb1H 5¢ GAA GGC AGT TAT TGT ATC TGA TGT G 3¢ This study

GG-cytb2L 5¢ CGG CTC TTT ATT AGG AGT TTG C 3¢ 58 140 This study

GG-cytb2H 5¢ AAA TAG ACA GAT GAA GAA CAT GGA G 3¢ This study

GG-cytb3L 5¢ TTC TCA TCA GTA ACT CAC ATC TGC 3¢ 54 154 This study

GG-cytb3H 5¢ TGA AGG CTG TAG CCA TAA CTG 3¢ This study

GG-cytb4L 5¢ GCC TCC ATG TTC TTC ATC TGT 3¢ 50 134 This study

GG-cytb4H 5¢ CGG TTG CTC CTC AGA ATG AT 3¢ Total: 381 This study

Control region CR1F 5¢ CCA CTA TCA GCA CCC AAA GC 3¢ 61 507 to 590 Palomares et al. (2002)

CR2R 5¢ CCC GGA GCG AGA AGA GG 3¢ Palomares et al. (2002)

Control region

(aDNA)

GG-CR1L 5¢ ACC AAA AAT CAA CCC AAC AA 3¢ 58 127 This study

GG-CR1H 5¢ TAA TAT TCA TGG GGC GGT TG 3¢ This study

HVGg-H 5¢ CAC GAT ATA CAT AGT ATG YCT 3¢ 58 204 Gaubert et al. (2009)

HVGg-L 5¢ GAA ATT CTT TTT AAA CTA TTC CTT 3¢ Gaubert et al. (2009)

Comparative phylogeography of Herpestes ichneumon and Genetta genetta
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polymorphisms, we reconstructed ‘most parsimonious’

sequences by replacing missing data with the aligned portion

of their phylogenetically closest relative. This resulted in a final

alignment of 64–174 individuals and 845–925 bp, including

three most-parsimonious sequences of H. ichneumon from

Egypt (T865) and Benin (T701, T702), and three of G. genetta

from Benin (T298, T304) and Chad (T328).

Genetic structure, historical demography and time

of crossing of the SG: tests of introduction signatures

in Europe

To compare the history of dispersal between North Africa and

Europe in the two species, we applied population-level

methods to Clade I, to which all the European populations

belong. We built a median-joining network from the 40

and 137 cyt b + CR Clade I sequences (H. ichneumon and

G. genetta, respectively) using Network 4.5.1.0 (http://www.

fluxus-engineering.com), with the parameter e fixed at 0

to minimize alternative median networks. Fixing e at 70

(H. ichneumon) and 150 (G. genetta), following the user’s

guide recommendations (Polzin & Daneshmand, 2008), when

maximum pairwise differences are respectively 7 and 15

(character weight = 10; transversion/transition weighting =

1:1), did not produce discordant branching hypotheses.

We estimated the level of genetic differentiation between

North Africa and Europe (and the Balearic Islands in the case

of G. genetta) by calculating pairwise genetic distances (FST)

(Reynolds et al., 1983) in Arlequin 3.1 (Excoffier et al., 2005).

The significance of FST values was assessed through 10,000

permutations for each pair. We performed mismatch analysis

(distribution of pairwise genetic differences) for European

gene pools and assessed the fit of the observed distributions to

the Rogers’ sudden expansion model (Rogers & Harpending,

1992) by calculating (1) the sum of squared deviations (SSD)

between observed and expected distributions, and (2) the

Harpending raggedness index (r), as implemented in Arle-

quin, using 1000 bootstrap replicates (Schneider & Excoffier,

1999).

We screened for historical, demographic signatures in

European gene pools by testing for deviation from neutrality.

Neutrality tests have proved to be useful in detecting

demographic events, especially when assumptions of recom-

bination or selection can be discarded (Ramos-Onsins &

Rozas, 2002; Depaulis et al., 2003). We believe that there is a

strong probability of these assumptions being met in our data

sets, because most of the nucleotide variation is contained in

the non-coding CR fragment (see Results), and recombination

events remain rare in the mitochondrial genome (White et al.,

2008). We used statistics (1) based on mutation frequencies

(Tajima’s D, Fu and Li’s D* and F *, Ramos-Onsins and Rozas’

R2), and (2) derived from the distribution of haplotypes (Fu’s

FS, Nei’s Hd) or linkage disequilibrium (Wall’s B and Q, Kelly’s

ZnS, Rozas’ ZA and ZZ) as implemented in DnaSP (see

Ramı́rez-Soriano et al., 2008, for a detailed review). We ran

1000 replicates, assuming a coalescent process with a neutral,

infinite-sites model and large constant population sizes

(Hudson, 1990), to calculate the P-value of each observed

statistics. The detection of demographic expansion, contrac-

tion and bottlenecks, together with their level of intensity and

relative temporality, followed the decision tables provided by

Ramı́rez-Soriano et al. (2008, tables 3–5: polymorphic sites

c. 10; c. 20 < number of individuals <100).

In order to detect the signature of putative introduction

events in Europe, we investigated the geographic structure of

genetic variation among European ‘subpopulations’ (region-

level partitions; see Appendix S1). We assessed the correlation

between geographic and genetic distances through the Mantel

test (Smouse et al., 1986), as implemented in Arlequin. In the

case of historically introduced populations, we expect an

absence of isolation by distance because of (1) null in situ

genetic drift, and (2) a random distribution of genetic diversity

via human-mediated propagation. Geographic distances were

calculated by taking into account continental contours, using

the ‘Rule’ tool and the ‘Traject’ option in Google Earth�. We

tested the correlation between pairs of matrices expressed

either as linear geographic distances versus pairwise FST or as

ln-transformed geographic distances versus linearized FST

(Slatkin, 1995), as recommended by Rousset (1997). We ran

1000 permutations to assess the significance level of the squares

of the observed correlation coefficients (Smouse et al., 1986).

The geographic structure of genetic variation in continental

Europe was further assessed through spatial analysis of

molecular variance (SAMOVA) using samova 1.0 (Dupanloup

et al., 2002). Through a simulated annealing procedure,

SAMOVA seeks to establish a user-defined number of k

groups of geographically proximate populations that maxi-

mizes the proportion of total genetic variance arising from

differences among groups of populations (FCT). Although this

method was first tested in a case study including introduced

populations (Dupanloup et al., 2002), it is only recently that

SAMOVA has been used to investigate translocation patterns

(Tomimatsu et al., 2009). We expect that distinct introduction

‘hotspots’ (i.e. focal regions where populations have been

introduced) will be identified as well-differentiated groups not

separated by apparent geographic barriers. We let k vary from

2 to 20, and ran 100 simulated annealing processes to modify

group structure and test the significance of FCT values

(Dupanloup et al., 2002).

We also tested for signatures of introduction by observing the

distribution trend of a series of genetic indexes relative to

geographic distance from putative introduction hotspots. On

the basis of the distribution of haplotype diversity and network

pattern (see Results), we specifically tested the following

hypotheses: (1) Andalusia constituted the introduction hotspot

of H. ichneumon in Europe, and (2) both Andalusia and

Catalonia represent distinct introduction hotspots for G. genetta

in continental Europe. We made the assumption that, under a

scenario of a single, recent introduction in Europe, pairwise

genetic distances (FST) among introduction hotspots and the

other geographic subpopulations should not exhibit any specific

correlation with geographic distances, although one may

P. Gaubert et al.
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observe a positive trend owing to the loss of intra-population

variability in diffusing populations. On the other hand, the

propagation of a subset of the original genetic pool from an

introduction hotspot accompanying the geographic progression

of humans is likely to result in a loss of haplotype diversity (e.g.

Anderung et al., 2005), here measured as h, and in a decrease in

the number of shared haplotypes (sh), correlated with

geographic distance. We used Spearman’s rs (H. ichneumon)

and Pearson’s r (G. genetta) to assess the significance (1000

permutations) of correlation among geographic distances and

those genetic indexes.

RESULTS

Phylogenetic analyses, TMRCAs and genetic diversity

among the major geographic lineages

Genetic variability within H. ichneumon was much lower than

in G. genetta, with the number of polymorphic sites varying

from 10 (cyt b) to 37 (CR) vs. 32 to 73, and phylogenetically

informative sites ranging from 10 (cyt b) to 33 (CR) vs. 29 to

65 (including one indel), respectively. Relative to Gaubert et al.

(2009), nine new haplotypes were recorded in G. genetta, from

France (Pays-de-la-Loire: CRH3), Spain (Catalonia: CRH12,

CRH13, CRH14; Galicia: CRH8), Tunisia and Benin (CRH28)

and South Africa (cytbH12/CRH42, CRH47) (see Appendi-

ces S2–S4).

The three methods of phylogenetic reconstruction resulted

in congruent topologies in each species, the mtDNA tree of

G. genetta being very similar to that found by Gaubert et al.

(2009; see below). Strikingly, like G. genetta, H. ichneumon

exhibited four mtDNA geographic lineages as follows: Clade I

(Europe and North Africa), Clade II (Middle East), Clade III

(southern Africa) and Clade IV (western and North Africa)

(Figs 1 & 2; phylogenetic trees given in Fig. 2 are fully detailed

in Appendixes S6 and S7). In H. ichneumon, phylogenetic

relationships among these major geographic clades were poorly

supported, except for the sister relationship between Clades III

and IV (Fig. 2). Nevertheless, all the main mtDNA lineages

were strongly supported (Bayesian posterior probabili-

ties = 1.00) under a coalescent model of expansion growth

discarding outgroups (same observation for G. genetta; Fig. 3).
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Figure 2 Summarized maximum likelihood phylogenetic trees of the Egyptian mongoose, Herpestes ichneumon (left), and the common

genet, Genetta genetta (right), based on the partitioned analysis of cytochrome b and control region data sets. Values at major nodes indicate,

from top to bottom, maximum parsimony and maximum likelihood bootstrap support (>75%), and Bayesian posterior probability (>0.95).

Scale bars indicate sequence divergence. The first two taxa at the base of the tree represent the outgroups. Clade numbering and delimitation

refer to Fig. 1. The detailed phylogenies are given in Appendices S6 and S7.
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In H. ichneumon, Clade I was extended to western Africa, with

the inclusion of an individual from Benin. The distributions of

Clades I and IV partially overlapped in North Africa in both

species (Fig. 1). TMRCA estimates suggested a Middle to Late

Pleistocene origin of the main geographic clades for both

species (Fig. 3). Clade I had the oldest coalescent in H. ich-

neumon [735 kyr (95% HPD = 235–1560)], whereas it was the

youngest lineage in G. genetta [358 kyr (73–1004)]. Within

H. ichneumon Clade I, the European and African gene pools

were clearly differentiated and had similar TMRCAs, between

335 kyr (108–726) and 272 kyr (39–750), respectively. In

G. genetta Clade I, the North African and European haplo-

groups were intermixed without apparent structure, with the

exception of a distinct lineage restricted to two Andalusian

(Spain) individuals, coalescing at 15 kyr (0–83).

In H. ichneumon, Clade I showed genetic diversity estimates

that were intermediate or high relative to the three other

geographic clades (Hd and p), whereas in G. genetta those were

markedly lower [Hd (cyt b), p], despite an important number

of CR haplotypes (Table 2). Within H. ichneumon Clade I,

populations from Europe had a similar level of genetic

diversity to those from Africa [Hd and p (CR)]. On the other

hand, European populations of G. genetta exhibited a markedly

lower genetic diversity compared with that from North Africa

[Hd and p (CR)].

Genetic structure and potential signatures

of introduction events within Clade I

In the network analysis of H. ichneumon, North African (3)

and European (11) cyt b + CR haplotypes were clearly

separated by four mutation steps (Fig. 4), whereas the number

of mutations within the two haplogroups was low (1–2).

Andalusia had the greatest genetic diversity (h = 7). The

commonest haplotype in Europe was H2 (c. 47%); however, it

was present in only three regions out of eight (Andalusia,

Alentejo and Centro Portugal). Four regions featured unique

haplotypes: Extremadura (H7), Castilla-Leon (H10), Alentejo

(H9) and Centro Portugal (H10, H11). In G. genetta, three

haplotypes were endemic to North Africa (Algeria and

Tunisia), while a fourth (H10) was shared with two individuals

from Catalonia. The predominant European haplotype (H1;

c. 61%) was distributed in 24 out of 29 regions. The number of

mutations among haplotypes varied from 1 to 4, with the

exception of an Andalusian haplogroup (H16, H17) 10 muta-

tions away from H10. Structuring among the 20 haplotypes

found in Europe was not clear-cut, although we could observe

(1) a star-like configuration originating from H1 and involving

the majority of the European haplotypes (including Mallorca

and Cabrera), and (2) close affinities among H10 (Algeria and

Catalonia), other North African haplotypes (H21 to H23), and
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Figure 3 Times to most recent common

ancestors among major geographic lineages

in the Egyptian mongoose, Herpestes ichneu-

mon, and the common genet, Genetta genetta,

estimated in beast under a coalescent model

of expansion growth. Bayesian posterior

probabilities and median height values

(yr.106) are given above and below nodes,

respectively. Horizontal bars show credibility

intervals of node heights (95% highest pos-

terior density).
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haplotypes from Ibiza (H19) and Portugal (H20) (Fig. 4). The

archaeological sample from Alentejo, southern Portugal, had

the H1 haplotype.

In H. ichneumon, pairwise genetic distances (FST) between

the North African and European gene pools were high and

significant (0.747) (Table 3). In G. genetta, the level of genetic

differentiation was lower but still significant between North

Africa and Europe (0.430) or the Balearic Islands (0.297). The

mismatch distribution in European H. ichneumon differed

significantly from a sudden-expansion model (P < 0.05),

whereas it conformed to the latter in the continental popu-

lation of G. genetta (Table 3; Fig. 5). The sudden-expansion

model was partly rejected (r) in island populations. In Europe,

H. ichneumon showed deviation from neutrality through a

significantly negative FS value, fitting a scenario of a strong,

ancient bottleneck or sudden expansion, and a high, significant

Hd value (0.841 vs. 0.833 in Africa). In G. genetta, the

continental population deviated from neutrality as evidenced

by significant, high negative values of D, D*, F*, R2 and FS,

fitting a scenario of a strong, recent sudden expansion

(Table 3; Ramı́rez-Soriano et al., 2008). On the other hand,

no deviation was detected within island populations. Hd values

in both continental Europe and islands were lower than for

North Africa (0.626 and 0.538 vs. 0.900).

We did not detect any significant correlation between

geographic and genetic distances in continental Europe using

the Mantel test (H. ichneumon: r = )0.428/)0.424; P = 0.984/

0.996; G. genetta: r = )0.012/)0.061; P = 0.553/0.778). The

SAMOVA suggested a partition into k = 4 groups (highest

significant FCT = 0.252; P = 0.039) for H. ichneumon in

Europe, consisting of Castilla-La Mancha, Extremadura,

Castilla-Leon, and the rest of the Iberian subpopulations

(Fig. 4). The markedly greater FST values of these three first

regions were caused by the representation of a single haplo-

type. In G. genetta, SAMOVA yielded less straightforward

results, because FCT values reached a plateau between k = 4

and 6, and then increased continuously until the upper limit of

k = 20. Given that k-values between 7 and 20 did not have

significant estimates of variance among populations within

groups (FSC), we opted for k = 6 as the number of groups

maximizing FCT (0.455) and for which FSC was still significant

()0.166; P < 0.001). Eventually we recognized the following

partitions: Pays-de-la-Loire–Centre, Poitou-Charentes, Castilla-

Leon, Andalusia, Catalonia–PACA, and the rest of the European,

continental subpopulations (Fig. 4).

The distribution of pairwise genetic distances among

Andalusian (H. ichneumon and G. genetta) or Catalonian

(G. genetta) and the rest of the European subpopulations was

not significantly correlated with geographic distance (Appen-

dix S8). The negative correlation (rs = )0.290) observed in

H. ichneumon was caused by the higher level of intrapopula-

tion variance within the Portuguese groups compared with

their Spanish counterparts. Moreover, h-values were positively

correlated with geographic distance (no specific trend for sh)

in the latter species, whereas both h and sh were negatively

correlated in G. genetta, with either Andalusia or Catalonia as

‘anchor points’, although neither h nor sh was significant.

DISCUSSION

Evolutionary history of North Africa and origin

of the European populations of the Egyptian

mongoose and common genet

The Egyptian mongoose and the common genet show

remarkable concordance in their phylogeographic patterns,

Table 2 Genetic diversity in the four main mtDNA geographic lineages found in the Egyptian mongoose, Herpestes ichneumon, and the

common genet, Genetta genetta. Clade numbering follows Fig. 1.

h Hd (CI) S p · 10)3

cyt b CR cyt b CR cyt b CR cyt b CR

Herpestes ichneumon

Clade I 5 9 0.463 (0.178) 0.771 (0.102) 4 8 1.29 3.41

Clade II 2 3 0.467 (0.259) 0.600 (0.257) 1 2 1.16 1.50

Clade III 1 2 – 1.000 (0.980) 0 2 – 5.22

Clade IV 2 5 0.182 (0.282) 0.667 (0.323) 1 8 0.45 5.87

Clade I – Africa 1 3 – 0.833 (0.435) 0 2 – 2.63

Clade I – Europe 4 6 0.344 (0.188) 0.717 (0.118) 3 5 0.91 2.16

Genetta genetta

Clade I 2 23 0.029 (0.039) 0.650 (0.088) 1 31 0.07 2.64

Clade II 3 4 0.667 (0.206) 0.750 (0.220) 10 9 8.84 6.16

Clade III 4 5 0.525 (0.269) 0.675 (0.227) 8 12 5.99 7.92

Clade IV 5 10 0.576 (0.320) 0.970 (0.086) 5 17 3.09 10.08

Clade I – North Africa 1 4 – 0.900 (0.316) 0 6 – 4.59

Clade I – Balearic Islands 1 3 – 0.538 (0.225) 0 4 – 2.23

Clade I – continental Europe 2 18 0.030 (0.041) 0.626 (0.094) 1 26 0.07 2.41

h, number of haplotypes; Hd, haplotype diversity; S, number of polymorphic sites; p, nucleotide diversity.
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with four co-distributed mtDNA clades, grouped into

Europe–North Africa, the Middle East, southern Africa, and

western–North Africa (Fig. 1). Those lineages coalesced in a

contemporaneous time frame, from the Middle to Late

Pleistocene, a time of intense, cyclical alternation of wet

and dry periods (deMenocal, 2004) that has impacted the

genetic structure of populations, notably in Africa (e.g.

Hewitt, 2004; Brown et al., 2007). The phylogeographic

pattern we observed is echoed by the ‘West – South – East’

genetic partition of the white-tailed mongoose, Ichneumia

albicauda (Cuvier, 1829) (Dehghani et al., 2008), suggesting

that common palaeoclimatic factors may have shaped the

maternal evolutionary history of savanicole, small African

carnivorans in sub-Saharan Africa.

In North Africa, the Egyptian mongoose and the common

genet also exhibit concordant patterns, through the

co-occurrence of two distinct lineages, representing (1) a

probably autochthonous, North African clade (Clade I), and

(2) a migrant pool likely of western African origin (Clade IV).

Given the relatively low number of samples representing

western Africa in our study, the exact geographic delimitation

of Clade IV – especially for the Egyptian mongoose – remains

uncertain. In H. ichneumon, the level of genetic diversity and

deep TMRCA observed in Clade I provide evidence of the

long-term stability of effective population size. This is in

contrast to what we observed in G. genetta, where Clade I

probably underwent a Plio-Pleistocene bottleneck resulting in

the loss of genetic diversity and a more recent TMRCA

(Gaubert et al., 2009). We thus hypothesize that the existence

of recurrent arid phases in North Africa during that period

(deMenocal, 2004), resulting in the extreme contraction of

forest cover (Dobson, 1998; Jolly et al., 1998), did not

significantly affect the historical demography of the Egyptian

mongoose. This scenario is supported by (1) the species’

tolerance of semi-desert conditions in the presence of water

points (Osborn & Helmy, 1980; Kasparek, 1993; Cuzin, 2003),

and (2) the southward-extended range of Clade I, which

indicates the crossing of the Sahara by North African migrants.

TMRCAs of Clade IV in both species suggest a northward

passage of western African individuals through the Saharan

belt, possibly as early as the Middle Pleistocene, in concor-

dance with the peak of faunal similarity between North and

sub-Saharan Africa at that period (Geraads, 2010). Dispersal

across the desert was indeed possible during Quaternary

cyclical contractions of the hyper-arid area of the Sahara (Le

Houérou, 1997), which culminated in the so-called ‘African

Humid Period’, leading to a verdant Sahara c. 14.8–5.5 ka

(deMenocal et al., 2000). Trucchi & Sbordini (2009) recently

found a similar genetic signature in the crested porcupine

(Hystrix cristata), observing the co-occurrence of an autoch-

thonous and a sub-Saharan lineage in North Africa.

Our results do not fit a previously observed pattern of

‘western’/‘eastern’ genetic differentiation in Maghreb (e.g.

Cosson et al., 2005; Modolo et al., 2005). Instead, we show

that North Africa and the Middle East were distinct evolu-

tionary entities, a picture that has also emerged through otherT
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recent investigations (e.g. Calvignac et al., 2009). There have

been few phylogeographic studies on species distributed on

both sides of the Sahara. Nevertheless, (1) the co-occurrence of

autochthonous and allochthonous lineages, and (2) the refuge-

like structuring within autochthonous lineages, implying

periods of in situ evolution, support an emerging biogeo-

graphic scenario that adds to the complexity of the North

African evolutionary ‘platform’ (Dobson & Wright, 2000).

Our results show that the European gene pools of both the

Egyptian mongoose and the common genet originated from

the autochthonous North African mtDNA lineage (Clade I).

The exhaustive representation of European individuals in our

study, along with the level of haplotype diversity observed,

leave little room for undetected haplotypes representing Clade

IV (see Gaubert et al., 2009). The use of museum samples and

ancient-DNA techniques contributed to further refining the

range of co-occurring North African lineages. In H. ichneumon,

Clade I is largely distributed in North Africa, whereas in G.

genetta it is restricted to coastal north-eastern Algeria and

northern Tunisia. These two lineages are at least partly

sympatric in both species, suggesting an absence of ecological

differentiation. Further sampling efforts will be necessary to

establish precise details of the evolutionary relationships and

ecological interactions between lineages co-existing in North

Africa.

Evidence for the natural dispersal of the Egyptian

mongoose into Europe

Our results radically contradict the established idea that the

Egyptian mongoose was introduced into Europe, contempo-

raneously with the common genet, during the invasion of

Iberia by the Muslim armies (Delibes, 1982; Dobson, 1998;

Riquelme-Cantal et al., 2008). The coalescence of Clade I

(median = 735 kyr) can be considered as a fair approximation

of the divergence time between the North African and

European clades, given the deep phylogenetic divergence

between the two, suggesting no or very limited past gene flow

(see Rosenberg & Feldman, 2001). Our analyses point to a

natural crossing of the Mediterranean Sea, long before the

earliest Palaeolithic contacts across the SG (Straus, 2001). The

strong genetic differentiation between European and North

African Clade I haplogroups, the significant level of genetic

diversity found in Europe, and the important morphological

differences between European and North African mongooses

reported by Cabrera (1914) all point to a scenario of long-

term, separated in situ evolution of European populations,

which is supported by the relatively deep coalescence of both

the European and North African pools (median = 335 and

272 kyr, respectively).

Our molecular results support, for the first time in a non-

micro-mammal, the hypothesis that natural dispersal across

the SG was possible for non-flying vertebrates during the

Middle to Late Pleistocene cyclical lowering of sea levels (see

Cosson et al., 2005; Carranza et al., 2006). The swimming

abilities of the Egyptian mongoose (Osborn & Helmy, 1980;

Delibes, 1982) make plausible a sweepstake migration using a

partially emerged shoal across the SG, such as the archipelago

of Cape Spartel that is now 56 to 200 m below sea level

(Collina-Girard, 2001). The natural dispersal of the species

into Europe implies that individuals migrated from the tip of

Morocco, consistent with the detection of a Clade I haplotype

in Ceuta.

Although the North African fossil record concurs with our

molecular estimates in attesting the presence of H. ichneumon

since the Middle Pleistocene (Werdelin & Peigné, 2010), the

absence of palaeontological remains in Europe contradicts

the Late Pleistocene coalescence of the European pool. The

radiocarbon dating of an Egyptian mongoose skull from the

Cueva de Nerja (Malaga) to the Almoravid–Almohad period

led Riquelme-Cantal et al. (2008) to link the introduction of

the species to the Muslim invaders. There is, however, no

evidence for the domestication or taming of H. ichneumon by

North African people (contrary to what occurred in Egypt;

Osborn & Osbornova, 1998), although the discovery of a tibia

from a Punic tank from the c. 5th–4th centuries bc in Sardinia

is evidence for the historical translocation of the species

(Campanella & Wilkens, 2004). Instead, the long-term stability

of female effective population size in Europe is suggested by

(1) the restricted range of the commonest haplotype found in

Europe (H2), (2) the presence of unique haplotypes in about

half of Europe, (3) the negative correlation between pairwise

genetic and geographic distances in Andalusia and relatively

high intra-population variance in Portuguese populations, (4)
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an increasing number of haplotypes and shared haplotypes

with geographic distance from Andalusia, and (5) the

non-specific contribution of Andalusia in terms of among-

population variance (SAMOVA). The hypothesis of a stable

population throughout the last glaciations is further supported

by the remarkable correspondence between the limits of the

proposed ice age refugium in south-western Iberia (see Hewitt,

1996) and the distribution of suitable ecological conditions for

the species (specifically, low rainfall and warm temperatures;

Borralho et al., 1996).

We envisage the higher genetic diversity observed in

Andalusia as an imprint of the arrival of a fairly large number

of migrants into southern Iberia. The northerly spread was

perhaps through long-distance dispersal, given the geographic

structuring of the haplotype distribution (Nichols & Hewitt,

1994) and the absence of evidence for isolation by distance

(Wright, 1943). Mismatch analysis did not detect a signature of

demographic expansion, despite field data indicating recent

range fluctuations (Delibes, 1982; Palacios et al., 1992; Bor-

ralho et al., 1996; Gragera, 1996). On the other hand, the

deviation from demographic neutrality fits with a scenario of a

strong and ancient bottleneck or sudden expansion in Europe,

following dispersal into south-western Iberia.

Multiple introductions of the common genet:

a European success story starting before Muslim

invasions?

Our results confirm the introduction of Clade I representatives

of the common genet into Europe from North Africa (Gaubert

et al., 2009). The lower genetic diversity and weak differenti-

ation of the European and Balearic gene pools relative to North

Africa, together with the lack of reciprocal monophyly of the

European and North African haplogroups, argue for a recent

introduction. This is supported by the homogeneity between

European and North African phenotypes (Delibes & Gaubert,

in press).

Newly sequenced European samples allowed us to reinforce

the picture that (1) Catalonia, with three new unique

haplotypes, was a probable introduction hotspot, distinct

from Andalusia, and (2) western France, with an additional

unique haplotype, constituted a region dominated by private

alleles (a picture further confirmed by preliminary microsat-

ellite data; P. Gaubert et al., unpublished data). The lack of

isolation by distance and absence of specific geographic

structuring suggest that there was no long-term in situ

evolution in continental European populations. Rather, the

greater genetic diversity observed in Andalusia and Catalonia,

the negative correlation between the number of shared

haplotypes and geographic distances from those two regions,

and the significant contribution of those latter in terms of

inter-population variance (SAMOVA) argue for at least two

introduction hotspots on the continent with different sources.

The remaining regions identified by SAMOVA (western France

and Castilla-Leon) may reflect additional translocations,

possibly motivated by the Middle Age fashion for the species

at European courts (Delort, 1978; Gaubert & Mézan-Muxart,

2010), although random allelic fixation cannot be ruled out.

It is most probable that the species was translocated

intentionally, since middle-sized carnivorans would hardly

pass unseen in holds of trading boats. The fact that only Clade

I haplotypes were introduced into Europe suggests a cultural

constraint conditioning the translocation of G. genetta (Gau-

bert et al., 2009). Although Morales (1994) described from

Mértola the tibia of a hare exhibiting both cut marks made by

humans and a chew mark left by a genet’s upper carnassial

(P4), there is still no direct evidence of the use of the species as

a pre-cat, commensal or domesticated predator of rodents.

However, we suggest that the distribution of territories and

trade networks of the Phoenicians, and later Punics, with

Greek colonies, could relate to its pattern of introduction from

Maghreb to Ibiza, Andalusia and Catalonia (Appendix S9; see

Semmler, 2002; Bierling & Gitin, 2002). Nevertheless, Muslim

conquerors introduced a series of domestic and wild species

into south-western Europe (e.g. Morales et al., 1995; Bermejo

& Sánchez, 1998), and the most common European haplotype

H1 of the genet was found in the archaeological Almohad

levels of Mértola. This could fit with suggestions that Muslim

invaders ‘made popular’ the common genet in south-western

Europe (Amigues, 1999), notably as political gifts to Christian

monarchs (D. Morales, Universidad Autónoma de Madrid,

Spain, pers. comm.). The significant, recent sudden expansion

in the European, continental populations of the species (see

also Gaubert et al., 2009) demonstrated through mismatch

distribution and neutrality tests are not in conflict with a

scenario of recent, independent introductions (Excoffier, 2004)

possibly associated with an artificial spread of the species,

represented by the dominant European haplotype (H1). The

question remains open as to the in situ evolution within

Europe of the divergent, Andalusian haplogroup H16-H17,

after a natural crossing of the SG during the Last Glacial

Maximum, or its later, human-mediated translocation from an

as yet undetected Clade I haplogroup in Morocco.

CONCLUSIONS

We established dramatically different scenarios of dispersal

across the Strait of Gibraltar for the Egyptian mongoose and

the common genet. The presence of the former in south-

western Europe appears to be the result of Pleistocene

sweepstake dispersal, whereas the latter was probably intro-

duced several times during the historical period. From a

biogeographic perspective, our investigations show the value of

the comparative phylogeographic approach for unravelling

part of the complex, superimposed history of colonizations

within the Mediterranean Basin.

The Mediterranean Basin is one of the biodiversity hotspots

that suffers most from the pressure of introduced species (e.g.

Gritti et al., 2006). Paradoxically, historical introductions,

being sometimes considered a component of bio-cultural

heritage (e.g. Masseti, 2009), have contributed to the inflation

of the number of species counted as native to the region
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(Gippoliti & Amori, 2006). As a contribution to the refinement

of this picture, we propose that the Egyptian mongoose should

be considered a natural colonizer of south-western Europe,

whereas the common genet should not. Regardless of their

dispersal scenarios, the European gene pools of both

H. ichneumon and G. genetta are pure representatives of two

autochthonous, North African mitochondrial lineages (Clades

I) that have probably been impacted by genetic pollution and

habitat loss in their North African, native ranges.
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Götherström, A. (2005) Prehistoric contacts over the Straits

of Gibraltar indicated by genetic analysis of Iberian Bronze

Age cattle. Proceedings of the National Academy of Sciences

USA, 102, 8431–8435.

Barros, T. (2009) Estatuto e distribuição do Sacarrabos (Her-

pestes ichneumon) em Portugal. MSc Thesis, Universidade

de Aveiro, Portugal.

Beja-Pereira, A., Caramelli, D. & Lalueza-Fox, C. et al. (2006)

The origin of European cattle: evidence from modern and

ancient DNA. Proceedings of the National Academy of Sci-

ences USA, 103, 8113–8118.

Bermejo, J. & Sánchez, E. (1998) Economic botany and eth-

nobotany in al-Andalus (Iberian Peninsula: tenth–fifteenth

centuries), an unknown heritage of Mankind. Economic

Botany, 52, 15–26.

Bierling, M.A. & Gitin, S. (2002) The Phoenicians in Spain: an

archaeological review of the eighth–sixth centuries B.C.E.: a

collection of articles translated from Spanish. Eisenbrauns,

Winona Lake, IN.

Blondel, J. & Vigne, J.D. (1993) Space, time, and man as

determinants of diversity of birds and mammals in the

Mediterranean region. Species diversity in ecological com-

munities: historical and geographical perspectives (ed. by R.E.

Ricklefs and D. Schluter), pp. 135–146. The University of

Chicago Press, Chicago.

Borralho, R., Rego, F., Palomares, F. & Hora, A. (1996) The

distribution of the Egyptian Mongoose Herpestes ichneumon

(L.) in Portugal. Mammal Review, 26, 1–8.

Brown, D.M., Brenneman, R.A., Koepfli, K.-P., Pollinger, J.P.,

Mila, B., Georgiadis, N.J., Louis, E.E.J., Grether, G.F., Jacobs,

D.K. & Wayne, R.K. (2007) Extensive population genetic

structure in the giraffe. BMC Biology, 5, 57.
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Appendix S1 Geographic sampling within Herpestes ichneumon and Genetta genetta, together with their respective outgroups. Contributors to 

the sampling effort (collectors and tissue banks) and localities / samples requiring ancient DNA extraction protocols (†) are given. 

 
 N Main locale (n) Collector / Collection Ancient DNA-extracted samples (protocol used) 
     
Herpestes ichneumon 
 

91    

Spain (SP) 37    
Andalusia (An) 31 Cádiz (2) R. Muriel - Estación Biológica de Doñana, Sevilla, Spain  
  Córdoba (1) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
  Doñana NP (16) F. Palomares & J.V. López-Bao - Estación Biológica de Doñana, 

Sevilla, Spain 
 

  Huelva (2) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
  Los Alcornocales (1) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
  Sevilla (2) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
  Torrecuadros (5) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
  Valquemado (2) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
Extremadura (Ex) 1 Badajoz (1) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
Madrid (Ma) 1 Madrid (1) I. Rey Fraile - Museo Nacional de Ciencias Naturales, Madrid, Spain  
Castilla-La Mancha (CM) 3 † Montes de Toledo (2) Museo Nacional de Ciencias Naturales, Madrid, Spain MNCN3917 / 15224 - This study (Gaubert & Zenatello 2009) 
  † Páramo del Cil (1) Museo Nacional de Ciencias Naturales, Madrid, Spain MNCN 15194 - This study (Gaubert & Zenatello 2009) 
Castilla-Leon (CL) 1 † Ciudad Real (1) Museo Nacional de Ciencias Naturales, Madrid, Spain MNCN15223 - This study (Gaubert & Zenatello 2009) 
Portugal (PO) 13    
Centro (Ce) 7 Castelo-Branco (2) C. Fonseca & T. Barros - Universidade de Aveiro, Portugal  
  Coimbra (1) C. Fonseca & T. Barros - Universidade de Aveiro, Portugal  
  Nisa (2) C. Fonseca & T. Barros - Universidade de Aveiro, Portugal  
Alentejo (Al) 6 Embalse de Alqueva (1) J.V. López-Bao - Estación Biológica de Doñana, Sevilla, Spain  
  Mértola (4) A. Loureiro - Instituto da Conservação da Natureza e da Biodiversidade, 

Lisbon, Portugal 
 

  Evora (1) C. Fonseca & T. Barros - Universidade de Aveiro, Portugal  
North Africa 17    
Algeria (AL) 7 † Fondouk (1) Muséum National d'Histoire Naturelle, Paris, France MNHN1960-3684 - This study (modified from Rohland et al. 

2004) 
   Forêt de Zéralda (4) M. Gouichiche - Centre Cynégétique de Zéralda, Algiers, Algeria  
   † unknown localities (2) Muséum National d'Histoire Naturelle, Paris, France MNHN1954-375 / 991-348 - This study (modified from Rohland 

et al. 2004) 
Tunisia (TUn) 7 † Ain Draham (1) Muséum National d'Histoire Naturelle, Paris, France MNHN1905-432 - This study (modified from Rohland et al. 

2004) 
  captivity (6) A. Allah Jaïem - Friguia Park, Ain Errahma-Bouficha, Tunisia  
Morocco (MO) 3 † Marrakech (2) F. Cuzin - Marrakech, Morocco T669 / 670 - This study (Gaubert & Zenatello 2009) 
  Ceuta (Spain) (1) F.J. Martínez Medina - Consejería de Medio Ambiente, Ceuta, Spain  
Sub-Saharan Africa 11    



Guinea (GU) 2 Labé (1) P. Pagani - Università degli Studi di Torino, Italy  
  † Forêt de Ziama (1) S. Dufour - SYLVATROP, Nantes, France T426 - This study (Gaubert & Zenatello 2009) 
Benin (BE) 6 † Cotonou (5) P. Gaubert & S. Tchibozo - CERGET, Cotonou, Benin T700 / 701 / 702 / 703 / 704 - This study (Gaubert & Zenatello 

2009) 
  Taigon (1) S.C.A.M. Djagoun - Université d'Abomey-Calavi, Cotonou, Benin  
South Africa (SA) 3 KwaZulu-Natal (3) P. Taylor - Durban Natural Science Museum, South Africa T685 / 686 / 687 - This study (Gaubert & Zenatello 2009) 
Middle East 13    
Egypt (EG) 3 Fayoum (2) M. Amin - Sinai University, Egypt  
  Temma (1) M. Amin - Sinai University, Egypt  
Israel (IS) 5 Central Israel (4) E. Geffen - Tel Aviv University, Israel  
  Golam Hights (1) E. Geffen - Tel Aviv University, Israel  
Lebanon (LE) 1 † Tripoli  (1) Muséum National d'Histoire Naturelle, Paris, France MNHN1960-467 - This study (modified from Rohland et al. 

2004) 
Turkey (TUr) 4 † Antakya (3) S. Onder Ozkurt - Ankara University, Turkey T576 / 739 - This study (Gaubert & Zenatello 2009) 
  † Mersin (1) S. Onder Ozkurt - Ankara University, Turkey  
Outgroups     
Herpestes javanicus 1 Loei, Thailand (1) J-P. Hugot - Muséum National d'Histoire Naturelle, Paris, France  
Galerella sanguinea 1 Gamnaga, Cameroon (1) G. Dobigny - Institut de Recherche pour le Développement, Montpellier, 

France 
 

     
Genetta genetta 
 

185 (51)a    

France (FR) 48 (12)    
Haute-Normandie (HN) 1 (1) † Seine-Maritime (1) C. Crémière - Musée d'Histoire Naturelle du Havre, France T732 - This study (Gaubert & Zenatello 2009) 
Pays-de-la-Loire (PL) 9 (4) Loire-Atlantique (1) M. Fonteneau, via J-P. Paillat -  Les Naturalistes Vendéens, La Roche s/ 

Yon, France 
 

  Maine-et-Loire (2) B. Mellier & M. Beucher - Musée d'Histoire Naturelle d'Angers, France  
  Vendée (6) J-P. Paillat -  Les Naturalistes Vendéens, La Roche s/ Yon, France  
Poitou-Charentes (PC) 5 (1) Charentes-Maritimes (3) M. Hubert - FDC Indre-et-Loire, France; M. Pelven - Cram-Chaban, 

France 
 

  Deux-Sèvres (2) D. Guérineau - Zoorama de Chizé, France  
Aquitaine (Aq) 11 Dordogne (2) E. Brandt & F. Ferrandon - ONF, Tulle, France  
  Gironde (2) P. & C. Fournier - GREGE, Villandraut, France  
  Landes (3) J-M. Cassiède - ONCFS, Saint-Paul-les-Dax, France  
  Lot-et-Garonne (2) P. & C. Fournier - GREGE, Villandraut, France  
  Pyrénées-Atlantiques (2) G. Pottier - Nature Midi-Pyrénées, Toulouse, France; L. Matringe - 

DIREN Aquitaine, France 
 

Limousin (Li) 1 Creuse (1) A. Gerbaud - ONCFS, Gueret, France  
Centre (Ce) 3 (2) Indre (3) P. Maillet - Réseau national Mammifères SAMLIG - ONF, Tours, 

France; F. Bourguemestre - FDC Chateauroux, France 
 

Auvergne (Au) 2 Allier (1) M-F. Faure - Musée d'Histoire Naturelle Henri-Lecoq, Clermont-
Ferrand, France 

 

  Cantal (1) M-F. Faure - Musée d'Histoire Naturelle Henri-Lecoq, Clermont-
Ferrand, France 

 

Rhône-Alpes (RA) 2 (2) Ardèche (2) C. Fougier, via M. Ruedi - Musée d'Histoire Naturelle de Genève, 
Switzerland; C. Faugier - Chomérac, France 

 

Languedoc-Roussillon (LR) 5 Gard (1) J-D. Méric - Sainte-Anastasie, France  
  Hérault (2) V. Prié - BIOTOPE, Meze, France; F. Catzeflis - Université de 

Montpellier 2, France 
 



  Pyrénées-Orientales (2) J. Garrigue - Réserve Naturelle de la Forêt de la Massane, France; N. 
Aït-Ameur - Université de Perpignan, France 

 

Midi-Pyrénées (MP) 4 (1) Aveyron (1) C. Crémière, via FDC Aveyron, France  
  Hautes-Pyrénées (3) G. Pottier - Nature Midi-Pyrénées, Toulouse, France; S. Peres - Groupe 

Ornithologique des Pyrénées et de l'Adour, France; D. Portier -
Maubouquet, France 

 

PACA (PA) 4 Alpes-de-Haute-Provence 
(1) 

via F. Léger - ONCFS, Gerstheim, France  

  Bouches-du-Rhône (3) G. Coste - FDC Bouches-du-Rhône, France; A. Olivier - La Tour-du-
Valat, France; via F. Léger - ONCFS, Gerstheim, France 

 

unknown locale 1 (1)    
Spain (SP) 61 (20)    
Aragon (Ar) 2 Huesca (2) J.J. Bafaluy Zoriguel - Spain / J-P. Vacher - BUFO, Strasbourg, France  
Basque Province (BP) 2 Butrón (1) J. Zabala - Sociedad para el Estudio de las Aves Rapaces, Kart Marx, 

Spain & I. Zuberogoitia - Estudios Medioambientales Icarus La Rioja, 
Spain 

 

  Karrantza (1) J. Zabala - Sociedad para el Estudio de las Aves Rapaces, Kart Marx, 
Spain & I. Zuberogoitia - Estudios Medioambientales Icarus La Rioja, 
Spain 

 

Asturias (As) 2 Adriano (1) O. Berdion - Universidad del País Vasco, Vitoria, Spain  
  El Llano (1) O. Berdion - Universidad del País Vasco, Vitoria, Spain  
Galicia (Ga) 8 (5) Coruña (2) P. Sierra - Arena, Lugo, Spain  
  Cotobade (2) P. Sierra - Arena, Lugo, Spain  
  Lugo (2) J.V. López-Bao & M.C. Otero - Estación Biológica de Doñana, Sevilla, 

Spain 
 

  Ourense (1) J.V. López-Bao - Estación Biológica de Doñana, Sevilla, Spain  
  Pontevedra (1) J.V. López-Bao - Estación Biológica de Doñana, Sevilla, Spain  
Cantabria (Can) 1 Santillana del Mar (1) A. G. P. de Santayana - Zoo de Santillana, Santillana del Mar, Spain  
Extremadura (Ex) 1 Badajoz (1) J.V. López-Bao - Estación Biológica de Doñana, Sevilla, Spain  
Catalonia (Cat) 14 (10) Badalona (1) A. Arrizabalaga Blanch - Museu de Granollers Ciencies Naturals, Spain  
  Barcelona (2) G. Molina Vacas - Universitat de Barcelona, Spain; Parc de Collserola, 

Spain 
 

  Girona (1) A. Petit & J. Mayné - Centro de Recuperació de Fauna Salvaje 
Torreferrussa, Barcelona, Spain 

 

  Granollers (5) A. Arrizabalaga Blanch - Museu de Granollers Ciencies Naturals, Spain  
  Parque Natural del 

Montnegre i Corredor (4) 
A. Arrizabalaga Blanch - Museu de Granollers Ciencies Naturals, Spain  

  Parque Natural del 
Montseny (1) 

A. Arrizabalaga Blanch - Museu de Granollers Ciencies Naturals, Spain  

Madrid (Mad) 3 (1) Madrid (3) I. Rey Fraile - Museo Nacional de Ciencias Naturales, Madrid, Spain; E. 
Martínez Nevado - Zoo Aquarium de Madrid, Spain 

 

Castilla-Leon (CL) 2 Burgos (1) G. Domínguez - Servicio Veterinario Salud Publico, Burgos, Spain  
  Palencia (1) J. Placer López - Palencia, Spain  
Murcia (Mu) 3 (3) Murcia (1) C. Martínez Marti, Murcia, Spain  
  Sierra Espuña Natural 

Park (2) 
C. Martínez Marti, Murcia, Spain  

Andalusia (An) 9 (1) Doñana NP (6) F. Palomares & J.V. López-Bao - Estación Biológica de Doñana, 
Sevilla, Spain 

 

  Higuera de la Sierra (1) F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  



  Jaén (1) C. Gutiérrez - Jaén, Spain  
  Villamanrique de la 

Condesa (1) 
J. Roman - Estación Biológica de Doñana, Sevilla, Spain  

Mallorca (Mal) 3 Capdepera (1) L. Parpal - Consorcio de Recuperació de la Fauna, Mallorca, Spain  
  San Joan (1) L. Parpal - Consorcio de Recuperació de la Fauna, Mallorca, Spain  
  Santa Margalida (1) L. Parpal - Consorcio de Recuperació de la Fauna, Mallorca, Spain  
Cabrera (Cab) 7 Cabrera NP (7) L. Parpal - Consorcio de Recuperació de la Fauna, Mallorca, Spain  
Ibiza (Ib) 4 San Francisco (1) S. Yepes - CPA, Ibiza, Spain  
  San Miguel (2) S. Yepes - CPA, Ibiza, Spain  
  San Rafael (1) S. Yepes - CPA, Ibiza, Spain  
Portugal (PO) 24 (6)    
Norte (No) 13 Braga (4) A. Loureiro - Instituto da Conservação da Natureza e da Biodiversidade, 

Lisbon, Portugal 
 

  Douro river (2) A. Loureiro - Instituto da Conservação da Natureza e da Biodiversidade, 
Lisbon, Portugal 

 

  Minho (1) A. Loureiro - Instituto da Conservação da Natureza e da Biodiversidade, 
Lisbon, Portugal 

 

  northern Portugal (2) A. Loureiro - Instituto da Conservação da Natureza e da Biodiversidade, 
Lisbon, Portugal 

 

  Porto (1) A. Loureiro - Instituto da Conservação da Natureza e da Biodiversidade, 
Lisbon, Portugal 

 

  Viana do Castelo (3) A. Loureiro - Instituto da Conservação da Natureza e da Biodiversidade, 
Lisbon, Portugal 

 

Centro (Ce) 5 (5) Aveiro (3) C. Fonseca & T. Barros - Universidade de Aveiro, Portugal  
  Coimbra (2) C. Fonseca & T. Barros - Universidade de Aveiro, Portugal  
Alentejo (Al) 6 (1) Beja (5) F. Palomares, J.V. López-Bao & X.P. Ferreira - Estación Biológica de 

Doñana, Sevilla, Spain 
 

  † Mértola (1) Laboratorio de Arqueozoologia. Universidad Autónoma de Madrid, 
Spain 

M991 - This study (modified from Rohland et al. 2004) 

Italia (IT) 1    
Piemont (Pi) 1 Oulx (1) L. Picco - Servizio Tutela Fauna e Flora, Torino, Italy  
North Africa 17 (2)    
Algeria (AL) 7 Algiers (1) B. Hamou - Parc Zoologique et des Loisirs d'Alger, Algeria  
  Batna (1) via M. Gouichiche - Centre Cynégétique de Zéralda, Algiers, Algeria  
  El-Kala NP (1) M. Boukheroufa - Université d'Anaba, Algeria  
  Jijel (1) M. Gouichiche - Centre Cynégétique de Zéralda, Algiers, Algeria  
  Tlemcen (1) R. Bouhraoua - Université de Tlemcen, Algeria  
  Forêt de Zéralda (2) M. Gouichiche - Centre Cynégétique de Zéralda, Algiers, Algeria  
Tunisia (TU) 6 (1) † Kroumirie (4) Muséum National d'Histoire Naturelle, Paris, France MNHN1906-22bis / 1906-108 / 1906-109 / 1906-112 (Gaubert 

et al. 2009) 
  Tunis (1) via F. Palomares - Estación Biológica de Doñana, Sevilla, Spain  
  † Zagouan (1) Muséum National d'Histoire Naturelle, Paris, France MNHN1911-808 - This study  (modified from Rohland et al. 

2004) 
Morocco (MO) 3 Marrakech (2) F. Cuzin - Marrakech, Morocco  
  Missoura (1) Emirates Center for Wildlife Propagation, Morocco  
Libya (LI) 1 (1) † Tripoli (1) Museum für Naturkunde der Humboldt-Universität zu Berlin, Germany ZMB12462 - This study (modified from Rohland et al. 2004) 
Sub-Saharan Africa 25 (11)    
Mauritania (MAu) 1 Tentane (1) P. Lluch, via P. Gaubert – Institut de Recherche pour le Développement, 

Paris, France 
 



Mali (MAl) 1 Mopti (1) L. Granjon - Muséum National d'Histoire Naturelle, Paris, France  
Senegal (SE) 2 Dakar (2) K. Ba - Institut de Recherche pour le Développement, Dakar, Senegal; 

A. Galat-Luong - Institut de Recherche pour le Développement, Orléans, 
France 

 

Benin (BE) 3 † Cotonou (3) P. Gaubert & S. Tchibozo - CERGET, Cotonou, Benin T298 / 304 / 306  (Gaubert et al. 2009) 
Chad (CH) 2 † Fort Lamy (2) Muséum National d'Histoire Naturelle, Paris, France MNHN1962-3308 / 1962-3309  (Gaubert et al. 2009) 
Namibia (NA) 2 Okahandja (1) S. de Vries - Rotterdam Zoo, The Netherlands  
  unknown locality (1) H. Sitek - Poznan Zoo, Poland  
South Africa (SAf) 14 (11) Great Fish River Reserve 

(11) 
E. Do Linh San - University of Fort Hare, Alice, South Africa  

  KwaZulu-Natal (1) P. Taylor - Durban Natural Science Museum, South Africa  
  captivity (2) P. Vercammen - Sharjah Desert Park, United Arab Emirates  
Middle East 9    
Saudi Arabia (SAr) 4 Jedda (1) via L. Granjon - Muséum National d'Histoire Naturelle, Paris, France  
  eastern Saoudi Arabia (1) P. Vercammen - Sharjah Desert Park, United Arab Emirates  
  Taif (1) P. Vercammen - Sharjah Desert Park, United Arab Emirates  
  captivity (1) P. Vercammen - Sharjah Desert Park, United Arab Emirates  
Yemen (YE) 4 captivity (4) P. Vercammen - Sharjah Desert Park, United Arab Emirates  
Oman (OM) 1 Salallah (1) A. Kitchener - National Museums Scotland, Edinburgh, United 

Kingdom 
 

Outgroups     
Genetta johnstoni 1 Taï NP, Ivory Coast (1) P. Gaubert & A.E. Dunham - Stony Brook University, New York, USA  
Genetta maculata 1 KwaZulu-Natal, South 

Africa (1) 
P. Taylor - Durban Natural Science Museum, South Africa  

 
a Newly added samples 
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Appendix S2 Geographic distribution of cytochrome b (cyt b) and control region (CR) haplotypes within Herpestes ichneumon and 

Genetta genetta. Haplotype coding refers to Appendix S3. Attribution of museum specimens is given between parentheses for their 

respective haplotypes. 

 
 Haplotypes 
 cyt b CR 
Herpestes ichneumon   
Spain (SP)   
Andalusia (An) cytbH1 (25), cytbH2 (2), cytbH3 (3), cytbH5 (1) CRH1 (5), CRH2 (11), CRH3 (3), CRH4 (6), CRH5 (2), 

CRH6 (4) 
Extremadura (Ex) cytbH4 (1) CRH2 (1) 
Madrid (Ma) cytbH1 (1) CRH3 (1) 
Castilla-La Mancha (CM) cytbH3 (2; MNCN3917 / 15224), cytbH6 (1; 

MNCN15194) 
CRH3 (1; MNCN15224), CRH7 (1; MNCN15194) 

Castilla-Leon (CL) cytbH6 (1; MNCN15223) CRH4 (1) 
Portugal (PO)   
Centro (Ce) cytbH1 (7) CRH2 (4), CRH3 (1), CRH8 (1), CRH9 (1) 
Alentejo (Al) cytbH1 (3), cytbH5 (3) CRH1 (1), CRH2 (3), CRH3 (2) 
Maghreb   
Algeria (AL) cytbH7 (1), cytbH8 (3), cytbH9 (3; MNHN1954-375 

/ 1960-3684 / 1991-348) 
CRH11 (3; MNHN1954-375 / 1960-3684 / 1991-348), 
CRH12 (3), CRH13 (1) 

Tunisia (TU) cytbH7 (1), cytbH8 (4), cytbH9 (1; MNHN1905-
432), cytbH10 (1) 

CRH10 (1), CRH11 (1; MNHN1905-432), CRH12 (5) 

Morocco (MO) cytbH7 (3; T669 / 670) CRH10 (1), CRH11 (2; T669 / 670) 
Sub-Saharan Africa   
Guinea (GU) cytbH7 (2; T426) CRH19 (2; T426) 
Benin (BE) cytbH7 (1; T703), cytbH8 (5; T700 / 701 / 702 / 

704) 
CRH20 (2; T700 / 701), CRH21 (2; T702 / 704), 
CRH22 (1; T703), CRH23 (1) 

South Africa (SA) cytbH14 (3; T685 / 686 / 687) CRH24 (2; T685 / 687), CRH25 (1; T686) 
Middle East   
Egypt (EG) cytbH11 (3) CRH14 (2), CRH15 (1) 
Israel (IS) cytbH12 (5) CRH14 (4), CRH16 (1) 
Lebanon (LE) cytbH13 (1; MNHN1960-467) CRH17 (1; MNHN1960-467) 
Turkey (TU) cytbH12 (3; T576), cytbH13 (1; T739) CRH16 (3; T576), CRH18 (1; T739) 



   
Genetta genetta   
France (FR)   
Haute-Normandie (HN) cytbH1 (1; T732) CRH4 (1) 
Pays-de-la-Loire (PL) cytbH1 (9) CRH2 (8), CRH3 (1) 
Poitou-Charentes (PC) cytbH1 (5) CRH2 (3), CRH5 (2) 
Aquitaine (Aq) cytbH1 (11) CRH1 (9), CRH2 (2) 
Limousin (Li) cytbH1 (1) CRH1 (1) 
Centre (Ce) cytbH1 (3) CRH1 (1), CRH2 (2) 
Auvergne (Au) cytbH1 (2) CRH1 (2) 
Rhône-Alpes (RA) cytbH1 (2) CRH1 (2) 
Languedoc-Roussillon 
(LR) 

cytbH1 (5) CRH1 (3), CRH6 (2) 

Midi-Pyrénées (MP) cytbH1 (4) CRH1 (3), CRH7 (1) 
PACA (PA) cytbH1 (4) CRH1 (1), CRH6 (3) 
unknown locale cytbH1 (1) CRH1 (1) 
Spain (SP)   
Aragon (Ar) cytbH1 (2) CRH1 (2) 
Basque Province (BP) cytbH1 (2) CRH1 (2) 
Asturias (As) cytbH1 (2) CRH1 (2) 
Galicia (Ga) cytbH1 (8) CRH1 (7), CRH8 (1) 
Cantabria (Ca) cytbH1 (1) CRH1 (1) 
Extremadura (Ex) cytbH1 (1) CRH1 (1) 
Catalonia (Ca) cytbH1 (14) CRH6 (6), CRH9 (2), CRH10 (1), CRH11 (2), CRH12 

(1), CRH13 (1), CRH14 (1) 
Madrid (Ma) cytbH1 (3) CRH1 (2), CRH15 (1) 
Castilla-Leon (CL) cytbH1 (2) CRH15 (2) 
Murcia (Mu) cytbH1 (3) CRH1 (3) 
Andalusia (An) cytbH1 (7), cytbH2 (2) CRH1 (6), CRH16 (1), CRH17 (1), CRH18 (1) 
Mallorca (Ma) cytbH1 (3) CRH1 (2), CRH19 (1) 
Cabrera (Ca) cytbH1 (7) CRH1 (7) 
Ibiza (Ib) cytbH1 (4) CRH20 (1) 
Portugal (PO)   
Norte (No) cytbH1 (13) CRH1 (12), CRH21 (1) 
Centro (Ce) cytbH1 (5) CRH1 (5) 
Alentejo (Al) cytbH1 (6; M991) CRH1 (3), CRH21 (2), CRH22 (1; M991) 
Italia (IT)   
Piemont (Pi) cytbH1 (1) CRH1 (1) 



Maghreb   
Algeria (AL) cytbH1 (5), cytbH3 (1), cytbH4 (1) CRH11 (2), CRH23 (1), CRH24 (1), CRH25 (1), 

CRH26 (1), CRH27 (1) 
Tunisia (TU) cytbH1 (1; MNHN1911-808), cytbH5 (1), cytbH6 (4; 

MNHN1906-22bis / 1906-108 / 1906-109 / 1906-
112) 

CRH22 (1; MNHN1911-808), CRH26 (1), CRH28 (3; 
MNHN1906-22bis / 1906-108 / 1906-109), CRH29 (1; 
MNHN1906-112) 

Morocco (MO) cytbH4 (1), cytbH6 (1), cytbH7 (1) CRH30 (1), CRH31 (1), CRH32 (1) 
Libya (LI) cytbH4 (1; ZMB12462) CRH34 (1; ZMB12462) 
Mauritania (MA) cytbH8 (1) CRH33 (1) 
Sub-Saharan Africa   
Mali (MAl) cytbH4 (1) CRH32 (1) 
Senegal (SE) cytbH4 (2) CRH35 (1), CRH36 (1) 
Benin (BE) cytbH9 (3; T298 / 304 / 306) CRH28 (2; T304 / 306), CRH37 (1; T298) 
Chad (CH) cytbH9 (2; MNHN1962-3308 / 1962-3309) CRH37 (1; MNHN1962-3309), CRH38 (1; MNHN1962-

3308) 
Namibia (NA) cytbH10 (2) CRH39 (2) 
South Africa (SA) cytbH11 (2), cytbH12 (11), cytbH13 (1) CRH40 (1), CRH41 (2), CRH42 (9), CRH47 (2) 
Middle East   
Saoudi Arabia (SAr) cytbH14 (4) CRH43 (1), CRH44 (3) 
Yemen (YE) cytbH15 (4) CRH45 (4) 
Oman (OM) cytbH16 (1) CRH46 (1) 
 



Appendix S3 Cytochrome b (cyt b) and control region (CR) haplotypes with corresponding GenBank accession numbers. Equivalence of 

incomplete haplotypes with other haplotypes is given (for the comparable portion of nucleotide sequence alignment; see Materials and Methods). 

 
GenBank accession numbera Equivalency of incomplete haplotypes 

Herpestes ichneumon 
cyt b CR cyt b CR 
cytbH1: GU183528 CRH1: GU183490 cytbH3 = cytbH1, cytbH2, cytbH5-6 CRH4 = CRH1, CRH2, CRH3, CRH9 
cytbH2: GU183529 CRH2: GU183491 cytbH6 = cytbH1, cytbH3 CRH5 = CRH6 
cytbH3: GU183530 CRH3: GU183492 cytbH7 = cytbH9 CRH7 = CRH8 
cytbH4: GU183531 CRH4: GU183493 cytbH8 = cytbH10 CRH11 = CRH10 
cytbH5: GU183532 CRH5: GU183494 cytbH12 = cytbH13 CRH18 = CRH15 
cytbH6: GU183533 CRH6: GU183495  CRH19 = CRH17 
cytbH7: GU183534 CRH7: GU183496   
cytbH8: GU183535 CRH8: GU183497   
cytbH9: GU183536 CRH9: GU183498   
cytbH10: GU183537 CRH10: GU183499   
cytbH11: GU183538 CRH11: GU183500   
cytbH12: GU183539 CRH12: GU183501   
cytbH13: GU183540 CRH13: GU183502   
cytbH14: GU183541 CRH14: GU183503   
 CRH15: GU183504   
 CRH16: GU183505   
 CRH17: GU183506   
 CRH18: GU183507   
 CRH19: GU183508   
 CRH20: GU183509   
 CRH21: GU183510   
 CRH22: GU183511   
 CRH23: GU183512   
 CRH24: GU183513   
 CRH25: GU183514   
Genetta genetta 
cytbH1: EF371618 (Gaubert et al. 2009) CRH1: EF371665 (Gaubert et al. 2009) cytbH6 = cytbH4-5, cytbH7-9 CRH4 = CRH1, CRH16 
cytbH2: EF371620 (Gaubert et al. 2009) CRH2: EF371655 (Gaubert et al. 2009) cytbH9 = cytbH4, cytbH6, cytbH8 CRH22 = CRH1, CRH4, CRH7, CRH9-11, CRH13-

16, CRH19-21, CRH24-25 
cytbH3: EF371632 (Gaubert et al. 2009) CRH3: GU183517  CRH29 = CRH26 
cytbH4: EF371633 (Gaubert et al. 2009) CRH4: GU183518  CRH31 = CRH27, CRH34 
cytbH5: EF371634 (Gaubert et al. 2009) CRH5: EF371664 (Gaubert et al. 2009)  CRH34 = CRH27, CRH31 
cytbH6: GU183544 CRH6: EF371660 (Gaubert et al. 2009)   



cytbH7: EF371630 (Gaubert et al. 2009) CRH7: EF371661 (Gaubert et al. 2009)   
cytbH8: EF371635 (Gaubert et al. 2009) CRH8: GU189389   
cytbH9: EF371652 (Gaubert et al. 2009) CRH9: EF371662 (Gaubert et al. 2009)   
cytbH10: EF371639 (Gaubert et al. 2009) CRH10: EF371663 (Gaubert et al. 2009)   
cytbH11: EF371642 (Gaubert et al. 2009) CRH11: EF371673 (Gaubert et al. 2009)   
cytbH12: GU183545 CRH12: GU183519   
cytbH13: EF371643 (Gaubert et al. 2009) CRH13: GU183520   
cytbH14: EF371644 (Gaubert et al. 2009) CRH14: GU183521   
cytbH15: EF371648 (Gaubert et al. 2009) CRH15: EF371667 (Gaubert et al. 2009)   
cytbH16: EF371649 (Gaubert et al. 2009) CRH16: EF371656 (Gaubert et al. 2009)   
 CRH17: EF371668 (Gaubert et al. 2009)   
 CRH18: EF371657 (Gaubert et al. 2009)   
 CRH19: EF371658 (Gaubert et al. 2009)   
 CRH20: EF371671 (Gaubert et al. 2009)   
 CRH21: EF371659 (Gaubert et al. 2009)   
 CRH22: GU183522   
 CRH23: EF371674 (Gaubert et al. 2009)   
 CRH24: EF371677 (Gaubert et al. 2009)   
 CRH25: EF371675 (Gaubert et al. 2009)   
 CRH26: EF371680 (Gaubert et al. 2009)   
 CRH27: EF371681 (Gaubert et al. 2009)   
 CRH28: GU183523   
 CRH29: EF371701 (Gaubert et al. 2009)   
 CRH30: EF371678 (Gaubert et al. 2009)   
 CRH31: EF371699 (Gaubert et al. 2009)   
 CRH32: EF371679 (Gaubert et al. 2009)   
 CRH33: EF371683 (Gaubert et al. 2009)   
 CRH34: GU183524   
 CRH35: EF371685 (Gaubert et al. 2009)   
 CRH36: EF371686 (Gaubert et al. 2009)   
 CRH37: EF371700 (Gaubert et al. 2009)   
 CRH38: EF371704 (Gaubert et al. 2009)   
 CRH39: EF371687 (Gaubert et al. 2009)   
 CRH40: EF371690 (Gaubert et al. 2009)   
 CRH41: EF371689 (Gaubert et al. 2009)   
 CRH42: GU183525   
 CRH43: EF371692 (Gaubert et al. 2009)   
 CRH44: EF371693 (Gaubert et al. 2009)   
 CRH45: EF371696 (Gaubert et al. 2009)   
 CRH46: EF371697 (Gaubert et al. 2009)   
 CRH47: GU183526   
 



a a single GenBank accession number was given when several were already available for the same haplotype. 
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Appendix S4 Numbering of cytochrome b (cyt b) + control region (CR) haplotype 
combinations. 
 

cyt b + CR combination 
Herpestes ichneumon H1 = cytbH1 + CRH1 

H2 = cytbH1 + CRH2 
H3 = cytbH2 + CRH3 
H4 = cytbH2 + CRH2 
H5 = cytbH1 + CRH3 
H6 = cytbH1 + CRH6 
H7 = cytbH4 + CRH2 
H8 = cytbH5 + CRH2 
H9 = cytbH5 + CRH1 
H10 = cytbH1 + CRH8 
H11 = cytbH1 + CRH9 
H12 = cytbH7 + CRH22 
H13 = cytbH7 + CRH10 
H14 = cytbH7 + CRH13 

Genetta genetta H1 = cytbH1 + CRH1 
H2 = cytbH1 + CRH2 
H3 = cytbH1 + CRH3 
H4 = cytbH1 + CRH5 
H5 = cytbH1 + CRH6 
H6 = cytbH1 + CRH7 
H7 = cytbH1 + CRH8 
H8 = cytbH1 + CRH9 
H9 = cytbH1 + CRH10 
H10 = cytbH1 + CRH11 
H11 = cytbH1 + CRH12 
H12 = cytbH1 + CRH13 
H13 = cytbH1 + CRH14 
H14 = cytbH1 + CRH15 
H15 = cytbH1 + CRH16 
H16 = cytbH2 + CRH17 
H17 = cytbH2 + CRH18 
H18 = cytbH1 + CRH19 
H19 = cytbH1 + CRH20 
H20 = cytbH1 + CRH21 
H21 = cytbH1 + CRH23 
H22 = cytbH1 + CRH24 
H23 = cytbH1 + CRH25 

 



Appendix S5 Best-fitting models and parameters estimated from ModelGenerator for the different alignments used in this study. 

 

 
 

Partition Alignment Variable 
sites 

Parsimony-
informative sites 

Model of evolution Transition/transversion 
rate 

Nucleotide 
frequencies 

Gamma distribution 
parameter 

Fraction of 
invariable sites 

Y/R transition 
rate ratio 

Herpestes 
ichneumon 

cyt b-
outgroup 

402 bp 63 23 HKY+I 31.40 pi(A) = 0.29680 
pi(C) = 0.29496 
pi(G) = 0.12759 
pi(T) = 0.28065 

0.78  

 cyt b 402 bp 10 10 HKY+I ∞ pi(A) = 0.29110 
pi(C) = 0.29825 
pi(G) = 0.14532 
pi(T) = 0.26533 

0.91  

 CR-
outgroup 

524 bp + 7 
indels 

112 49 + 7 indels HKY+ Γ 41.24 pi(A) = 0.28726 
pi(C) = 0.23609 
pi(G) = 0.15857 
pi(T) = 0.31808 

0.12   

 CR 443 bp 37 33 HKY+I 76.01 pi(A) = 0.27644 
pi(C) = 0.25212 
pi(G) = 0.16125 
pi(T) = 0.31019 

0.87  

Genetta 
genetta 

cyt b-
outgroup 

402 bp 53 33 HKY+I 42.34 pi(A) = 0.29427 
pi(C) = 0.29330 
pi(G) = 0.13124 
pi(T) = 0.28118 

0.78  

 cyt b 402 bp 32 29 HKY+I 38.09 pi(A) = 0.29233 
pi(C) = 0.29089 
pi(G) = 0.13344 
pi(T) = 0.28334 

0.81 0.53 

 CR-
outgroup 

523 bp + 2 
indels 

95 68 + 1 indel TrN+ Γ ∞ pi(A) = 0.32535 
pi(C) = 0.23925 
pi(G) = 0.12980 
pi(T) = 0.30560 

0.10  0.46 



 CR 523 bp + 1 
indel 

73 64 + 1 indel TrN+I+ Γ ∞ pi(A) = 0.32415 
pi(C) = 0.23816 
pi(G) = 0.12987 
pi(T) = 0.30783 

0.28 0.45  

 



Appendix S6 Maximum-likelihood phylogenetic tree of Herpestes ichneumon based on the 

partitioned analysis of cytochrome b and control region data sets. Values at nodes indicate, 

from top to bottom, maximum parsimony and maximum likelihood bootstrap supports (> 75 

%), and Bayesian posterior probabilities (> 0.95). Scale bar corresponds to 4 % sequence 

divergence. The first two taxa at the base of the tree represent the outgroups. The code of each 

sequenced individual consists of sample number followed by region (Europe) and country 

acronym (see Appendix S1). Clade numbering and delimitation refer to Fig. 1. 

 





Appendix S7 Maximum-likelihood phylogenetic tree of Genetta genetta based on the 

partitioned analysis of cytochrome b and control region data sets. Scale bar corresponds to 0.7 

% sequence divergence. See Appendix S6 for legend. 



 



Appendix S8 Trends among geographic distances and pairwise genetic distances (ΦST), number of haplotypes (h) and shared haplotypes (sh) 

from the European, most diversified genetic sources in Herpestes ichneumon (Andalusia) and Genetta genetta (Andalusia [An] and Catalonia 

[Cat]). Spearman’s rs (H. ichneumon) and Pearson’s r (G. genetta) are given together with their associated P-values. The white square on the y-

axis of h plot represents the number of haplotypes in the geographic ‘anchor point’ (i.e. the most diversified geographic source). 





Appendix S9 Overlap among Clade I distribution in Genetta genetta (white circles and range 

cover) and the main Mediterranean civilizations. Black circles show Clade IV representatives. 

The range of the species in North Africa and the Balearic Islands is represented by dashed, 

diagonal lines. Colonies and empires (yellow range cover) are given at their maximum 

extension. The range of the Tartessian Kingdom (south-western Iberia) is given on the 

Phoenician and Carthaginian maps. Dotted circle covers Crete and Aegean Sea islands. 

Historical maps were adapted from Wikipedia (http://en.wikipedia.org/wiki/Wikipedia; last 

accession 2 December 2009). 

http://en.wikipedia.org/wiki/Wikipedia
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