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Abstract

European hedgehog populations belonging to Erinaceus europaeus and E. concolor have
been investigated by mitochondrial DNA analysis. A 383 bp fragment of the cytochrome
b gene has been sequenced and maximum parsimony and neighbour-joining trees of
Tamura—-Nei genetic distance values have been constructed. Similar topologies have
been produced by both methods, showing a deep divergence between E. europaeus and
E. concolor and a further subdivision of each species into a western and an eastern clade.
A comparison with previously published allozyme data is made, and concordant and
discordant patterns are discussed. The influence of Pleistocene glaciations on the

observed pattern of divergence is inferred.
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Introduction

The way in which genetic variation is partitioned within
and between populations from different geographical
areas is a product of the history and evolution of a species.
Thus palaeogeographic events in Europe are expected to
have had a great influence on today’s species genetic
structure. During major Pleistocene glaciations most
European species were restricted to the south in parts of
Iberia, Italy, the Balkans and the Caucasus. In these refu-
gia, populations may well have been isolated for many
thousands of years during each glacial period, and then
expanded northwards following each climate ameliora-
tion (e.g. Hewitt 1993).

Phylogeographic studies look to find the relationships
between present genetic structure of a species and its geo-
graphical origin and history, and molecular studies
involving isozymes and latterly mitochondrial (mt)DNA
analysis have played a significant role in this area (Avise
et al. 1987; Avise 1994). Such studies on a number of
organisms have provided much information on recent
range contractions and expansions, as well as allopatric
evolution associated with ice ages. Broad distributional
DNA data that can be interpreted within the Pleistocene
climatic history of Europe have been recently obtained for
grasshoppers (Cooper et al. 1995), bees (Garnery et al.

Correspondence: Prof. G. M. Hewitt. Fax: +44-(0)-1603-592250;
E-mail: g.hewitt@uea.ac.uk

© 1998 Blackwell Science Ltd

1992, 1995), mice (Nachman et al. 1994; Boursot et al. 1996;
Din et al. 1996), rabbits (Hardy et al. 1995) and bears
(Taberlet & Bouvet 1994; Kohn et al. 1995). Some major
effects on the genetic structure of such environmentally
induced range changes are now appreciated (e.g. Avise
1989, 1994; Hewitt 1989, 1996) and a number of possible
consequences have been outlined. For example, rapid
expansion from refugial populations should involve
serial bottlenecking with progressive loss of allelic diver-
sity, so that populations in more recently colonized places
will contain less genetic diversity. Conversely, it is
expected that previously refugial areas will contain genet-
ically rich populations. Such major range changes operate
over large areas, so that allopatrically diverged genomes
may be distributed in geographical patchworks with
hybrid zones where they meet.

European hedgehogs belong to the genus Erinaceus,
and are distributed across Europe to the Urals and from
Scandinavia to Turkey and the near East. Two species are
recognized, E. europeaus from western Europe, and E. con-
color with an eastern distribution, and these appear to
have distinct karyotypes (Geisler & Gropp 1967; Mandahl
1978). A north/south zone of overlap, and possible
hybridization between the two species, exists from the
Baltic to the border between Italy and Slovenia. Another
such contact zone occurs from Lithuania east to around
Kirov. It has long been recognized that both of these
species are partitioned into several subspecies on the
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basis of morphological characters but all attempts to dis-
cretely define subspecies have failed (Corbet 1988; Reeve
1994). Therefore, according to Corbet (1988) none of the
subspecific names proposed for E. europaeus and E. con-
color can represent discrete definable units, and he recog-
nized the need for a molecular-based investigation to
solve the confusing taxonomy of hedgehogs. Recent stud-
ies have analysed genomic DNA utilizing restriction
enzyme analysis (Bannikova et al. 1996) and microsatellite
variation in populations (Becher & Griffiths 1997).
However, both studies offer little insight into phylogeo-
graphic and taxonomic questions within Erinaceus.
Filippucci & Simson (1996) have used autosomal
allozyme polymorphism to investigate the distribution of
genetic variation across the geographical distribution of
Erinaceus. Their data indicate a considerable level of
divergence between E. concolor from Turkey and Israel
and E. concolor from the Balkans, leading them to assert
that one of the previously described subspecies, E.
roumanicus, is a separate species. Within E. europaeus, the
Iberian populations appear quite distinct from the other
European populations, suggesting that the taxon named
E. hispanicus could also represent a distinct species,
closely related to E. europaeus.

These findings clearly suggest a strong influence of
Pleistocene isolation in southern refugia on the current
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genetic structure of populations. In this study we con-
struct an mtDNA gene phylogeny to investigate genetic
relationships among population groups and taxa, to illu-
minate the influence of Pleistocene range contraction/
expansion, and to trace possible colonization routes for
European hedgehogs.

Materials and methods
Collection of samples

Fifty-six hedgehogs from 14 and 12 different locations
across the species ranges of Erinaceus europaeus and E.
concolor, respectively, have been analysed (Fig. 1)
(Table 1). In some cases individuals from within a 10 km
radius were included as one location, although they may
belong to different subpopulations. An additional hedge-
hog species from Asia minor, Hemiechinus auritus, was
used as an outgroup. For each individual a piece of mus-
cle tissue was stored either in 95% ethanol at 4 °C or
frozen at — 80 °C. The majority of the samples have been
generously provided by M. Filippucci (University of
Rome, II), who used the same material for a previous
allozyme study (Filippucci & Simson 1996). The French
and Corsican samples were kindly provided by F. M.
Catzeflis (USTL, Montpellier).
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Fig.1 Map of the geographical distribution of Erinaceus europaeus (vertical lines) and E. concolor (horizontal lines) showing the locations studied.
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Table 1 Distribution of mtDNA haplotypes of Erinaceus among
the studied locations. See Fig. 1 for geographical placement

Location Haplotype
E. europaeus
UK 9,99
East Anglia
Germany
Westphalia
Bielefeld 6,6,6
Herford 7,8
Wuppertal 7
France
Les Matelles 9,9,10
Spain
Almonte 11, 11
Italy
Friuli 3,3,33,4
Tuscany
Pisa 2
Grosseto 3,3
Latium 2,2,2,2,3
Abruzzi 55
Calabria 2,2,2,5
Corsica
Galeria 2
Sicily
Ficuzza 12,12, 12
E. concolor
Italy
Friuli 13,14
Former Yugoslavia
Zivogosce Murana 15
Rihpovec 16
Greece
Igoumenitsa 15
Mt. Pangeon 17
Turkey
Turkish Thrace 15, 15,17
Anatolia
Edremit 18
Ulu Dag Mts. 18
Ezine 18,18
Acigol 18
Israel
Golan 19
Haifa 20, 20, 20, 21
H. auritus
Egypt 22,22

DNA extraction, PCR amplification and DNA
sequencing

For each specimen a small piece of muscle tissue was
ground in liquid nitrogen, to which 500 pL of extraction
buffer was added (20 mm Tris, 10 mm EDTA, 0.5% SDS).
This was digested overnight with 3 pL of proteinase K

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 1163-1172

(25 pg/mL) at 45 °C. The DNA was then purified with
Wizard minicolumns (Promega) following the manufac-
turer’s recommendations.

Two primers for a relatively conserved region of the
mammalian cytochrome b gene (cyt-b), L14724 (Irwin et al.
1991) and H15149 (Kocher et al. 1989), kindly provided by
M. Bruford (Institute of Zoology, London), were used for
PCR amplification. The 5' end of the first primer corre-
sponds to position 14126 of the hedgehog mtDNA
(Krettek et al. 1995), which is situated adjacent to the 5'
end of the cyt-b gene. The 5' end of the second primer cor-
responds to position 14612. These primers produce a
486 bp fragment of the cyt-b gene.

Polymerase chain reaction (PCR) amplification was car-
ried out using 1 unit of Tag DNA polymerase (Promega) in
a Perkin Elmer DNA thermocycler 480. Reactions were
carried out in 100 pL volumes including 5 pL of each
10 uM primer and 6 mm MgCl,. Two microlitres of a 1/20
dilution of DNA extraction was used for amplification.
The cycle profile was 94 °C denaturation (40 s), 49 °C
annealing (60 s), and 72 °C extension (40 s) for 35 cycles.
An initial cycle employed a 5 min denaturation at 94 °C
and the final cycle had an extension step of 72 °C for
10 min. PCR products were purified using Wizard PCR
Preps (Promega) following the manufacturer’s recom-
mendations and stored in TE at — 20 °C.

Sequencing was performed using the Thermo
Sequenase cycle sequencing kit (Amersham) using
100-200 ng of PCR template. Erinaceus-specific internal
fluorescent primers were developed for sequencing of
both strands: HE-L14279, 5'-RRCTCCATCYAATATTTC-
TTCT-3' (sense); and HE-B14570, 5'-CGTAACCCATAAA-
AGCTGTAG-3' (antisense).

For the primer HE-L14279 the reaction conditions were
95 °C denaturation (45 s), 50 °C annealing (10 s), and 72 °C
extension (30 s) for 20 cycles. An initial cycle employed a
4-min denaturation at 95 °C and after the completion of
the cycles samples were stored at 4 °C. Conditions for
reactions with the primer HE-B14570 differed by incorpo-
rating an annealing temperature of 53 °C.

Sequence analysis

Sequences were manually aligned to the E. europaeus mito-
chondrial DNA sequence of Krettek et al. (1995) and ana-
lysed using both parsimony and distance methods. An
initial unweighted analysis of haplotypes was performed
using the heuristic search option of pauP 3.1 (Swofford
1993). All heuristic searches were done using the closest
addition sequence holding 10 trees at each step, using the
tree bisection-reconnection (TBR) branch-swapping algo-
rithm, and swapping on minimal and nonminimal trees
with the steepest descent option. Trees were rooted with
H. auritus. Character weighting of codon positions was on
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the basis of the frequency of change for each position
within a codon for all taxa. The frequency of transversions
relative to transitions was based on the frequencies of the
two types of substitution calculated from the uniformly
weighted tree using the ‘state changes and stasis’ option of
MACCLADE version 3.03 (Maddison & Maddison 1992) in
the chart menu. As this probably underestimates the ratio
between closely related taxa, less conservative ratios were
also examined in a parsimony analysis with transversions
weighted relative to transitions.

The Tamura & Nei (1993) model of DNA sequence evo-
lution was used to estimate the genetic distances between
taxa. This measure has been found to be appropriate for
analyses of mammalian cyt-b sequence data (Talbot &
Shields 1996a) because it accounts for different rates of
transition substitutions. Distance trees were generated
using the computer program MEGA (version 1.01, Kumar
et al. 1993). Trees were constructed using the neighbour-
joining method of Saitou & Nei (1987).

Results
Nucleotide diversity

Cytochrome b sequence of 383 bp was obtained for all 56
Erinaceus analysed.

A total of 20 haplotypes have been identified (Fig. 2),
with from 1 to 3 haplotypes per location (Table 1).
Sequences have been deposited in GenBank with
Accession nos AF051405-AF051424. The two individuals
of Hemiechinus auritus possessed the same haplotype.
Some haplotypes were observed in more than one speci-
meny; therefore only one individual for each haplotype was
included in subsequent analyses. One of the haplotypes
from Italy was the most similar to the E. europaeus haplo-

type from Sweden, sequenced by Krettek et al. (1995), and
therefore was numbered 2, considering the Swedish
sequence that we used for alignment as haplotype 1. The
distribution of haplotypes in the sampled localities and
their number codes are presented in Table 1. Across all
Erinaceus haplotypes 310 (81%) nucleotide positions were
identical. Of the 73 variable sites, 11 were autapomorphies
and 62 were phylogenetically informative. Of the phyloge-
netically informative sites 44 were at the third codon posi-
tions, 15 were at first positions and three were at second
positions. The four nucleotides do not occur in equal fre-
quency and, similar to other mammalian cyt-b sequences
(Irwin et al. 1991; Groves & Shields 1996; Talbot & Shields
1996a, 1996b), there is a notable deficit of guanine
nucleotides, particularly at third codon positions.

Haplotype distribution

In Italy we observed four haplotypes (2-5), among a total
of 19 specimens. Haplotypes 2 and 3 were both present in
central Italy, 3 and 4 in northeastern Italy, and 2 and 5 in
the South. The single specimen from Corsica has the com-
mon Italian haplotype (2). The three samples from Sicily
share a very distinct haplotype (12), more closely related to
the second E. europaeus clade, formed by Spanish, French
and English populations. The level of divergence within
the mainland Italian haplotypes from 19 individuals is
very low, with 1-3 substitutions distinguishing local hap-
lotypes 3, 4 and 5 from the most widespread haplotype (2).
A similar level of divergence was found among the three
German haplotypes from the six samples from Westphalia
(6-8). These are also very closely related to the Italian ones.
The haplotypes found in Spain, France and the UK (9-11)
are quite distinct from the Italian and German haplotypes,
and cluster with the Sicilian haplotype. Within E. concolor a
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E.eur 2 CTTTCAGATATTATACGCGCTCCGATTCTAGTCTTCTCCCTGCTCATCCAGCCTATCATTAAATTCATTGGTCA
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E.€UI 4 teevtecercsccssccnssncnns [ T T T I A G..
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E.eur 6 ...eeeene Givernnnnnnn €
E.eUr 7 teeeecceccscccccnnnnns TeeeaCorenneeanoeseosesaseassosssscsssssssscscssscsans
E.€Ur 8 teeececescsccsccnnnes B 0 L R
E.eur 9 T...T.A.Civeiriennnnnn AT...C..C.A TTeACeeCuivovvnnnnnnns G..CC....AA...
E.eur 10 T...TAiieeeeennnnns AT...Ci...AC.u.nn TT..A.C..C....T G..CC.G..A..T.
E.eur 11 T...T.Ac.iceeeeennnns AT...C....AC..... TT..AiCeeCuvennnnnnnnns G..CC.G..A..T.
E.eur 12 TeooTeAiieeeeoeacnnns TT.CC....A.TG...T A..TeCTueveeeecsannns G.GiCuGevvnnn
E.con 13 T...TGA...C.G.T..TC..T.A.. TA..CCTAT.TCA......T.A.TCC.T..A.G.A.T..GA...G
E.con 14 T...TGA CCG.T..TC..T.A.. TA CTAT.TCA...... TCA.TCC.T..A.G.A.T..AA.G.G
E.con 15 T...TGA...C.G.T..TC..T.A.. TA CTAT.TCA...... TCA.TCC.T..A.G.A.T..GA...G
E.con 16 T...TGA C.GGT..TC..T.A.. TA CTAT.TCA...... TCA.TCC.T..A.G.A.T..GA...G
E.con 17 T...TGA C.G.TT.TC..T.A.. TA CTAT.TCA.covew TCA.TCC.T..A.G.A.T..GA...G
E.con 18 TC.CT.AG..C.GCC.ATCT.T.A.. TA TAT.TCAT....T.CA.TCT.TGAA.GGA.T.C.A..TG
E.con 19 TC.CT.AG..C.GCC.ATCT.T.A.....TA..... AT.TCAT..G.T.CA.TCCCTGAA.GGA.T.C.A..TG
E.con 20 TC.CT.AG..C.GCC.ATCT.T.A....CTA..... AT.TCAT..G.T.CA.TCCCTGAA.GGA.T.C.A..TG
E.con 21 TC.CT.AG..C.GCC.ATCT.T.A.....TA..... AT.TCAT..G.T.CA.TCCCTGAA.GGA.T.C.A...G

Fig. 2 DNA sequence variation among
the sequenced part of the cyt-b gene for
the 20 Erinaceus haplotypes identified in
this study.
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total of nine haplotypes were detected. Three (19-21) were
from Israel, and one from Anatolia (18). Israeli and
Anatolian haplotypes are closely related to each other but
very distinct from the remaining six Balkan haplotypes.
Two of these (1517) are widespread in the Balkans,
observed from Turkish Thrace to former Yugoslavia.
Several other haplotypes have been observed in former
Yugoslavia (16) and in northeastern Italy (13-14).

Parsimony analysis

Sixteen most parsimonious (MP) trees (step length 112; CI,
0.705; RI, 0.911) were derived from a heuristic search with
uniform weighting. A strict consensus tree resulted in
polytomies among terminal lineages from close geo-
graphical proximity. The total number of steps at first, sec-
ond, and third codon sites was reconstructed from the
strict consensus tree giving a weighting ratio of 8:31:3. A
transition/transversion ratio of 5:2 was estimated from
substitutions on the strict consensus tree. We have
adopted the suggestion of Fitch & Ye (1991) that an analy-
sis incorporating both substitution and position weight-
ing may describe a more accurate estimate of the true
phylogeny. Eight MP trees were derived from a heuristic
search with a transition:transversion weighting ratio of
2:5, and a codon position weighting ratio of 8:31:3 for first,
second and third positions, respectively. Less conserva-
tive transition/transversion weighting ratios of 2:10 and
2:15 were also included in the analysis but did not affect
the tree topology. A strict consensus of these eight trees
(Fig. 3) differed from the unweighted strict consensus tree
by the resolution of a single polytomy.

95

Distance analysis

The neighbour-joining algorithm was used to generate a
tree from pairwise distance estimates calculated using the
Tamura-Nei (1993) model (Fig. 4). This tree is in complete
agreement with the parsimony tree (Fig. 3).

A comparison of our mtDNA phylogeny with a phy-
logeny derived from a recent study of Erinaceus using
allozyme data (Filippucci & Simson 1996) is presented
in Fig. 5. Branches containing taxa not in common in
the allozyme and cyt-b trees have been pruned. The
comparison reveals a high level of congruence between
the allozyme and the cyt-b trees. The single major differ-
ence is the conflicting position of the Sicilian sample in
the two trees.

Discussion
Genomic subdivision and divergence times

The analysis of the spatial genetic structure of these
European hedgehogs revealed a clear geographical parti-
tioning of the haplotypes with a considerable divergence
between genomes occurring in different regions of the
species range (cf. Figure 6). Maximum parsimony analysis
and Tamura—Nei estimates of levels of genetic differentia-
tion also show that Erinaceus europaeus and E. concolor are
both subdivided into two major clades. Within the first
clade samples from mainland Italy and Germany are clus-
tered together, with a low level of divergence among hap-
lotypes. The second E. europaeus clade includes samples
from Sicily, Spain, France and the UK. Haplotypes in this
clade present a higher level of differentiation than the first
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Fig. 3 Maximum parsimony tree for 21 hedgehog haplotytpes calculated from cyt-b sequences. Bootstrap values above 70% are given.
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Fig. 4 Neighbour-joining tree of Tamura & Nei (1993) genetic distance values (above) for 21 hedgehog haplotypes calculated from cyt-b

sequences, also showing bootstrap values above 70% (below).

clade, with branch nodes also well supported by boot-
strap analysis (Figs 3 and 4).

Samples from the Balkans, Greece and from northeast-
ern Italy form the first E. concolor clade. The second E. con-
color clade includes haplotypes from Turkey and Israel
and is clearly divergent from the first one with high boot-
strap values and branch lengths. These findings amply
support the general view of Filippucci & Simson (1996),
that there is a high level of divergence within each of the
two species.

E.europaeus

Spain Spain ———

We have applied the standard mtDNA time calibration
(Wilson et al. 1985) to Tamura—Nei and Kimura 2-parame-
ter genetic distance values, and obtained similar esti-
mates. The time estimates reported here refer to the
Tamura—Nei distance values. Similar values have also
been obtained for Tamura—Nei distances calculated from
third codon positions only, using the time calibration on
Ursid fossil data proposed by Talbot & Shields (1996b).

We place an age estimate of = 5.8 Ma for the split
between E. europaeus and E. concolor. Within E. europaeus

Fig.5 Congruence of UPGMA trees for
allozyme data (Filippucci & Simson 1996)
and cyt-b data. The cyt-b tree is presented
as a UPGMA tree for comparison with the

— Sicily —
Sicily / y 1996 allozyme analysis.
——-| Ital
Italy y
Germany Germany
N.Italy N.Italy —
ex-Yugo ex-Yugo
Greece Greece
Anatolia Anatolia
Allozymes I Israel tsrae — CYtD g:;:])uence
(28 loci) P
— E.concolor '
0.05 Nei's D 0.01 Tamura-Nei's D
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s

Fig. 6 Phylogeography of the different haplotypes emphasizing the east/ west division of Erinaceus europaeus and E. concolor and the more

recent dichotomies in each of them.

we estimate the divergence of the two major clades to
have occurred = 2.7 Ma. The divergence estimate for the
two concolor clades is similar to that for the major division
of the E. europaeus clade with a timing of = 3.0 Ma.

In addition to the major mtDNA division between E.
europaeus and E. concolor, another feature is the demon-
stration that the haplotypes of the French and UK samples
are closely related to the Spanish sample. These data,
together with the low level of divergence of haplotypes
belonging to the second major E. europaeus clade, includ-
ing Italy, Corsica, Germany and Sweden (the last one
obtained from the sequence published by Krettek et al.
1995), indicate an east-west geographical partitioning
down central Europe between France and Germany.
Similarly, in E. concolor the Balkan samples form a clade
distinct from the Anatolian and Israeli samples, and these
two clades show a partitioning at the Bosphorus which
forms a long-standing natural divide.

A number of species show hybrid zones between races or
subspecies running north-south down central Europe from
the Baltic to the Alps, separating divergent western and
eastern genomes, e.g. house mouse (Mus domesticus and M.

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 1163-1172

musculus; Ferris et al. 1983; Dallas et al. 1995; Boursot et al.
1996), yellow-bellied and fire-bellied toads (Bombina varie-
gata and B. bombina; Szymura 1993), crows (Corvus corone
and C. cornix; Mayr 1963), grass snakes (Natrix natrix;
Thorpe 1984), oaks (Quercus robur group; Ferris et al. 1993),
and shrews (Sorex araneus group; Taberlet et al. 1994). These
are best explained as contacts between the postglacial
expansions from western and eastern refugia. Hybrid zones
in other parts of Europe, such as the Alps, Pyrenees and cen-
tral Sweden (Jaarola & Tegelstreem 1995; Hewitt 1996), are
also explicable in terms of postglacial expansions and sec-
ondary contacts. The hedgehog mtDNA phylogeography
indicates a major genomic division between western and
eastern Europe (E. europaeus and E. concolor) with a contact
zone running in the same general region as for many other
organisms, and within each of these there is a further subdi-
vision with contact zones between the lesser diverged
clades (Fig. 6). It is interesting to note that the karyotypes
from the UK, western Europe and eastern Europe are dis-
tinct (Mandahl 1978; Searle & Erskine 1985; Sokolov et al.
1991), which would suggest that perhaps hedgehog
genomes are similarly subdivided by karyotypes.
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Sicilian intrigue

Paradoxically, the small Sicilian sample which is similar to
the Italian populations on the basis of allozyme data
shows a cyt-b haplotype more closely related to the
‘Spanish/French/UK group’ than to the ‘Italian/
German/Swedish’ group. The effects of the long-term iso-
lation of Sicily and southern Calabria from the rest of Italy
(caused by the presence of marine-flooded grabens in cen-
tral Calabria for most of the Pleistocene) are apparent
from a number of plant and animal distributions, with
endemic forms from Sicily and southern Calabria
(Malatesta 1985; Caloi et al. 1989; Santucci et al. 1996). The
lack of congruence between allozyme and mtDNA data
for the Sicilian hedgehogs may be explained by: (i) a
lower resolution of allozyme analysis compared to
mtDNA; (ii) a possible colonization of Sicily by the Italian
form, with a subsequent partial replacement of Sicilian
nuclear alleles with the Italian ones, but maintaining the
original mtDNA; (iii) human transport of animals between
Italy and Sicily. The first hypothesis does not fit with the
high congruence of allozyme and mtDNA for all the
remaining common samples. The second possibility seems
more probable, given also the evidence of late Pleistocene
contacts between Sicily and peninsular Italy. Either unidi-
rectional hybridization, or stochastic factors, or selective
pressure on nuclear loci could be responsible for the
observed pattern. Of course the limited number of Sicilian
samples included in both studies may also have caused
the discrepancy between the protein and the DNA trees.

Pleistocene range changes

From a review of all the available data, Butler (1988) con-
siders that hedgehogs entered Europe from Asia, and fossil
species related to current Erinaceus have been found across
Europe from the Pliocene. The degree of genetic differentia-
tion observed across the sampled geographical range com-
bined with growing evidence of the extent of glacial ice
sheets and palaeoclimates allows some inference about the
evolutionary history of these hedgehogs. The genetic dis-
tance between E. europaeus and E. concolor suggests that
their original divergence may be in the late Miocene to
early Pliocene (11.7% — = 5.8 Ma). This period saw impor-
tant climatic changes with much evidence of increased
glaciation around 6 Ma, followed by a warm period in the
mid-Pliocene, which preceded the onset of the Pleistocene
glaciations around 3.5 Ma (Eyles 1993). It is possible, there-
fore, that this deep divergence between the two species was
instigated by this early Pliocene cold period, when the orig-
inal population was restricted to east and west refugia.

The next divergence within each of E. europaeus and E.
concolor (5.1% and 6.0%) would seem to have been around
2.7 Ma and 3.0 Ma, respectively, when in E. europaeus the

line giving rise to the Sicilian, Spanish, French and UK pop-
ulations was separated from that producing the Italian and
German populations, while in E. concolor the Balkan lin-
eages separated from the Anatolian and Israeli ones. There
was an intensification of glaciation at this time with the
establishment of the great northern ice sheets in America
and in Europe. It is tempting to suggest that the proto-
europaeus was forced into refugia in Iberia and Italy, and the
proto-concolor into the southern Balkans and Turkey /near-
East (e.g. Lebanon, Israel, Jordan), respectively. The succes-
sion of Pleistocene ice ages and interglacial warm periods
on an approximately 100000-year cycle would have
allowed the hedgehogs to expand from these refugia only
to be restricted again with each ice age. While the details of
each interglacial expansion may have been different, the
geographical structuring of the four lineages from west to
east across Europe implies that the southern peninsulas
have acted as continual refugia (cf. Hewitt 1993).

The present data also indicate a more recent divergence
around 0.5 Ma, within the eastern clade of E. europaeus
between the Italian and German samples, and similarly
one in the eastern clade of E. concolor between the
Anatolian and Israeli samples. Obviously, more detailed
sampling is required, but these data suggest further geo-
graphical substructuring in the extant and refugial popu-
lations of hedgehogs, so that in the last few ice ages
German populations may have had a separate refugium
in perhaps the south of France or possibly northern Italy.
The same reasoning applies to Turkish and Israeli lin-
eages, with possible recent refugia in northern Turkey and
the near-East. Further sampling across northern Europe is
also required to determine the routes of postglacial expan-
sion of these hedgehogs, particularly those in Eastern
Europe which one would predict come from populations
in the Balkans. This analysis would also provide a test of
whether the postglacial expansion involved loss of allelic
variation through colonization bottlenecking (Hewitt
1996; Ibrahim et al. 1996).

The divergence of the Sicilian mitochondrial haplotype
from the Italian ones, and its affinity to the Spanish haplo-
types, may be explained as residues of one of the more
ancient expansions surviving the ice ages in southern
Spain and Sicily. The nuclear genome, as identified by
allozymes, may have invaded recently from the Italian
mainland, carried by the males, with the Sicilian females
retaining their ancestral mitochondria.

The times of the various divergence events for hedge-
hogs may be compared with a few other species for which
such data are available. Taberlet et al. (1998) were able to
estimate the depth of divergence between populations
from refugial areas in Iberia, Italy and the Balkans for Ursus
arctos, Crocidura suavolens and Arvicola spp. at 2%, 6.4% and
7.6%, respectively, for cyt-b gene sequences. These approxi-
mate to 1 Ma, 3.1 Ma and 3.8 Ma. These are all more recent
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than the hedgehog divergence, and those for the shrew
Crocidura and the water vole Arvicola would approximately
coincide with the onset of the Pleistocene glaciations. In
comparison with these species the hedgehogs have thus
retained quite an ancient European genome divergence.
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