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Abstract

The genetic integrity and evolutionary persistence of declining wildcat populations are
threatened by crossbreeding with widespread free-living domestic cats. Here we use allelic
variation at 12 microsatellite loci to describe genetic variation in 336 cats sampled from nine
European countries. Cats were identified as European wildcats (Felis silvestris silvestris),
Sardinian wildcats (F. s. libyca) and domestic cats (F. s. catus), according to phenotypic traits,
geographical locations and independently of any genetic information. Genetic variability
was significantly partitioned among taxonomic groups (Fgp = 0.11; Rgp = 0.41; P < 0.001)
and sampling locations (Fg = 0.07; Rg = 0.06; P < 0.001), suggesting that wild and domestic
cats are subdivided into distinct gene pools in Europe. Multivariate and Bayesian cluster-
ing of individual genotypes also showed evidence of distinct cat groups, congruent with
current taxonomy, and suggesting geographical population structuring. Admixture ana-
lyses identified cryptic hybrids among wildcats in Portugal, Italy and Bulgaria, and evidenced
instances of extensive hybridization between wild and domestic cats sampled in Hungary.
Cats in Hungary include a composite assemblage of variable phenotypes and genotypes,
which, as previously documented in Scotland, might originate from long lasting hybrid-
ization and introgression. A number of historical, demographic and ecological conditions
can lead to extensive crossbreeding between wild and domestic cats, thus threatening the
genetic integrity of wildcat populations in Europe.
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Introduction

The wildcat (Felis silvestris) is a polytypic species with three
wild subspecies, the African (F. s. libyca), European (F. s.
silvestris) and Asian (F. s. ornata) wildcats, and a domesti-
cated form (F. s. catus; Ragni & Randi 1986; Randi & Ragni
1991; Wozencraft 1993; Johnson & O’Brien 1997). African
and European wildcats are closely related and split recently,
probably towards the end of the Last Glacial Maximum, as
suggested by palaeontological, biochemical and molecular
data (Davis 1987; Randi & Ragni 1991; Masuda et al. 1996).
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Nowadays, the European wildcat is distributed in Europe
in a number of fragmented populations threatened by
destruction of their natural habitats, persecution and
crossbreeding with free-ranging domestic cats (Nowell &
Jackson 1996; Fig. 1). The Egyptians, from 8000 to 4000 years
ago domesticated African wildcats. Thereafter, the Etrus-
cans, Greeks and Romans spread domestic cats through-
out continental Europe and Great Britain (Malek 1993;
Clutton-Brock 1999). African wildcats at early stages of
domestication were introduced, and became feral, on some
Mediterranean islands by Neolithic navigators, probably
less than 6000-4000 years ago (Ragni 1981; Davis 1987).
The fossil record documents the presence of F. s. libyca in
Sardinia at least by 3000 years ago (Vigne 1992). Therefore,
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Europe hosts two wild subspecies of F. silvestris, the
European and the African wildcats, and the domestic cat.
Domestic and wild cats can interbreed and produce fer-
tile offspring both in captivity and in nature (Robinson
1977; Ragni 1993). Deforestation, the spread of agriculture
and the eradication of large predators have probably fav-
oured the expansion of free-ranging and feral cats, which
are now distributed worldwide, often in sympatry with
wildcat populations in Europe and Africa (Nowell &
Jackson 1996). The protracted coexistence of domestic and
wild cats raised the fear that widespread interbreeding
would have led to genetic extinction, by hybridization and
introgression (Rhymer & Simberloff 1996), of “‘pure’” wild-
cat populations in Europe (Suminski 1962), the Near East
(Mendelssohn 1999) and South Africa (Stuart & Stuart 1991).
Widespread introgression would also render uncertain
any identification of ‘pure” wildcat populations for use as
reference populations in taxonomic studies (Daniels ef al.
1998). The domestication process did not strongly modify
the morphology of cats, except for coat colour variability,
which is controlled by a few genes (Robinson 1977). Con-
sequently, morphological studies were not able to show diag-
nostic traits suitable to identify hybridizing cat populations
(French et al. 1988; Daniels et al. 1998). However, to avoid
the risk of genetic pollution, hybridizing populations should
be identified and monitored in wildcat conservation plan-
ning and management (Ragni 1993; Randi ef al. 2001).
Beaumont et al. (2001) and Randi ef al. (2001) used Bay-
esian clustering and admixture analyses (Pritchard ef al.
2000) of multilocus genotypes to describe the genetic struc-
ture of cat populations and identify known or presumptive
hybrids. Hybridization and introgression was widespread
in Scotland (Beaumont ef al. 2001), but only rare hybrids
occurred in Italy (Randi et al. 2001). These findings strongly
warn against any generalization: a number of different
historical and / or (still unknown) ecological factors might
account for different rates of crossbreeding and introgression.

The genetic compositions of wild-living cat populations
can be very different because hybridization can be locally
rare or widespread. Cryptic hybrids, that is individuals
that cannot be identified using only morphological traits,
might be inadvertently included in sample collections,
and should be identified using the appropriate molecular
markers and statistical procedures.

In this study we analyse genetic variation at 12 feline
microsatellite loci in samples of wild and domestic cats
collected in Europe. We aim to: (i) estimate the extent of
genetic differentiation between cats that were preclassified
using morphological traits and sampling locations; (ii)
assess the genetic structure in wildcat populations inde-
pendently of any prior classification, using multivariate
ordination and Bayesian genetic clustering; (iii) identify
cryptic hybrids in European wildcat populations using
admixture analyses.

Materials and methods

Sample collection and phenotypic identifications

A total of 130 domestic cats, 165 European wildcats, 16
African wildcats from Sardinia (Sardinian wildcats), and
25 known or presumptive European wild X domestic cat
hybrids were obtained from various localities in Portugal,
Belgium, Switzerland, Italy, Germany, United Kingdom,
Slovenia, Hungary and Bulgaria. Cats were identified by
collectors according to presence or absence of the ‘wild’
coat phenotype at the locus Tabby (Robinson 1977; Piechocki
1990; Ragni & Possenti 1996). Additional morphological
criteria, such as the cranial and intestine indices, life-history
traits and the stomach contents (Schauenberg 1969, 1977;
Ragni & Randi 1986; French et al. 1988; Herrmann 1990;
Piechocki 1990) were also considered in some cases. Sam-
pling locations and a summary of criteria used for phenotypic
identifications are shown in Fig. 1 and the Appendix L.

Fig.1 Approximate distributions of Euro-
pean and Sardinian (in Sardinia) wildcat
populations (grey areas). Numbers indicate
the sampling locations of the wild and
domestic cat populations used in this study
(see Appendix I). Question marks indicate
area of uncertain distribution of European
wildcat populations (adapted from Nowell
& Jackson 1996).

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598
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DNA extraction and microsatellite genotyping

Tissue and blood samples were obtained through veteri-
nary practices (domestic cats) or from road-kills and local
trapping projects (wildcats), and preserved in 100% ethanol
(tissues) or in a Tris/sodium dodecyl sulphate buffer
(blood). Total DNA was extracted using guanidinium-silica
(from tissues; Gerloff et al. 1995), or salting-out proced-
ures (from blood; Miller et al. 1988). Twelve microsatellites,
originally isolated in the domestic cat (Menotti-Raymond
& O’Brien 1995; Menotti-Raymond et al. 1999), were ampli-
fied by polymerase chain reaction and analysed using
protocols described by Randi et al. (2001).

Analyses of genetic variation

Allelic frequencies, observed (H,) and expected heterozy-
gosity (Hp) were computed using the program GENETIX 4.02
(Belkhir et al. 2001; http: //www.univ-montp2.fr / ~genetix /
genetix.htm). Deviations from Hardy-Weinberg (HWE)
and linkage (LE) equilibria, and the significance of Weir &
Cockerham'’s (1984) estimator of Fg were evaluated using
GENEPOP 3.2a (Raymond & Rousset 1995; http: // www.cefe.
cnrs-mop.fr/). ARLEQUIN 2.0b2 (Schneider et al. 2002;
http://anthropologie.unige.ch/arlequin) was used to evalu-
ate the significance of genetic differentiation among the sam-
pled groups by analysis of molecular variance (Amova)
with analogues of Fg; and Rg; (Slatkin 1995).

Evidences of population bottlenecks were assessed using
the M-ratio test (Garza & Williamson 2001; http://www.
pfeg.noaa.gov / tib / carlos.htm). The probabilities of the
observed M-values were estimated by simulations under
the stepwise-mutation model (Kimura & Ohta 1978), or the
two-phase mutation model (Di Rienzo ef al. 1994), with 95%
one-step mutations, average size of non one-step muta-
tions Ag = 3.5, and 8 = 4N u = 5 or 10. Cornuet & Luikart’s
(1996) ‘sign” and two-tailed “Wilcoxon signed-ranks’ tests
of excess expected HWE heterozygosity (BOTTLENECK 1.2.02;
Piry et al. 1999; http://www.ensam.inra.fr / URLB) were
also used, as was the ‘mode-shift’ test, under a stepwise-
mutation model or a two-phase mutation model with 95%
one-step mutations.

Multivariate and Bayesian cluster analyses

Evidences of population distinction were obtained using
two approaches. Patterns of differentiation were described
by Factorial Correspondence Analysis (FCA; Benzécri 1973)
of individual multilocus scores, computed using GENETIX.
In this approach population clusters are identified graph-
ically and it is not possible to assign quantitatively (pro-
babilistically) the individuals to the clusters. Therefore,
using FCA the identification of admixed individuals is
uncertain.

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598

In a second approach population structure was assessed
using a model-based Bayesian procedure, implemented
in the program STRUCTURE (Pritchard et al. 2000; http://
pritch. bsd.uchicago.edu). This model was designed to iden-
tify the K (unknown) populations (genetic clusters) of origin
of individuals, and simultaneously to assign the individuals
to the populations with explicit estimates of their 90% con-
fidence intervals. Individuals are probabilistically assigned
to one cluster (the population of origin), or more than one
cluster (the parental populations), if they are genetically
admixed as a result of hybridization. STRUCTURE assumes
that the neutral unlinked molecular markers are in HWE
and LE in the populations, and that recent population
admixture, migration or hybridization would probably
produce departures from HWE and LE. STRUCTURE
was run with the ‘admixture model’, and one to five repe-
titions of 100 000 iterations following a burn-in period of
10 000 iterations.

Population structure was assessed using the entire sam-
ple set (1 = 336), and assuming that sampled cats belong to
an unknown number of K genetically distinct clusters. Pos-
terior probability values for K (log likelihood; In L) were
estimated assigning priors from three to seven (Randi ef al.
2001; showed that a sample of European wildcats, Sard-
injan wildcats and domestic cats were split into at least three
distinct genetic clusters). We chose the value of K=6,
which showed the highest likelihood, and then evaluated
the average membership coefficients of predefined (sam-
pled) cat groups to the six inferred clusters. Each sampled
group was assigned to one cluster if its average proportion
of membership was > 0.80, or jointly to more than one clus-
ter, if its average proportion of membership to each cluster
was < (0.80.

Then, we assessed the individual proportion of mem-
bership (g,) that is the average proportion of each geno-
type that is inferred to originate from each cluster using
only genetic information. Individuals with g,>0.80 were
assigned to one cluster, or jointly to more than one cluster, if
the proportion of membership to each cluster was g, < 0.80
(admixed cats). The threshold value of 0.80 was arbitrarily
defined to be sure that at least 80% of an individual’s
genome is assigned to one or more than one inferred cluster.

Finally, the ancestry of cats inferred as admixed was
investigated assuming that each genotype should belong
to more than one of three clusters, the ‘domestic cat’, the
‘Sardinian wildcat” or the ‘European wildcat’ cluster (see
Randi et al. 2001). Therefore, we used STRUCTURE with K =
3 to compute cat ancestry, first using the available prior
population information (phenotypic classification), and
options USEPOPINFO = 1, POPFLAG = 1. In this way, each cat
was forced to have its genotype assigned either to one of
the three clusters, or, if admixed, in part to the current, first or
second past generation in more than one cluster. In a sec-
ond procedure individuals were assigned probabilistically
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to the clusters, without using any prior information on
individual classification (USEPOPINFO = 0). In a third proced-
ure each individual was assigned probabilistically to the
clusters, using prior information for all individuals except
for cats which were identified as admixed after the first
two procedures. These individuals were assigned to the
clusters without using any prior information on individual
classification.

Results

Admixture analyses and identification of hybrid cats

All loci were polymorphic in domestic and wild cats and
all individual genotypes were distinct. Bayesian analyses
showed that the sample (1 = 336) included at least six dis-
tinct populations (the highest likelihood was obtained with
K = 6; average InL of five repetitions + one SE = —14 183 + 18).
The average proportions of membership of each sampled
population in the six clusters (Table 1) showed that all the
domestic cats grouped in cluster 6, the ‘domestic cat’ cluster,
except for some of the cats from the UK, which were split
between clusters 6 and 4. All European wildcats from Italy,
the northeastern Alps, north and southwest Germany,
Belgium, Bulgaria and Portugal were assigned to clusters
1, 2 and 3, the "European wildcat’ clusters. Wildcats from
Switzerland, Hungary and the known hybrid cats were

also partially assigned to these clusters. However, Hungarian
wildcats were also partially assigned to the ‘domestic cat’
cluster 6. All the Sardinian wildcats grouped in the
‘Sardinian wildcat” cluster 5, in which no other cats clus-
tered. The known hybrid cats from Italy and Scotland
(Beaumont et al. 2001; Randi et al. 2001), and the Scottish
black cats, were split between clusters 4 and 2. Cluster 4
included also the majority of Scottish wild-living cats, and
a proportion of Swiss wildcats and Scottish domestic cats.
Accordingly, cluster 4 may be identified as a ‘hybrid cat’
cluster.

Admixed European wildcats were found in Italy (1 = 2;
Fsi228, Fsi284), Portugal (n =2; Fsi293, Fsi325), Bulgaria
(n=1; Fsi207), Belgium (n=1; Fsi194) and Switzerland
(n = 2;Fsi177,Fsi182) (Table 2). There was no admixed Sar-
dinian wildcat. The ancestry of admixed Italian wildcats
was analysed previously (Randi et al. 2001): Fsi228 was
assigned to the European wildcat cluster, while Fsi284
showed hybrid ancestry. The ancestry of the other admixed
wildcats was inferred by computing the probability of each
genotype to belong to more than one of three clusters, the
‘domestic cat’, the ‘Sardinian wildcat’ or the ‘European
wildcat’ cluster. As a result of their highly admixed com-
position, any prior nongenetic identification of cats from
the hybridizing Scottish and Hungarian populations would
be problematic, and the samples from these populations
were excluded.

Table 1 Bayesian clustering analyses for the pooled cat samples (336 individuals; 12 loci) performed using STRUCTURE (Pritchard et al. 2000)

Group Population Cluster1  Cluster2  Cluster3  Cluster4  Cluster5  Cluster 6
Domestic cats Italy 0.014 0.011 0.010 0.013 0.019 0.933
(Felis silvestris catus) Germany north 0.021 0.011 0.016 0.013 0.007 0.932
Germany southwest 0.016 0.046 0.042 0.031 0.050 0.815
Switzerland 0.009 0.024 0.016 0.008 0.012 0.930
United Kingdom 0.009 0.016 0.016 0.166 0.075 0.717
Hungary 0.015 0.034 0.049 0.012 0.011 0.878
Portugal 0.006 0.009 0.006 0.012 0.025 0.942
European wildcats Italy 0.066 0.727 0.174 0.011 0.009 0.013
(Felis s. silvestris) Northeastern Alps, Slovenia 0.082 0.087 0.807 0.016 0.003 0.005
Germany north 0.952 0.017 0.021 0.005 0.003 0.003
Germany southwest 0.066 0.012 0.901 0.009 0.006 0.005
Switzerland 0.118 0.039 0.527 0.302 0.008 0.006
Belgium 0.028 0.064 0.864 0.033 0.006 0.005
Scotland 0.009 0.007 0.008 0.966 0.005 0.005
Hungary 0.028 0.279 0.425 0.065 0.008 0.195
Bulgaria 0.041 0.571 0.301 0.011 0.007 0.070
Portugal 0.032 0.249 0.612 0.078 0.016 0.013
Sardinian wildcats Italy 0.005 0.009 0.006 0.004 0.967 0.010
(Felis s. libyca)
Hybrids Italy, Scotland, captive 0.016 0.200 0.021 0.631 0.039 0.092

(F. s. silvestris x F. s. catus)

Average proportion of membership of each predefined population in each of K = 6 inferred clusters.

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598
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Samples

Cluster 1
Domestic cats

Cluster 2
European wildcats

Table 2 Population assignment and inferred
ancestry of admixed wildcats estimated
using STRUCTURE

Cluster 3
Sardinian wildcats

(a)

Domestic cats 0.998 0.001

European wildcats 0.002 0.997

Sardinian wildcats 0.001 0.000

Fsil77 (Switzerland) 0.000-0.000-0.001 0.999

Fsil82 (Switzerland) 0.000-0.000-0.001 0.999

Fsi194 (Belgium) 0.000-0.000-0.000 0.999

Fsi207 (Bulgaria) 0.000-0.000-0.034 0.964

Fsi293 (Portugal) 0.000-0.000-0.001 0.999

Fsi325 (Portugal) 0.000-0.001-0.038 0.939

(b)

Domestic cats 0.952 0.018

European wildcats 0.019 0.961

Sardinian wildcats 0.013 0.006

Fsil77 0.010 0.986

Fsil82 0.012 0.977

Fsi194 0.007 0.989

Fsi207 0.270 0.716

Fsi293 0.012 0.981

Fsi325 0.134 0.814

(©

Domestic cats 0.956 0.022

European wildcats 0.008 0.987

Sardinian wildcats 0.001 0.000

Fsil77 0.101 0.850 (0.575-0.998)
Fsil82 0.096 0.796 (0.500—0.944)
Fsi194 0.087 0.861 (0.633-0.997)
Fsi207 0.321 (0.050-0.603) 0.585 (0.291-0.869)
Fsi293 0.098 0.832 (0.567-0.995)
Fsi325 0.200 (0.002-0.490) 0.664 (0.367-0.923

0.001
0.000
0.999
0.000—-0.000-0.000
0.000-0.000-0.000
0.000-0.000—-0.000
0.000-0.000-0.002
0.000—-0.000-0.000
0.000-0.000-0.021

0.031
0.020
0.981
0.004
0.011
0.003
0.014
0.007
0.053

0.022
0.004
0.999
0.049
0.096
0.052
0.094
0.070
0.136 (0.000-0.395)

The first three lines of each section in the Table report the average proportion of membership
of each predefined population (domestic cats, European wildcats, Sardinian wildcats) in
each of the three clusters. The other lines report the individual membership of each
individual genotype to each of the three clusters. These values were computed: (a) using
information on the prior classification of all individuals based on nongenetic characters; (b)
without using any prior information on individual classification; (c) using information on
the prior classification for all individuals except for the preselected admixed cats, which are
assigned to the clusters with membership coefficients and and 90% probability intervals

shown in the Table.

Individual cat ancestry was estimated first using prior
population information. Results (Table 2a) showed that
the six admixed wildcats were significantly associated to
the ‘wildcat’ cluster 2 with individual g, > 0.94, and none of
them had significant ancestry in any current or past gener-
ation of the other two clusters. Then cat ancestry was esti-
mated without using any prior information (Table 2b).
Sample Fsi207, a putative wildcat from Bulgaria, was
assigned to both the European wildcat (with g, = 0.716)
and the domestic cat clusters (g, = 0.270). Sample Fsi325, a
putative wildcat from Portugal, was assigned to both the
European wildcat (with g, = 0.814) and the domestic cat
clusters (g, = 0.134). All the other admixed cats were

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598

assigned to the cluster with individual g, > 0.98. Finally,
individuals were assigned to the European wildcat clusters
using information on the prior classification for all indi-
viduals except for the admixed wildcats (Table 2c). All the
admixed European wildcats were assigned to the Euro-
pean wildcat cluster 2 with g, > 0.80, except for samples
Fsi207 (from Bulgaria) and Fsi325 (from Portugal), which
were partially assigned to clusters 1 (domestic cats) and 2
(European wildcats). A consensus evaluation of these
three admixture analyses suggests that samples Fsi207
(Bulgaria) and Fsi325 (Portugal) had hybrid ancestry.
Bayesian analyses assigned a few other individuals to
more than one cluster. Admixed domestic cats were found
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Table 3 Amova in domestic and European wildcat samples (hybrid populations and individuals excluded)

Per cent

Grouping Source of variation variation Fsr Rgr
(1) Three taxonomic groups; Among groups 10.86 For=0.11 Rep=0.41
14 populations* Among populations 6.15 Fgo=0.07 Rg-=0.06

Within populations 82.99 Fgr=0.17 Rgp =044
(2) Domestic cats; Among populations 2.82 Fgr=0.03 Rgr=0.01
five populationst Within populations 97.18
(3) European wildcats; Among populations 9.17 Fgr=0.09 Rgp=0.11
eight populations} Within populations 90.83

*Fourteen populations (see Appendix I); tfive populations (Italy, north Germany, southwest Germany, United Kingdom, Switzerland +
Portugal); feight populations (Italy, northeastern Alps, north Germany, southwest Germany, Switzerland, Belgium, Bulgaria, Portugal).

in Italy (n = 2) and southwestern Germany (1 = 7). The two
cats in Italy were house-living cats sampled in Bologna.
The seven cats in Germany were road-kills, collected near
or within villages, and four of them had domestic cat food
in their stomach. These individuals probably represent
genotypes produced by artificial selection and reproduc-
tion in captivity, which, in this study, are considered as
domestic cats.

Genetic diversity in wild and domestic cats

In the following analyses we have excluded all cat samples
from the hybridizing Scottish and Hungarian populations,
plus the known or putative hybrid wildcats collected from
the other localities. In this reduced sample set (1 = 245) all
loci were polymorphic, with nine to 21 alleles and an average
of 14.2 alleles per locus. The values of observed and expected
heterozygosity were H, = 0.428-0.875 and Hy, = 0.600-0.881,
across all loci. Average values of heterozygosity were
similar in wild (Hy = 0.62; H; = 0.75) and domestic cats
(Hy =0.70; Hg = 0.78). Domestic and European wildcats
showed H, values lower than expected, with average Fig
values that were positive (0.102 and 0.181, respectively)
and significantly different from zero (P < 0.05), and that
were not in HWE. In contrast, when each wildcat popu-
lation was analysed separately there was only one locus
in wildcats from Belgium, and two loci in wildcats from
Italy showing F|g values significantly larger than expected
(P <0.0005). Thus, local wildcat populations were in HWE,
with the possible exception of the Italian wildcats, which
were sampled from distinct geographical areas (Apennines
and Sicily) and that may represent distinct gene pools. After
Bonferroni correction for multiple comparisons, 25 and
two allelic combinations were not in LE (P <0.05) in
European wild and domestic cats, respectively. Sardinian
wildcats were in HWE (average Fg = 0.003) and LE.

A hierarchical AMova was performed by subdividing the
reduced sample set into three taxonomic groups (Euro-
pean and Sardinian wildcats, domestic cats) and 14 geo-

graphical populations (the two domestic cat samples from
Portugal and the three from Switzerland were pooled to
avoid lower sample sizes). Relative variances among groups
and among populations within groups were highly signif-
icant (P < 0.001; Table 3). Gene diversity among popula-
tions estimated using the number of different alleles
(Fgc = 0.07) was similar to the corresponding estimate that
was computed using the sum of squared allele size differ-
ences (Rg- = 0.06). In contrast, the diversity among groups
estimated from R = 0.41 was about four times higher than
the corresponding estimate computed from F~ = 0.11, indic-
ating that mutational differences have contributed to differ-
entiate the three taxonomic groups of cats.
Nonbhierarchical AMovas were performed among five
domestic and eight European wildcat populations, cor-
responding to the countries from where samples were
collected (Table 3). The domestic cat populations were signi-
ficantly differentiated using Fgp = 0.03 (P < 0.001), but not
using Rgp = 0.01 (P < 0.25). The wildcat populations were
significantly differentiated using both Fg; = 0.09 and Rgp =
0.11 (P <0.001). Thus, genetic divergence among wildcat
populations might be attributed both to different allele
frequencies and different mutations at the studied loci.

Genetic diversification among nonhybridizing cat
populations

The FCA plotting of the individual genotypes showed that
European, Sardinian wild and domestic cats are distinct
and plot into three separate areas of the multivariate
space (Fig. 2b). Wildcats sampled in north Germany plot
separately and are distinct from the other wildcat popu-
lations (Fig. 2a).

Bayesian clustering split the European wildcats sampled
from nonhybridizing populations into four genetic clusters
(InL =-5194.1 + 0.4; not shown), with compositions simi-
lar to the clusters shown in Table 1. Samples from north
and southwest Germany, and Belgium were assigned to
single clusters with g; = 0.81, while the other populations

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598
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Fig. 2 Factorial correspondence analysis
showing multivariate relationships among

Wikdcats from

s Gt | European wildecats

Eunropean
wildeats

\

individual wild and domestic cat genotypes
described using 12 microsatellite loci. PC-I,
PC-II and PC-III are the first three principal
correspondence factors. European wildcats,
domestic cats and Sardinian wildcats are
indicated with @, O and, [ respectively.
Known hybrid cats are indicated by A in
(@). The ellipse in (a) delimits the dis-
tribution of wildcats sampled from north
Germany.

Sardinian wildcats

were split into more than one cluster. The two wildcat
populations from Germany were distinct, being assigned
to cluster 2 (north Germany) and cluster 3 (southwest
Germany). Cluster 1 includes wildcat populations from
southern Europe (Portugal, Italy and Bulgaria), while clus-
ter 3 includes wildcats populations from central Europe
(Alps, southwest Germany, Switzerland and Belgium).
The Italian wildcats were split between clusters 1 and 4.
Almost all the wildcats sampled in the central Apennines
and Tuscany grouped in cluster 4, while all the wildcats
from Sicily grouped in cluster 1. Wildcats sampled in the
northeastern Italian Alps and Slovenia grouped in cluster 3.
The geographical fragmentation of the Italian wildcats
seems to be reflected in the partition of genetic variability.
The two German wildcat populations showed signific-
antly different values of Hy (north = 0.56 + 0.14; southwest
=0.70£0.12; P <0.01), Hy (north = 0.56 + 0.18; southwest
=0.67 +0.16; P < 0.01), and average number of alleles per
locus (north =4.0; southwest =6.2; P <0.01). To invest-
igate the origin of low genetic diversity in the northern
population, we performed two tests of population bottle-
neck. Sign, Wilcoxon and mode-shift tests (Cornuet &
Luikart 1996) showed that both German populations were at
mutation-drift equilibrium, independently of the mutation
model used. The M-ratio test (Garza & Williamson 2001)
showed that the southwestern populations had an average
observed M-value (0.787) larger than the expected equi-
librium values (Mc = 0.712 or 0.756, computed with 6 = 4N u
=10 or 5, respectively). In contrast, the northern popula-
tion showed M (0.661) significantly smaller than Mc values
(0.724 or 0.756). Thus, the M-ratio test indicates the occurrence
of past demographic declines in the northern population.

Genetic composition of the hybridizing populations

An FCA plotting including all samples from the nonhybrid-
izing and from the hybridizing populations, plus the
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known hybrids, showed overlapping spatial distributions
of the individual genotypes of the domestic and wild cats
(Fig. 2a). Known hybrids and some of the presumed wild-
cats or domestic cats from Hungary and Scotland plotted
between the domestic and wild cats that were sampled
from the nonhybridizing populations. The absence of any
genetic gap between presumptive domestic and wild cats
in hybridizing populations is dramatically exemplified by
comparing the FCA of cats sampled from Germany (non-
hybridizing; Fig. 3a) and Hungary (hybridizing; Fig. 3b).
An admixture analysis of cats from Hungary (1 = 46),
performed using sTRUCTURE with K =2 and including 86
domestic and 143 nonhybrid European wildcats as refer-
ence, showed that all reference domestic cats and Euro-
pean wildcats were assigned to cluster 1 with g, >0.80 or
with g, <0.20, respectively (Fig.4). Thirteen cats were
assigned to both cluster 1 and 2 with 0.20 < g, < 0.80: one
cat, a domestic cat that was sampled in southwestern
Germany, and 12 cats sampled from Hungary. Thus, the
Hungarian cat sample included a number of admixed
individuals, which could not be assigned exclusively
to the domestic or to the wildcat clusters (for admixture
analyses of the Scottish samples, see Beaumont et al. 2001).
A detailed analysis of the individual membership of the
Hungarian cats to cluster 1 (domestic cats) and cluster 2
(European wildcats) allowed subdivision of the Hungarian
cats into four groups (Table 4). Cats in the first group (n =
10) were assigned to the domestic cat cluster 1 with g, >0.96
and narrow 90% probability intervals (range 0.800-1.000).
All these 10 cats had been independently identified by col-
lectors as domestic cats using both coat colour patterns and
values of the intestinal index II, which ranged from 3.14 to
4.75. Thus, there was 100% concordance between the genetic
assignment procedure and the morphological identification.
Cats in the second group were assigned to the domestic
cat cluster 1 with g, > 0.85, but with much wider 90% prob-
ability intervals (range 0.160-1.000). All these 14 cats,
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Fig. 3 Factorial correspondence analysis showing multivariate
relationships among microsatellite genotypes of wildcats sampled
in north Germany (@) and southwest Germany (O) (a) and in
Hungary (b), and of domestic cats sampled in Germany (H), in
Hungary (M), and in other countries in Europe (A).

except for two samples, were morphologically identified
as domestic cats and showed values of intestinal index
II>3.11. One cat (sample no. 353), showing the lowest
value of II = 3.11, was of dubious morphological identifica-

1.0

Domestic cats {

0.8

«— Germany (n=1)

Hungary (n=12)

tion. If this sample is excluded, the intestinal index values
were II >3.53. Another cat (no. 208), showing the larger
90% probability interval (0.160—-1.000), was morphologic-
ally identified as a hybrid. In this group the concordance
between genetic and morphological identifications was
86%, or 93% if the presumed hybrid is excluded.

The third group included eight genetically admixed cats,
which were partially assigned to both clusters 1 and 2.
These cats were assigned to cluster 1 with 0.71 > g, > 0.30.
They showed very large probability intervals (range
0.000—1.000) and intermediate values of II = 3.22-3.53. All
these cats were morphologically identified as hybrids,
with 100% concordance with the genetic assignment.

The fourth group included 14 cats which were assigned
to cluster 1 with g, <0.15, and that were genetically iden-
tified as wildcats (g, > 0.85). These cats showed II values
<3.15. However, eight of these cats were morphologically
identified as hybrids, so in this group the concordance
between genetic and morphological identification of wildcats
was low (43%).

Discussion

Genetic diversity in wild and domestic cat populations

Microsatellites are highly polymorphic in cats and have
been used to describe microevolutionary distinction among
populations (Hille et al. 2000; Wiseman et al. 2000), and
detect domestic x wildcat hybridization (Beaumont ef al.
2001; Randi et al. 2001). These studies showed concordant
morphologic and genetic identifications of wild and domes-
tic cats, indicating significant genetic divergence among
cat gene pools. However, widespread introgression in
Scotland (Beaumont ef al. 2001) and the presence of cryptic
hybrids in Italy (Randi et al. 2001), suggested that wild and
domestic cats are not always reproductively isolated.

Fig. 4 Frequency distribution of the individ-
ual proportion of domestic cat genome (g,)
in 86 domestic cats (g, = 0.80), 143 nonhybrid
European wildcats (7, <0.20), and 46 cats
collected in Hungary. One cat from Germany
and 12 cats from Hungary showed inter-
mediate g, values (0.20 < g, < 0.80). Individual
values of g, in cats from Hungary are shown
in Table 4.
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Table 4 Assignment test and inferred ancestry of individual cats sampled from Hungary estimated using STRUCTURE

Sample ID a* 9,t 90% q, pit 90% q, pi§ 11 gID mID
First group: n = 10; g, 2 0.962 (90% pi = 0.800-1.000); II = 3.14

363 0.980 0.020 0.892-1.000 0.000-0.108 4.09 Fea Fea
365 0.978 0.022 0.884-1.000 0.000-0.116 4.75 Fea Fea
227 0.976 0.024 0.874-1.000 0.000-0.126 418 Fea Fca
358 0.974 0.026 0.864-1.000 0.000-0.136 3.57 Fea Fca
338 0.974 0.026 0.861-1.000 0.000-0.139 3.92 Fea Fea
222 0.972 0.028 0.853-1.000 0.000-0.147 4.51 Fea Fea
354 0.969 0.031 0.837-1.000 0.000-0.163 4.30 Fea Fca
346 0.967 0.033 0.826-1.000 0.000-0.174 3.14 Fea Fca
224 0.962 0.038 0.802-1.000 0.000-0.198 4.24 Fea Fea
342 0.962 0.038 0.800-1.000 0.000-0.200 3.40 Fea Fea
Second group: n = 14; g, 2 0.846 (90% pi = 0.160-1.000); 1 = 3.11

225 0.961 0.039 0.797-1.000 0.000-0.203 — Fca Fea
359 0.952 0.048 0.766—1.000 0.000-0.234 3.56 Fea Fea
212 0.949 0.051 0.743-1.000 0.000-0.257 — Fea Fea
226 0.946 0.054 0.730-1.000 0.000-0.270 3.75 Fea Fca
345 0.939 0.061 0.706—1.000 0.000-0.294 3.96 Fca Fea
223 0.933 0.067 0.688—-1.000 0.000-0.312 3.94 Fea Fea
341 0.930 0.070 0.659-1.000 0.000-0.341 4.17 Fea Fca
220 0.921 0.079 0.647-1.000 0.000-0.353 3.61 Fea Fca
221 0.927 0.073 0.669-1.000 0.000-0.331 3.72 Fca Fea
353 0.915 0.085 0.630-1.000 0.000-0.370 3.11 Fea Fca?
339 0.906 0.094 0.615-1.000 0.000-0.385 3.53 Fea Fea
213 0.895 0.105 0.541-1.000 0.000-0.459 3.74 Fea Fca
219 0.851 0.149 0.504-1.000 0.000-0.496 4.15 Fca Fea
208 0.846 0.154 0.160-1.000 0.000-0.840 3.68 Fea Hy
Third group: n = 8; 0.713 2 g, 2 0.302 (90% pi = 0.000-1.000); 3.22 <1 <3.53

367 0.713 0.287 0.318-1.000 0.000-0.682 3.53 Hy Hy
340 0.628 0.372 0.256-0.997 0.003-0.744 3.30 Hy Hy
360 0.612 0.388 0.068—-1.000 0.000-0.932 — Hy Hy
361 0.590 0.410 0.072-1.000 0.000-0.928 — Hy Hy
347 0.541 0.459 0.147-0.921 0.079-0.853 3.28 Hy Hy
366 0.442 0.558 0.033-0.788 0.212-0.967 3.31 Hy Hy
350 0.348 0.652 0.000-0.712 0.288-1.000 — Hy Hy
356 0.302 0.698 0.000-0.769 0.231-1.000 3.22 Hy Hy
Fourth group; n = 14; 0.148 > g, = 0.021 (90% pi = 0.000-0.477); II < 3.15

351 0.148 0.852 (0.000-0.477) (0.523-1.000) 2.84 Fsi Hy
343 0.107 0.893 (0.000-0.401) (0.599-1.000) 3.06 Fsi Hy
362 0.107 0.893 (0.000-0.418) (0.582-1.000) 2.53 Fsi Hy
211 0.094 0.906 (0.000-0.375) (0.625-1.000) 2.46 Fsi Hy
216 0.093 0.907 (0.000—-0.403) (0.597-1.000) 3.15 Fsi Hy
349 0.069 0.931 (0.000-0.323) (0.677-1.000) 2.71 Fsi Fsi
209 0.069 0.931 (0.000-0.321) (0.679-1.000) 2.63 Fsi Hy
352 0.066 0.934 (0.000-0.322) (0.678-1.000) 2.87 Fsi Hy
215 0.052 0.948 (0.000—-0.260) (0.740-1.000) 2.46 Fsi Fsi
210 0.049 0.951 (0.000-0.249) (0.751-1.000) 2.76 Fsi Hy
214 0.031 0.969 (0.000-0.162) (0.838-1.000) 2.84 Fsi Fsi
348 0.028 0.972 (0.000-0.146) (0.854-1.000) 2.70 Fsi Fsi
355 0.025 0.975 (0.000-0.130) (0.870-1.000) 2.55 Fsi Fsi
364 0.021 0.979 (0.000-0.110) (0.890-1.000) 2.67 Fsi Fsi

*Individual membership to cluster 1; tindividual membership to cluster 2; $90% probability interval of individual assignment to cluster 1;
§90% probability interval of individual assignment to cluster 2.

II = intestinal index; gID = individual identification based on genetic assignment testing; mID = individual identification based on
morphological data; Fca = domestic cats; Fsi = European wildcats; Hy = hybrid cats.
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Results of this study confirmed that wild and domestic cats
are genetically distinct in central and southwest Europe,
but that they are extensively admixed in the sampled
locations in Hungary. Therefore, assessing hybridization
and identifying the causes of breakdown of reproductive
isolation are of paramount importance for wildcat con-
servation in Europe.

Domestication apparently did not reduce the levels of
genetic diversity in domestic cats as compared to wildcat
populations. Wild and domestic cats showed both distinct
private alleles and different allelic frequencies at micro-
satellite loci (see Randi ef al. 2001). Genetic variability was
significantly different between wild and domestic cats, and
Rgp (0.41) was larger than Fg; (0.11), suggesting that muta-
tional differences might have contributed to the differenti-
ation of wild and domestic cats. Mutational differences
might originate from admixture of multiple genetically
differentiated African wildcat sources, which were not
sampled in this study, or from past episodes of gene flow
between domestic and European wildcats. A more com-
prehensive sampling of wildcats, and particularly of the
widespread African wildcat populations, is needed to
reconstruct the genetic structure and infer the origins of
domestic cat populations.

Genetic structure in nonhybridizing European wildcats

Bayesian clustering showed that wildcats in southern
and central Europe were assigned to distinct clusters,
suggesting that European wildcats include genetically
differentiated subpopulations. The strong membership of
wildcats from the Alps, southwestern Germany, Switzerland
and Belgium to cluster 3 (q; from 0.52 to 0.85), further
suggest that there has been a protracted gene flow among
populations in central Europe, with the notable exception
of wildcats living in the Solling region in north Germany.

The wildcats sampled in north Germany were distinct
from all the other wildcat populations (Fig. 2), they were
significantly less variable than wildcats in southwest
Germany, and showed instances of significant bottle-
neck effects [as assessed using the procedure of Garza &
Williamson (2001)]. Historical information documents the
occurrence of recent and strong demographic declines of
all the wildcat populations in Germany. During the 19th
century a campaign to eradicate the wildcats in Germany
led populations to decline to a few dozen individuals at the
beginning of the 20th century. During the first quarter of
the 20th century only a few small populations survived
in parts of the Eifel, Hunsriick and Pfdlzerwald, south-
west of the Rhine-valley, and in the Harz and Solling moun-
tains. The southwest population is currently part of the
large central European wildcat population, and should
be genetically connected with wildcats in northwest France,
Belgium and Luxembourg (Hille ef al. 2000). In contrast,

wildcats in Harz and Solling underwent dramatic popu-
lation declines in the recent past (Haltenorth 1957), and
are still geographically isolated from all the other popu-
lations. Genetic drift as a result of strong population decline
might have contributed to the diversification of the two
wildcat populations in Germany. Wildcats from Germany,
and particularly the samples from Solling, were not inter-
mediate between European wildcats and domestic cats
when plotted (Fig. 2), and did not show any instance of
hybridization using Bayesian admixture analyses. There-
fore, these data do not support the hypothesis that the
distinction of wildcats from Solling is the result of past or
current crossbreeding with free-ranging domestic cats.

Genetic composition of the hybridizing cat populations in
Hungary

Admixture analyses allowed the detection of three cryptic
hybrids (in Portugal, Italy and Bulgaria) that were not
previously identified using morphological markers. These
findings confirm results published by Randi ef al. (2001),
suggesting small rates of crossbreeding in Italy and other
European countries. We did not find admixed wildcats in
Sardinia, although larger sampling could reveal additional
cases of hybridization in the island and in other regions in
Europe.

Beaumont et al. (2001), and results from this study,
showed that introgression was widespread in wild-living
cats in Scotland and Hungary (Table 4 and Fig. 4). Free-
ranging domestic and wild-living cats in Scotland include
a composite assemblage of admixed genotypes, which
probably originated through a protracted process of hybrid-
ization and introgression (Beaumont et al. 2001). The
Scottish black cats also showed hybrid ancestry, in agree-
ment with previously published morphometric data
(Kitchener & Easterbee 1992).

The genetic structure of hybridizing cats in Scotland and
Hungary is, apparently, similar: wild-living cats in both
regions show a variety of coat colour patterns ranging
from ‘wild’ to ‘domestic-like” phenotypes, with intermedi-
ate phenotypes that are difficult to identify (French ef al.
1988; Daniels et al. 1998; Beaumont et al. 2001). The Hun-
garian cat sample includes a number of admixed indi-
viduals, with ancestry in both the domestic and wild cat gene
pools. These findings strongly suggest that the studied cat
populations in Hungary hybridize extensively, either
currently or in the past.

Hungarian cats include intermediate individuals, which
can be identified as hybrids using both genetic and mor-
phological traits. However, using a gg_gq Criterion,
more than 50% of cats that were genetically identified as
‘pure’ wildcats still show morphological markings of
hybridization (see the fourth group of cats in Table 4). If
morphological identifications were correct, we conclude

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598
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that either the 4 gy_ 5 Criterion is not stringent enough, or
that 12 microsatellite loci are not enough for detecting past
hybridization.

Multivariate and model-based statistical approaches to
population and individual identification have their own
weaknesses. Multivariate, as well as distance-based meth-
ods are graphical representations of similarity, and do not
allow quantitative assignments of the individuals to the
populations (Pritchard ef al. 2000; Randi ef al. 2001). Model-
based methods, such as STRUCTURE, assume HWE and LE,
which may not hold in reference populations, and in par-
ticular in domesticated taxa. A few (10—15) hypervariable
markers with high expected heterozygosity may be able to
cluster efficiently samples of 15-20 individuals from
populations that were reproductively isolated for less than
20 generations, or that showed Fg values as low as 5%
(Rosenberg et al. 2001, 2002). However, it is still not known
how departures from HWE and LE might affect the effi-
ciency of individual assignment and the identification of
admixed ancestry.

For those reasons the rates of hybridization in European
wildcats could be higher than suggested by the available
data. Future research should define validated morpholo-
gical markers, accounting for geographical variability
among wildcat populations, to be used to identify ‘pure’ or
hybridizing wildcats, in correlation with additional genetic
markers and improved statistical procedures.

Conclusions

Hybridization with translocated or domesticated popu-
lations is increasing the risks of genetic deterioration and
extinction of wild-living populations of terrestrial and
acquatic vertebrates (Rhymer & Simberloff 1996; Allendorf
et al. 2001). Determinants and outcome of both natural and
anthropogenic hybridization processes are various and
complex, and an understanding of them is important for
the study of the evolution of natural populations and for
practical conservation biology. The availability of highly
polymorphic molecular markers, and of novel statistical
procedures aimed to investigate population structure and
individual ancestry based on the distributions of multi-
locus genotypes, promise to be helpful in investigating the
structure and dynamics of hybridization.

We do not know what peculiar historical or ecological
factors have differentially affected the population genetic
structure of wild-living cats in Scotland, Hungary, and in
other regions in Europe. Wild-living cats in Scotland with
both ‘tabby’ (the wildcat phenotype) and ‘nontabby’ (the
domestic cat phenotypes) pelage, and significantly distinct
microsatellite allelic frequencies, showed similar kinship
structure, home-range size, activity pattern and habitat use
(Daniels et al. 2001). Contrasting demographic trends aris-
ing from the concomitant consequences of deforestation

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598

and wildcat persecution, and the spread of agriculture that
probably favoured the expansion of free-ranging domestic
cats, might have fostered crossbreeding between rare
wildcats and widespread domestic cats in some areas in
Europe. Thus, historical, rather then local ecological, fac-
tors could explain the occurrence of admixed wild-living
cat populations in parts of Europe.

We suggest that rates of hybridization could locally
increase if wildcat populations strongly decline as a result
of direct persecution and / or habitat destruction and arti-
ficialization, in rural areas with a widespread and abund-
ant presence of domestic cats. Unpublished radiotracking
data from southwest Germany (M. Herrmann, personal
communication) suggest that wildcats (n = 12) spent more
than 90% of their time in forest, and did not range more
than 1500 m from the closest large patch of forest. In con-
trast, domestic cats have almost never been seen in that for-
est. Thus, coexistence of patches of forest and villages in
the same agricultural landscape could favour contacts
between wildcats (that should not move too far from forest
patches) and domestic cats (that should not enter into the
forest patches).

The wildcat is legally protected by national law in most
European countries, and internationally by the Bern and
Washington (CITES) conventions, and under the European
Directive 92 /43 / EEC. The results of this study strongly
urge that hybridization be considered as a priority threat to
the conservation of wildcat populations in Europe. Non-
hybridizing wildcat populations in Iberia, Germany and Italy
have high conservation value, and should be actively pro-
tected by preserving the integrity of their natural habitat.
Specific measures aimed to limit the diffusion of free-
ranging domestic cats should be considered with high
priority in wildcat conservation projects.

Acknowledgements

This project was supported by INFS and by the Italian Ministry of
Environment. Samples from southwest Germany were collected
during a 5-year study on the distribution of wildcats in Rheinland-
Pfalz. The Ministry of Agriculture and Regional Development
supported the project in Hungary. We thank Mikloés Heltai and
everybody else in all the countries that helped in collecting the cat
samples used for this study.

References

Allendorf FW, Leary RF, Spruell P, Wenburg JK (2001) The prob-
lems with hybrids: setting conservation guidelines. Trends in
Ecology and Evolution, 18, 613—-622.

Beaumont M, Barratt EM, Gotelli D, et al. (2001) Genetic diversity
and introgression in the Scottish wildcat. Molecular Ecology, 10,
319-336.

Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F (2001) Genetix
4.02, logiciel sous Windows TM pour la génétique des populations.



2596 M. PIERPAOLI ET AL.

Laboratoire Génome, Populations, Interactions, CNRS UMR
5000, Université de Montpellier II, Montpellier (France).

Benzécri JP (1973) L’analyse Des Donnees: T. 2, L'analyse Des
Correspondances. Dunoud, Paris.

Clutton-Brock J (1999) A Natural History of Domesticated Mammals.
British Museum (Natural History), London.

Cornuet JM, Luikart G (1996) Description and power analysis of
two tests for detecting recent population bottlenecks from allele
frequency data. Genetics, 144, 2001-2014.

Daniels MJ, Balharry D, Hirst D, Kitchener AC, Aspinall R] (1998)
Morphological and pelage characteristics of wild living cats in
Scotland: implications for defining the ‘wildcat’. Journal of Zoology,
London, 244, 231-247.

Daniels MJ], Beaumont MA, Johnson PJ, Balharry D, Macdonald
DW (2001) Ecology and genetics of wild living cats in the north
east of Scotland and the implications for the conservation of the
wildcat. Journal of Applied Ecology, 38, 146-161.

Davis SJ (1987) The Archaeology of Animals. BT Batsford Ltd., London.

Di Rienzo A, Peterson AC, Garza JC, Valdes AM, Slatkin M,
Freimer NB (1994) Mutational processes of simple-sequence
repeat loci in human populations. Proceedings of the National
Academy of Science of the USA, 91, 3166—-3170.

French D, Corbett LK, Easterbee N (1988) Morphological discrimin-
ants of Scottish wildcats (Felis silvestris), domestic cats (F. catus)
and their hybrids. Journal of Zoology, London, 161, 75-123.

Garza JC, Williamson EG (2001) Detection of reduction in popula-
tion size using data from microsatellite loci. Molecular Ecology,
10, 305-318.

Gerloff U, Schlotterer C, Rassmann K, et al. (1995) Amplification of
hypervariable simple sequence repeats (microsatellites) from
excremental DNA of wild living Bonobos (Pan paniscus). Molecular
Ecology, 4, 515-518.

Haltenorth T (1957) Die Wildkatze, no. 189. Neue Brem Bucherei,
Wittenberg.

Herrmann M (1990) Verbreitung und Bestandssituation der Wild-
katze (Felis silvestris, Schreber 1777) im Saarland. In: Verhandlungen
der Gesellschaft fiir Okologie, 19/2 (eds Riewenherm S, Lieth H),
pp- 200-205. Druckei Pfotenhauer, Ankum, Germany.

Hille A, Pelz O, Trinzen M, Schlegel M, Peters G (2000) Using micro-
satellite markers for genetic individualization of European
wildcats (Felis silvestris) and domestic cats. Bonner Zoologische
Beitrage, 49, 165-176.

Johnson WE, O’Brien SJ (1997) Phylogenetic reconstruction of the
Felidae using 165 rRNA and NADH-5 mitochondrial genes.
Journal of Molecular Evolution, 44, S98—-5S116.

Kimura M, Ohta T (1978) Stepwise mutation model and the
distribution of allelic frequencies in a finite population. Pro-
ceedings of the National Academy of Sciences of the USA, 75,
2868-2872.

Kitchener AC, Easterbee N (1992) The taxonomic status of black
wild felids in Scotland. Journal of Zoology, London, 277, 342—-346.

Malek J (1993). The Cat in Ancient EQypt. British Museum (Natural
History), London.

Masuda R, Lopez JV, Slattery JP, Yuhki N, O’Brien SJ (1996) Mole-
cular phylogeny of mitochondrial cytochrome b and 125 rRNA
sequences in the Felidae: ocelot and domestic cat lineages.
Molecular Phylogenetics and Evolution, 6, 351-365.

Mendelssohn H (1999) The wildcat in Israel. Cat News, 31, 21-22.

Menotti-Raymond MA, O’Brien SJ (1995) Evolutionary conserva-
tion of ten microsatellite loci in four species of Felidae. Journal of
Heredity, 86, 319-322.

Menotti-Raymond MA, David VA, Lyons LA, et al. (1999) A
genetic linkage map of microsatellites in the domestic cat (Felis
catus). Genomics, 57, 9-23.

Miller SA, Dykes DD, Poleski HF (1988) A simple salting out pro-
cedure for extracting DNA from human nucleated cells. Nucleic
Acid Research, 16, 12-15.

Nowell K, Jackson P (1996) Status survey and conservation action
plan. Wild Cats. IUCN / SSC Cat Specialist Group. IUCN, Gland,
Switzerland and Cambridge, UK.

Piechoki R (1990) Die Wildkatze. A Ziemsen-Verlag. Wittenberg
Lutherstadt.

Piry S, Luikart G, Cornuet JM (1999) Bottleneck: a computer
program for detecting recent reductions in the effective popu-
lation size using allele frequency data. Journal of Heredity, 90,
502-503.

Pritchard JK, Stephens M, Donnelly PJ (2000) Inference of popu-
lation structure using multilocus genotype data. Genetics, 155,
945-959.

Ragni B (1981) Gatto selvatico, Felis silvestris Schreber, 1777
In: Distribuzione E Biologia Di 22 Specie Di Mammiferi in Italia,
pp- 105-113. Consiglio Nazionale delle Ricerche, Roma.

Ragni B (1993) Status and conservation of the wildcat in Italy. In:
Seminar on the Biology and Conservation of the Wildcat (Felis silvestris),
Nancy, France, 23-25 September 1992, Council of Europe, Environ-
mental Encounters, no. 16, pp. 40-41. Council of Europe Press,
Strasbourg.

Ragni B, Randi E (1986) Multivariate analysis of chraniometric
characters in European wildcat, domestic cat and African wild
cat (genus Felis). Zeitschrift Fur Saugetierkunde, 51, 243-251.

Randi E, Ragni B (1991) Genetic variability and biochemical sys-
tematics of domestic and wild cat populations (Felis silvestris:
Felidae). Journal of Mammalogy, 72, 79-88.

Ragni B, Possenti M (1996) Variability of coat-colour and mark-
ings system in Felis Silvestris. Italian Journal of Zoology, 63,
285-292.

Randi E, Pierpaoli M, Beaumont M, Ragni B, Sforzi A (2001)
Genetic identification of wild and domestic cats (Felis silvestris),
and their hybrids using Bayesian clustering methods. Molecular
Biology and Evolution, 18, 1679-1693.

Raymond M, Rousset F (1995) GeNepor (Version 1.2): population
genetics software for exact tests of ecumenicism. Journal of
Heredity, 86, 248—-249.

Rhymer JM, Simberloff D (1996) Extinction by hybridization and
introgression. Annual Review of Ecology and Systematics, 27, 83—
109.

Robinson R (1977) Genetics for Cat Breeders, 2nd edn. Pergamon
Press, Oxford.

Rosenberg NA, Burke T, Elo K, et al. (2001) Empirical evaluation of
genetic clustering methods using multilocus genotypes from 20
chicken breeds. Genetics, 159, 699-713.

Rosenberg NA, Pritchard JK, Weber JL, ef al. (2002) Genetic
structure of human populations. Science, 298, 2381-2385.

Schauenberg P (1969) L'identification du Chat forestier d’Europe,
Felis s. silvestris Schreber 1777, par une methode osteometrique.
Revue Suisse de Zoologie, 76, 548—600.

Schauenberg P (1977) Longueur de l'intestin du Chat forestier
(Felis silvestris). Mammalia, 41, 357 -360.

Schneider S, Roessli D, Excoffier L (2002) Arlequin, Version 2.0 (beta
2). A Software for Population Genetics Data Analysis. Genetics and
Biometry Laboratory, Department of Anthropology and
Ecology, University of Geneva, Geneva, Switzerland.

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598



HYBRIDIZATION OF WILD AND DOMESTIC CATS 2597

Slatkin M (1995) A measure of population subdivision based on
microsatellite allele frequencies. Genetics, 139, 457 -462.

Stuart C, Stuart T (1991) The feral cat problem in southern Africa.
African Wildlife, 45, 13-15.

Suminski P (1962) Les caracteres de la forme pure du chat
sauvage (Felis silvestris Schreber). Archives Des Sciences, 15,
277-296.

Vigne J-D (1992) Zooarchaeology and the biogeographical history
of the mammals of Corsica and Sardinia since the last ice age.
Mammal Review, 22, 87—-96.

Weir BS, Cockerham CC (1984) Estimating F-statistics for
the analysis of population structure. Evolution, 38, 1358—
1370.

Wiseman R, O'Ryan C, Harley EH (2000) Microsatellite analysis
reveals that domestic cat (Felis catus) and southern African wild
cat (F. lybica) are genetically distinct. Animal Conservation, 3,
221-228.

Wozencraft WC (1993) Felidae. In: Mamimal Species of the World: a
Taxonomic and Geographic Reference (eds Wilson DE, Reeder
DM), pp. 290-291. Smithsonian Institution Press, Washington
and London.

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 2585-2598

This research was conducted at the Conservation Genetics
Laboratory, Italian Institute of Wildlife Biology (INFS) within an
ongoing project on population and conservation genetics of
carnivores in Italy and Europe. Massimo Pierpaoli is a researcher
at INFS, with main interests in the conservation and noninvasive
genetics of large carnivores. Mathias Herrmann is head of OEKO-
LOG, a field-research company. Karsten Hupe is a doctoral can-
didate at the Institut fiir Wildbiologie und Jagdkunde, Universitat
Gottingen, and is responsible for a research project on wildcats in
Lower Saxony. Margarida Fernandes works at the Institute of
Nature Conservation in Portugal, and has been involved in wildcat
biology studies since 1990. Bernardino Ragni is head of the
Vertebrate Zoology Section at the Animal Biology and Ecology
Department, University of Perugia, and has projects on conserva-
tion biology of terrestrial vertebrates, particularly carnivores.
Lazlo Szemethy and Zsolt Biro, researchers at St Stephen University,
have main interests in behavioural ecology, management and
conservation of wild carnivores and ungulates in Hungary. Ettore
Randi is head of Conservation Biology and Genetics at INFS.




2598 M. PIERPAOLI ET AL.

Appendix I

List of cat samples used in this study. Criteria used for taxonomic identifications: A = coat colour pattern (Ragni & Possenti 1996; Daniels
et al. 1998), B = life history (Herrmann 1990), C = intestinal index (Schauenberg 1977), D = cranial index (Schauenberg 1969; Ragni & Randi
1986), E = sampling area (Ragni 1993), F = DNA analyses (Beaumont ef al. 2001; Randi ef al. 2001). Populations with the same identification
(ID) were pooled in population genetic analyses. Numbers refer to the sampling locations that are mapped in Fig. 1

Taxonomic group Prior taxonomic Sample Sample
(Latin name and sample size) Geographic origin and sampling location information size collectors
Domestic cats 1 —Italy: Umbria A,B 11 B. Ragni
(Felis silvestris catus; n = 130) 2 —Italy: Emilia-Romagna A, B 38 E. Randi

3 — Germany: Solling (north) A,B,C,D 6 K. Hupe

4 — Germany: Rheinland-Pfalz (southwest) A,B,C,D 18 M. Herrman

5 — Switzerland A,B 3 M. Liberek

6 — Great Britain: Scotland, Surrey, Yorkshire A,B,C,D 23 A. Kitchener

7 — Hungary A,B,C,D 29 Z. Biro

8 — Portugal A, B 2 M. Fernandes
European wildcats 9 — Italy: Central Apennines and Tuscany A,B,C, D 38 B. Ragni, A. Sforzi
(F. s. silvestris; n = 165) 10 — Italy: Southern Apennines (Calabria) A,B,C,D 1 B. Ragni

11 — Italy: Sicily A,B,C,D 7 B. Ragni

12 — Northeastern Alps: Italy A,B,CD 2 B. Ragni

13 — Northeastern Alps: Slovenia A,B 2 D. Huber

14 — Germany: Solling (north) A,B,C,D 27 K. Hupe

15 — Germany: Rheinlan-Pfalz (southwest) A,B,C,D 24 M. Herrman

16 — Switzerland A,B 6 M. Liberek

17 — Belgium AB 19 R. Pirlot

18 — Scotland A,B,C,D 3 A. Kitchener

19 — Hungary A,B,C,D 17 Z. Biro

20 — Bulgaria A,B,C,D 6 F. Suchentrunch

21 — Portugal A,B 13 M. Fernandes
Sardinian wildcats 22 —Italy: Sardinia A,B,C,D,E F 16 B. Ragni
(F. s. libyca; n = 16)
Hybrids 23 —Italy: Captive A,B,C,D,F 7 B. Ragni
(n=25) 24 — Scotland A,BF 17 A. Kitchener

25 - Italy: Tuscany A,B,C,D,F 1 A. Sforzi
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