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Abstract

Occasional crossbreeding between free-ranging domestic dogs and wild wolves (

 

Canis
lupus

 

) has been detected in some European countries by mitochondrial DNA sequencing
and genotyping unlinked microsatellite loci. Maternal and unlinked genomic markers,
however, might underestimate the extent of introgressive hybridization, and their impacts
on the preservation of wild wolf gene pools. In this study, we genotyped 220 presumed Ital-
ian wolves, 85 dogs and 7 known hybrids at 16 microsatellites belonging to four different
linkage groups (plus four unlinked microsatellites). Population clustering and individual
assignments were performed using a Bayesian procedure implemented in 

 

STRUCTURE

 

 2.1,
which models the gametic disequilibrium arising between linked loci during admixtures,
aiming to trace hybridization events further back in time and infer the population of origin
of chromosomal blocks. Results indicate that (i) linkage disequilibrium was higher in
wolves than in dogs; (ii) 11 out of 220 wolves (5.0%) were likely admixed, a proportion that
is significantly higher than one admixed genotype in 107 wolves found previously in a
study using unlinked markers; (iii) posterior maximum-likelihood estimates of the recom-
bination parameter 

 

r

 

 revealed that introgression in Italian wolves is not recent, but could
have continued for the last 70 (±±±±

 

 20) generations, corresponding to approximately 140–
210 years. Bayesian clustering showed that, despite some admixture, wolf and dog
gene pools remain sharply distinct (the average proportions of membership to wolf and
dog clusters were 

 

Q

 

w

 

 = 0.95 and 

 

Q

 

d

 

 = 0.98, respectively), suggesting that hybridization was
not frequent, and that introgression in nature is counteracted by behavioural or selective
constraints.
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Introduction

 

The fear of extensive hybridization between declining wolf
populations (

 

Canis lupus

 

) and widespread free-ranging
domestic dogs in Europe has been a main concern for
conservation biologists over the past 30 years (Boitani
1984, 2003; Randi & Lucchini 2002). Wolves and domestic
dogs are isokaryotypic, fully interfertile, and have been
shown to mate successfully in captivity and in the wild
when they co-occur (Wayne 

 

et al

 

. 1995; Vilà & Wayne 1999).
As a consequence of direct hunting and habitat depletion,

almost all the European wolf populations dramatically
declined in the past few centuries, with only a few relict
populations surviving in the Iberian Peninsula, Italy and
Scandinavia by the end of the 19th century (Boitani 2003,
references therein). In Italy, legal protection, which was
granted to wolves in the 1970s, the expansion of natural
populations and reintroductions of wild ungulates allowed
wolves to grow up to an estimated 450–500 individuals
since the 1980s (Boitani 2003). Despite a substantial demo-
graphic recovery, wolves are still largely outnumbered by
free-ranging dogs, which are estimated to be more than 1
million (Genovesi & Dupré 2000). There is serious concern
that, as a consequence of such striking disparity in population
size, the genetic integrity of wolf’s gene pool might be
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seriously compromised by recurrent hybridization (Boitani
2003).

However, except for anecdotical reports and occasional
direct observations, there is no evidence that wolf 

 

×

 

 dog
hybridization is actually widespread in Europe (Boitani
2003). Analyses of diagnostic mitochondrial DNA (mtDNA)
haplotypes failed to detect introgression of dog mtDNA in
wolf populations, suggesting that either hybridization is
rare or strictly unidirectional, or that F

 

1

 

 hybrids are not
able to backcross into the wolf populations (Vilà & Wayne
1999; Randi 

 

et al

 

. 2000). Hybridization in canids has been
studied also using hypervariable biparental microsatellite
loci (Roy 

 

et al

 

. 1994; Andersone 

 

et al

 

. 2002; Vilà 

 

et al

 

. 2003).
Randi & Lucchini (2002) analysed allelic variation at 18
unlinked canine microsatellites, aiming to assess the extent
of genetic differentiation and identify possible hybrids in a
sample of Italian wolves and dogs. Bayesian admixture
analyses (

 

structure

 

 1.0; Pritchard 

 

et al

 

. 2000) led to assign
the Italian wolves and dogs to two different clusters con-
gruent with prior phenotypic identifications. Only one
over 107 genotyped wolves (0.9%) was identified as a
hybrid (wolf no. 334 showing an unusual black coat colour;
see Table 3), suggesting that hybridization was negligible
in the last few generations, and that genetic diversity
in post-bottleneck Italian wolves was not sustained by
introgression (Boitani 1984). However, those samples were
genotyped using a few unlinked microsatellites, and the
occurrence of undetected hybridization, or past introgres-
sion events was not definitely ruled out (Randi & Lucchini
2002).

Pritchard 

 

et al

 

.’s model (2000) was designed to infer the
number of genetic clusters, assuming Hardy–Weinberg
(HWE) and linkage equilibrium (LE), and to identify the
populations of origin in a sample of individuals genotyped
at unlinked genetic markers, without using any prior
information. However, in admixed populations Hardy–
Weinberg and linkage disequilibria among unlinked markers
decline rapidly with admixture time (Goodman 

 

et al

 

. 1999),
and the admixture signals could be lost after a few genera-
tions of backcrossing. A theoretically more sensitive model,
implemented in 

 

structure

 

 2.1 (Falush 

 

et al

 

. 2003), allows
for linkage between markers and makes use of the correla-
tion that arises between linked loci in an admixed popula-
tion (‘admixture linkage disequilibrium’; Stephens 

 

et al

 

.
1994). Expected advantages of this model are that hybridi-
zation events can be traced further back in time, and that
the population of origin of chromosomal segments can be
inferred. In this study, aiming to further investigate the
occurrence of introgressive hybridization, we analysed a
sample of 313 Italian wolves and dogs using 16 microsatel-
lites from four linkage groups mapping in four different
canine chromosomes (Mellersh 

 

et al

 

. 1997; Neff 

 

et al

 

. 1999),
plus four unlinked loci. Admixture analyses performed
with the linkage model in 

 

structure

 

 2.1 were used (i)

to estimate individual admixture proportions (

 

q

 

i

 

) and
assign probabilistically each multilocus genotype to its
population of origin (in case of no admixture), or to both
parental populations (in case of admixture); (ii) to infer the
ancestry of chromosomal blocks and the population of ori-
gin of alleles using a likelihood ratio test (Seldin 

 

et al

 

. 2004);
and (iii) to infer the age of wolf 

 

×

 

 dog admixture in Italy
through posterior maximum-likelihood estimates of the
recombination parameter 

 

r

 

 (Falush 

 

et al

 

. 2003).

 

Materials and methods

 

Sampling, DNA extraction and microsatellite genotyping

 

Wolf samples (

 

n

 

 = 220) were obtained mainly by tissue
biopsies of found-dead animals collected from 1987 to 2002
across the entire range of the Italian population (Fig. 1).
Dog blood samples (

 

n

 

 = 85) were obtained, through veterinary
practices, from feral individuals collected in areas of the
Central Apennines where they are sympatric with wolves,
from dog pounds and private owners. Seven animals of
known hybrid origins were included in the sample as
controls: three Italian wolf 

 

×

 

 dog crosses obtained in
captivity, three Czech shepherd dogs, which were obtained
by recurrent Eastern European wolf 

 

×

 

 German shepherd
dog crosses, and one ‘Lupo Italiano’ belonging to a dog
breed which was recently produced by crossing one
founder male German shepherd dog with a female Italian

Fig. 1 Approximate wolf distribution range in Italy and locations
of putative hybrid samples (see Table 3).



 

H Y B R I D I Z A T I O N  I N  I T A L I A N  W O L V E S  A N D  D O G S

 

2847

 

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

 

wolf. Total DNA was extracted using guanidine thiocyanate
(Gerloff 

 

et al

 

. 1995). Polymerase chain reaction (PCR)
amplifications of microsatellite loci were performed as
described in Randi & Lucchini (2002). Genotypes were
determined using an ABI 3100 automated sequencer and
software 

 

genotyper

 

 2.1. Twenty microsatellite loci, originally
typed in the domestic dog (Mellersh 

 

et al

 

. 1997; Neff 

 

et al

 

.
1999), were analysed. Sixteen of these loci belong to four
different linkage groups from four different chromosomes
(Table 1).

 

Analysis of genetic variation

 

Values of expected (

 

H

 

E

 

) and observed heterozygosities
(

 

H

 

O

 

), 

 

F

 

IS

 

 and 

 

F

 

ST

 

, and gametic disequilibrium among pairs
of loci (estimated using Weir’s 

 

R

 

; 1979) in each population
were computed using 

 

genetix

 

 (Belkhir 

 

et al

 

. 2001). Deviations
from HWE were tested with a simulated Fisher’s exact test
(Guo & Thompson 1992) as implemented in 

 

genepop

 

 3.3
(Raymond & Rousset 1995). The sequential Bonferroni test
procedure was used to adjust the significance level for a
‘table-wide’ 5% level (Rice 1989). The hierarchical distribution

of genetic diversity was analysed using 

 

amova

 

 (Excoffier

 

et al

 

. 1992) as implemented in 

 

arlequin

 

 2.0b2 (Schneider

 

et al

 

. 2000).

 

Bayesian admixture analyses

 

Admixture analyses were performed using the ‘admixture’
model (each individual may have ancestry in more than
one parental population), and the new ‘linkage’ model in

 

structure

 

 2.1 (Falush 

 

et al

 

. 2003), which accounts for the
amount of linkage disequilibrium (LD) arising by admixture.
The linkage model introduces the parameter 

 

r

 

, defined as
the rate, per unit of map distance, at which recombination
breakpoints occur in a chromosome, and that can ultimately
be interpreted as an estimate of the number of generations
since the admixture event. Moreover 

 

structure

 

 2.1 allows
the use of an ‘independent frequency’ 

 

I

 

-model, which
assumes that allele frequencies in each population evolve
independently, or a ‘correlated allele frequency’ 

 

F

 

-model,
which assumes that for a limited number of generations
following population subdivision, or in consequence of
ongoing migration, the evolution of allele frequencies in

Table 1 Summary of allelic variation in wolves (Canis lupus) and dogs genotyped at 16 linked and four unlinked microsatellite loci (loci
FH2164, C20.622, FH2593 and FH2295 were used in both the linked and unlinked data sets). Microsatellite IDs, linkage groups and map
distances (expressed in megabases, Mb, roughly corresponding to Morgans) are indicated according to Mellersh et al. (1997), Breen et al.
(2001), and Guyon et al. (2003). Deviations from Hardy–Weinberg equilibrium were estimated from FIS for each locus and each population.
Significant FIS values (at a probability level equivalent to P < 0.05 after sequential Bonferroni correction for multiple comparisons) are
indicated by an *; SE, standard error

Linkage groups (Mb) Alleles Allele size HE–HO in wolves HE–HO in dogs FIS in wolves FIS in dogs

Linked loci
CPH3 CFA6 (52.1) 14 158–188 0.72–0.61 0.78–0.77 0.150* 0.078
C06.69 CFA6 (56.6) 8 146–168 0.51–0.48 0.70–0.68 0.070* 0.031
FH2164 CFA6 (58.5) 17 302–348 0.64–0.63 0.86–0.87 0.018* −0.005*
LEI-2A11 CFA6 (61.4) 6 175–193 0.29–0.31 0.45–0.36 −0.056* 0.192*
CPH16 CFA20 (35.7) 10 148–176 0.36–0.30 0.85–0.68 0.167* 0.200*
C20.253 CFA20 (37) 11 89–111 0.11–0.08 0.46–0.35 0.324* 0.241*
C20.622 CFA20 (41) 13 209–237 0.60–0.56 0.74–0.60 0.064 0.198*
PRKCD CFA20 (43.1) 19 108–152 0.69–0.50 0.84–0.68 0.270* 0.197*
FH2274 CFA2 (3) 13 266–334 0.39–0.31 0.85–0.74 0.218* 0.128*
FH2087 CFA2 (11.8) 12 164–254 0.46–0.42 0.79–0.60 0.109* 0.242*
CPH7 CFA2 (19.9) 12 157–185 0.28–0.16 0.77–0.56 0.434* 0.280*
FH2593 CFA2 (31.7) 12 324–376 0.58–0.51 0.80–0.73 0.107* 0.093*
FH2017 CFA15 (47.9) 7 252–276 0.32–0.30 0.54–0.49 0.073* 0.099*
CPH4 CFA15 (52) 9 127–149 0.45–0.42 0.61–0.46 0.072* 0.242*
UOR0442 CFA15 (52.8) 8 221–239 0.55–0.45 0.64–0.54 0.181* 0.161*
FH2295 CFA15 (56.2) 17 405–507 0.57–0.48 0.87–0.72 0.165 0.175*
Unlinked loci
FH2004 CFA11 14 102–196 0.76–0.65 0.84–0.72  0.149*  0.150*
CPH5 CFA17 11 100–122 0.68–0.68 0.67–0.54  0.002*  0.200*
FH2161 CFA21 12 129–273 0.77–0.77 0.82–0.77 −0.004  0.069*
FH2079 CFA24 8 260–292 0.67–0.65 0.61–0.63  0.032* −0.031
Mean FIS (SE)  0.127 (0.03)  0.138 (0.02)
Mean HO (SE) 0.46 (0.18) 0.63 (0.13)
Mean HE (SE) 0.52 (0.18) 0.72 (0.13)
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each population is correlated to the allele frequencies in the
ancestral population.

In this study, we used 

 

structure

 

 2.1 with the linkage
model to compare the results obtained with the independ-
ent frequency (

 

I

 

) and the correlated (

 

F

 

) models. In each
case, 

 

structure

 

 was run with five repetitions of 10

 

5

 

 itera-
tions following a burn-in period of 10

 

4

 

 iterations. The
number of populations 

 

K

 

 was set at the value that maxi-
mized the increase in the posterior probability of the data
Ln 

 

P

 

(

 

D

 

) according to the formula [Ln 

 

P

 

(

 

D

 

)

 

K

 

 – Ln 

 

P

 

(

 

D

 

)

 

K

 

−

 

1

 

],
as suggested by Garnier 

 

et al

 

. (2004). For the selected 

 

K

 

values, we assessed the average proportion of membership
(

 

Q

 

i

 

) of the sampled populations (wolves, dogs) to the
inferred clusters. Then, comparing results from the 

 

I-

 

 and

 

F

 

-model, we assigned each individual to the inferred clus-
ters, using a threshold 

 

q

 

i

 

 > 0.80 for the assignment of indi-
vidual genomes to one cluster, or, in the case of admixed
individuals, jointly to two or more clusters, if the propor-
tion of membership to each one was 

 

q

 

i

 

 < 0.80. In this way,
we used 

 

structure

 

 to estimate the posterior probability
that each individual belongs to each population, or that
it has fractions of its genome from two or more parental
populations. We did not expect that the sampled dogs
were hybrids. The threshold 

 

q

 

i

 

 > 0.80 was selected because
it allows to correctly assign all dogs to the dog clusters.

The posterior probability of each allele to originate in
each of the parental populations was estimated in wolf,
dog and hybrid samples separately, with the linkage and 

 

F

 

-
models, with 

 

K

 

 = 2 and gametic phase unknown (PHASED
= 0), and reported in the output by activating the SITE-
BYSITE option. We used the posterior probability values to
estimate the following joint assignment probabilities: (i)
M1P1 that, for a given locus in a given individual, both M
(maternal) and P (paternal) alleles are from population 1;
and (ii) M2P2 that M and P alleles come from population
2. Admixed genotypes are expressed as M1P2 and M2P1.
Results are expressed as the Ln of the probability ratio of
two likelihood values Ln 

 

P

 

(

 

R

 

) (Seldin 

 

et al

 

. 2004). Values of
Ln 

 

P

 

(R) > 0 would support the hypothesis in the numer-
ator of the ratio, while values of Ln P(R) < 0 would support
the hypothesis in the denominator.

Results

Genetic variation and linkage disequilibrium in wolves 
and dogs

All loci were polymorphic in wolves and dogs, showing 6–
19 alleles, with values of HE ranging from 0.11 (at locus
C20.253 in wolves) to 0.87 (at locus FH2295 in dogs;
Table 1). HE and mean number of alleles per locus were
significantly lower in Italian wolves (t-test; P < 0.0001 and
P = 0.03, respectively), confirming Randi & Lucchini’s
(2002) findings. Both wolves and dogs showed average

values of HE > HO, and significant positive values of FIS
(P > 0.05). In wolves only three loci (FH2161, FH2295 and
C20.622) were in HWE (P > 0.05). Also, dogs showed only
three loci (FH2079, CPH3 and C06.69) in HWE. A highly
significant proportion of the total genetic variation (FST
= 0.24; P < 0.001; amova) was partitioned between wolves
and dogs.

Linkage disequilibrium was estimated in a total of 190
locus combinations in each wolf and dog sample groups, of
which 24 (13%) were within the linkage groups and the
remaining 166 (87%) were between unlinked loci. In wolves,
there were 17/24 = 71% significant comparisons (P < 0.05;
before Bonferroni correction) within linkage groups and
only 60/166 = 36% significant comparisons at unlinked
loci. The overall number of significant R values before
Bonferroni was higher than expected by chance (5% = 9.5).
After sequential Bonferroni correction, the occurrence of
significant R values did not change at linked loci (71%),
while it decreased to 11/166 = 6.6% at unlinked loci. In
dogs 8/24 = 33% and 3/24 = 12.5% significant tests were
observed before and after Bonferroni correction at linked
loci. The number of significant R values in the comparisons
between unlinked loci was 22/166 = 13.2% and 2/166 = 1.2%,
before and after Bonferroni correction. Thus, linked loci
showed higher departures from LD than unlinked loci
(71% vs. 6.6% in wolves; 12.5% vs. 1.2% in dogs, after
Bonferroni corrections), and wolves showed stronger signals
of LD than dogs at both linked and unlinked loci.

Assessing population clustering by Bayesian analyses

Genetic structuring in the total wolf and dog sample set
(n = 312) was first assessed by running structure 2.1 with
K = 1–4. As expected from the amova results, K = 1 showed
the lowest posterior probability. Values of Ln P(D) increased
steadily for K = 2 and K = 3, but afterwards declined with
K = 4. Garnier et al.’s (2004) formula [Ln P(D)K – Ln P(D)K −1]
indicated that K = 3 represents the optimal clustering of
the data, using either the F- or the I-model (Fig. 2). The two
models produced very similar results with K = 2 and K = 4,
but individual clustering was different with K = 3 and the
F- or I-model (Fig. 3). With K = 2, all dogs were assigned to
cluster I with average proportion of membership QI = 0.99,
and wolves were mainly assigned to cluster II (QII = 0.97),
independently from the F- or I-model (Fig. 3a). There were
11 wolves that were partially assigned to both clusters with
individual qi < 0.80. The known hybrids were also partially
assigned to both clusters with QI = 0.77 and QII = 0.23
(using the F-model), or QI = 0.72 and QII = 0.27 (using the
I-model). With K = 4 all dogs were assigned to cluster I, the
hybrids were admixed, and individual wolf genotypes
were partially split between clusters II and III (Fig. 3c)
either with the F- or the I-model. With K = 3 and the I-
model (Table 2), all dogs were assigned to cluster I (with
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QI = 0.98), and individual wolf genotypes again were
partially split between clusters II (QII = 0.51) and III (QIII
= 0.46). Concordantly with their known origin, the hybrids
were split between the dog cluster I (QI = 0.67) and the two
wolf clusters II and III (QII + QIII = 0.33). In contrast, using
the F-model, the wolves were assigned almost totally to a
single cluster II (QII = 0.95), and the known hybrids were
also prevalently assigned to a single cluster III (QIII = 0.86),
while dogs remained assigned totally to cluster I (QI = 0.98;
Table 2 and Fig. 3b). Partial assignment of individual wolf
genotypes to two clusters did not reflect their geographic
origins.

Admixture analysis in the Italian wolves

Values of individual proportion of membership (qi), and
their 90% credibility intervals (CI), computed by structure
with K = 2–4 (independently from the I- or F-models)
showed that all dogs had qd > 0.80, and only two individuals
had their lowest CI values lower than 0.80 (see Figs 3 and
4). All the known hybrids were assigned to their own
cluster with qh > 0.80, with K = 3 and the F-model, or
partially to a dog and a wolf cluster with qh < 0.80, with
K = 1 or 4, and the I- or F-model. Based on these results,
given that all dogs (which have no recent ancestry with
wolves) and the known hybrids have been correctly
assigned to their own clusters, we have selected a threshold
qi = 0.80 to assign wolf genotypes to a single (if qw > 0.80),
or to more than one cluster (if qw < 0.80). For instance,
using this threshold and structure with K = 3 and the
F-model, all wolves showing qw < 0.80 at cluster II should
be admixed. Results of structure with K = 2–4, and
independently from the I- or F-models, concordantly
indicated that 11 wolves (5.0%) out of the 220 genotyped
were likely admixed (Table 3). The lowest qw values were

observed in individual nos 617 (qw617 = 0.04), 391 (qw391 = 0.11)
and 433 (qw433 = 0.14), all of them found-dead in the
Tuscan-Emilian Apennines (Fig. 1). The other seven indi-
viduals that scored less than qw = 0.80 were sampled from
various localities in the Italian wolf distribution range, from
Calabria to the northern Apennines (Fig. 1). Plottings in
Fig. 3 also showed that CI values are negatively correlated
with qw and qd values (in wolves: r = −0.85; in dogs: r = −0.98;
P < 0.0001). Thus, the qw values of putatively admixed wolves
have higher credibility intervals, which make their assign-
ment more uncertain (cf. Discussion).

The average posterior value of the recombination
parameter (computed over 60 replicated runs with struc-
ture 2.1, using only the Italian wolves, the F-model, K = 2,
10 000 iterations after 10 000 iterations of burn-in) was
r = 70 (SD = 19.75). The map distances between linked
loci were expressed in Morgans (Table 1); thus, the r value
can be interpreted as corresponding to 70 (± 20) wolf
generations after the beginning of the admixture process.

Origin of chromosomal segments in the Italian wolves

When two populations admix, recombination events
generate mosaic chromosomes of mixed ancestry in
hybrids and backcrosses. The linkage model in structure
2.1 allows to infer, for each individual, the population of
origin of both alleles at each locus (Falush et al. 2003).
Using K = 2, we can compute the posterior probability for
both maternal (M) and paternal (P) alleles to originate in
population 1 (e.g. in wolves; P1M1), in population 2 (in
dogs; P2M2), or in both parental populations (P1M2 and
P2M1), in case of admixture. We designed a first analysis
to test whether both alleles derived from either the wolf
or from the dog populations, that is Ln P(R)1 = (P1M1/
P2M2). Positive values for this test would support the

Fig. 2 Posterior probability of the data,
Ln P(D), against the number of K clusters
(below), and increase of Ln P(D) given
K (above), computed after Garnier et al.
(2004). The Ln P(D) values obtained by
structure with K = 1–4, and using the F-
or the I-model are shown in the table.
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assignment of both alleles to the gene pool of the Italian
wolf population. Results (Fig. 5a) showed Ln P(R)1 > 0 in
most tests in wolves. Indeed, in 98.7% of the 4400 tests
performed in wolves, both alleles were assigned to the
wolf population, and only 40 (1.3%) gave negative values.
These negative tests were due to 16 wolves, of which six
showed negative values at only one locus, five at three loci,
one at four loci, one at five loci, one at seven loci and two
at 10 loci. All wolves that were identified as admixed at the
qw > 0.80 threshold showed also signals of recombination
at one (n. 571) or more than one locus (Table 3). The
admixture values observed for these 16 samples ranged
from qw = 0.86 to qw = 0.04, with an average qw = 0.60 ± 0.07,

Fig. 3 Bar plotting of the results obtained
from structure using K = 2 (a), K = 3 (b),
and K = 4 (c), with the I- or the F-model.
Each individual is represented as a vertical
line partitioned into K coloured segments,
whose length is proportional to the
individual coefficients of membership in
the K clusters.

Table 2 Values of average proportion of membership (QI) of wolf,
dog and hybrid samples to the inferred clusters computed using
structure with 20 loci, the F- or the I-model, and K = 3

K = 3 Cluster I Cluster II Cluster III

I-model QI QII QIII
Wolves 0.03 0.51 0.46
Dogs 0.98 0.01 0.01
Hybrids 0.67 0.11 0.22

F-model QI QII QIII
Wolves 0.02 0.95 0.03
Dogs 0.98 0.01 0.01
Hybrids 0.08 0.06 0.86
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which is significantly lower than the average for the total
wolf sample set (qw = 0.95 ± 0.01). A Z-test showed a highly
significant negative correlation (r = –0.85; P < 0.0001) between
the number of negative loci and the individual qw values
(Table 3). The known hybrids showed negative scores in
132 tests out of 160 (83%), with qh values ranging from 0.01
to 0.60 (mean qh = 0.26 ± 0.07). As expected, none of the
tests performed in dogs showed positive values. In a
second analysis, we tested the likelihood that both alleles

originated from either the parental populations, or that one
allele originated from one population and the second allele
from the other, that is: Ln P(R)2 = (M1P1 + P2M2)/(P2M1
+ P1M2). While dogs, being a nonadmixed group, scored
only positively, wolves showed 4305/4400 (98%) positive
scores, and 74/4400 (2%) negative values in tests that
occurred in 22 individuals, which included all the samples
that had negative scores in the first analysis (Fig. 5b). The
known hybrids showed positive and negative scores, with
31/160 tests (19%) showing negative values.

Discussion

In this study we genotyped, for the first time, wild-living
wolves using linked microsatellite markers, aiming to
detect signals of hybridization and introgression with
free-ranging domestic dogs in Italy. Multilocus genotypes
were analysed using the linkage model implemented in
structure 2.1 (Falush et al. 2003). Linked markers are
frequently used in human populations to estimate LD and
admixture proportions (Seldin et al. 2004), but they have
not been applied in natural animal populations, except
for wildcats (Lecis et al. 2006). Unlinked microsatellites
are informative as far as they represent independent
chromosomal markers. In this case, population structure is
modelled assuming that admixture generates transient
genetic disequilibria (Pritchard et al. 2000), which, however,
are expected to decline rapidly, leading admixture signals
to disappear in a few generations. In contrast, admixture
LD among tightly linked markers is expected to decay more
slowly, and the linkage model should improve population
clustering allowing to infer more ancient admixtures.

Results of this study indicated that (i) LD, as detected by
classical single locus statistics, was higher among linked
vs. unlinked loci, and it was higher in wolves than in dogs;
(ii) known hybrids and putative admixed wolves were
identified at threshold values qw > 0.80, using either the F-
or I-models in structure 2.1; (iii) likelihood ratio tests
allowed assigning the population of origin of the alleles,
leading to an identification of admixed wolves that was

Fig. 4 Distributions of the qi and 90% CI values in dogs and
wolves computed with K = 2 and F-model (results obtained with
the I-model were identical).

Sample ID Cluster I qI Cluster II qII Cluster III qIII REC Sampling area

334 0.260 0.735 0.005 3 L’Aquila
387 0.273 0.705 0.021 3 Arezzo
391 0.004 0.112 0.884 5 Siena
433 0.024 0.141 0.834 10 Pescara
440 0.010 0.537 0.453 4 L’Aquila
536 0.550 0.447 0.004 10 Foggia
556 0.250 0.733 0.016 3 Forli’
566 0.422 0.575 0.003 6 Grosseto
571 0.193 0.775 0.032 1 Bari
617 0.003 0.037 0.959 3 Bologna
718 0.006 0.588 0.407 3 Potenza

Table 3 List of the putatively admixed
Italian wolves (Sample ID), with indication
of their sampling localities (mapped in
Fig. 1), and their qi values computed using
structure with K = 3, 20 loci and the F-
model. The number of inferred recombination
event (REC) are also indicated
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concordant with the assignments achieved through the qw
values; (iv) threshold qw values and likelihood ratio tests
led to identify 11 out of 220 wolf genotypes (5.0%) that
were likely admixed with dogs, a proportion that is signi-
ficantly higher than previously found using unlinked
markers (one admixed over 107 genotyped wolves; Randi
& Lucchini 2002); and (v) the average posterior value of
the recombination parameter r = 70 (± 20) suggested
that dogs and wolves might have admixed during the last
70 (± 20) generations. Assuming that generation time in
wolves is 2–3 years (Mech & Seal 1987), this finding reveals
that wolves and dogs have admixed approximately for
140–210 years in Italy. These results, however, showed
some drawbacks, which will be discussed below.

Population substructure in wolves and dogs

Hardy–Weinberg equilibrium is a basic assumption used
in structure to model population subdivisions (Pritchard

et al. 2000). It is not known how departures from HWE
may affect the reliability of individual assignments to the
inferred cluster, and the detection of admixed individuals.
Deviations from HWE due to lack of observed heterozygotes
in European and North American wolf populations (Roy
et al. 1994; Forbes & Boyd 1997; Randi & Lucchini 2002)
have been attributed to local inbreeding and/or population
substructuring (Wahlund’s effect). During the past two
centuries, the Italian wolves strongly declined and recently
expanded again. Bottlenecks could have led to the survival
of two partially isolated and genetically differentiated
small subpopulations in the southern and central Italian
Apennines (Zimen & Boitani 1975). However, the partial
assignment of wolves to two clusters (Fig. 3b, c) does not
match with different geographic origins of the samples.
Additional sampling from the southern Apennines would
likely help to detect eventual substructuring in the Italian
wolf population. Recolonization patterns and wolf pack
dynamics are poorly known (Mech & Boitani 2003). Wolf
packs could be more or less stable and open to accept
dispersers from other packs, but their dynamics are
different in different demographic and ecological conditions
(Meier et al. 1995, references therein). In conditions of
strong human disturbance, as in Italy, possibly just one
or a few breeding pairs may succeed in establishing
reproductive packs in newly colonized areas. After
colonization, the first pack will start to reproduce and
expand, creating core areas of closely related individuals,
as it was documented in Scandinavia and North America
(Mech & Boitani 2003). Although new immigrants could
soon arrive, active home range defence and resistance
against intruding dispersers from outside the packs might
led to transient local inbreeding and population substruc-
turing. The wolf samples used in this study were obtained
from carcasses collected across the entire wolf distribution
range in Italy during c. 15 years, and they could include
genetically distinct subpopulations. Due to the consequences
of domestication processes and reproduction in captivity,
dogs are not expected, and are not in HWE. Our samples
were collected from various breeds and from free-ranging
dog groups, but not from any real random breeding
population. Subdivisions among dog samples were not
evidenced in this study. The main subdivision was between
wolves and dogs, and genetic subdivisions among dogs
could have been detected using only dog samples and
increasing the K values in structure analyses (see Parker
et al. 2004, their Fig. 3b).

Performances of the F- and I-models using linked markers

The linkage model in structure 2.1 assumes that LD
can arise from population admixture (Falush et al. 2003). In
our data, classical single-locus statistics (Weir’s R; 1979)
detected significant LD, which was, as expected, higher

Fig. 5 Population-of-origin assignments for the four microsatellite
linkage groups in dogs, Italian wolves and known hybrid obtained
by plotting the frequency distributions of the likelihood ratios
Ln P(R)1 = (P1M1/M2P2) (a), and Ln P(R)2 = (P1M1 + P2M2)/
(P2M1 + P1M2) (b). Black bars, wolves; grey bars, dogs; dark grey
bars, known hybrids.
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among linked vs. unlinked loci, as well as it was higher in
wolves than in dogs. In consequence, structure 2.1
detected a number of wolves with intermediate qw and
large CI values, suggesting admixture, and allowed to
identify a number of putative recombination events, which
were associated and significantly correlated with intermediate
qw values. Remarkably, the use of linked markers revealed
an increase in the proportion of admixed Italian wolves (c.
5.0% vs. 0.9%). This result was expected because of the
slower decay of LD among linked loci. structure with the
I- and F-model performed differently. With the I-model,
dogs were assigned to a single cluster (QI = 0.98), and
wolves were split between two clusters (QII = 0.51; QIII = 0.46),
perhaps reflecting departures from HWE in the Italian
wolves. The known hybrids, according to their admixed
origin, were partially assigned to each of the three clusters:
QI = 0.67 (the dog cluster); QII = 0.11 and QIII = 0.22 (the
two wolf clusters). In contrast, using the F-model, dogs,
wolves and the known hybrids were assigned to the three
distinct clusters, corresponding to each a priori defined
group, that is, dogs to cluster I with QI = 0.98; wolves to
cluster II with QII = 0.95; and hybrids to cluster III with
QIII = 0.86 (see Table 2 and Fig. 3). This case study should
more closely fit the assumptions embedded in the I-model,
because (i) wolves and dogs evolved independently since
10 of thousands of generations after domestication (accord-
ing to the archaeological record domestication occurred
c. 12 000–14 000 years ago; Clutton-Brock 1999; while
genetic data suggested a much older domestication time
of 100 000 years; Vilà et al. 1997); and (ii) historical and current
rates of gene flow between Italian wolves and dogs seem to
be low, according to genetic findings published in this
study and elsewhere (Randi & Lucchini 2002). However,
the results obtained from the F-model are also straightforward
and easy to interpret. It is not clear why the two models
performed so differently. Anyway, exactly the same 11
putatively admixed wolves were identified, using either
the I- and F-model. Thus, the results of individual assignment
procedures were not affected by the allele frequency
models. The qw values of admixed wolves showed larger
credibility intervals. Uncertainty in the assignment of
admixed individuals might be due to difficulties in
structure in estimating parental allele frequencies,
particularly if the true parental populations were not
sampled, like in our case study, as it was pointed out by
Pritchard et al. (2000) and Falush et al. (2003). Additional
studies, and eventual analyses of simulated data sets, are
needed to identify what factors can affect structure
performance using the I- and F-models, and how it might
be possible to narrow CI values in admixed individuals. A
recently published study on hybridization between wild
and free-ranging domestic cats (Felis silvestris; Lecis et al.
2006) confirmed the results of this wolf study, suggesting
that linked microsatellite markers and admixture LD analyses

can significantly improve the detectability of admixed
individuals in a number of hybridizing taxa.

Recombination events and times since admixture

Replicated estimates of r showed a unimodal distribution
with an average value of 70 generations, implicating that
wolves and dogs could have interbred in Italy for approxi-
mately 140–210 years. The decline of the wolf population,
deforestation and the expansion of agriculture in both
plain and mountain regions in Italy continued for
centuries in the past. Hence, it is well possible that dog ×
wolf hybridization is relatively ancient. However, the
admixture model implemented in structure assumes that
two parental populations hybridized only once in the past
r generations. In reality, it is much more likely that dog
× wolf hybridization, although not frequent, is recurrent.
Thus, at the moment it is not clear what is the reliability of
r as an estimator of time since admixture. For instance, the
variability of r values around the average could have been
inflated by a poor fitting of the population model to the
real dynamics of hybridization.

Conclusions

The risk of introgression of dog genes in the wolf gene pool
is a concern for conservation biologists. To date, however,
mtDNA and microsatellite markers failed to evidence
widespread hybridization and backcrossing in European
wolves. Population structure analyses of multilocus genotypes
clearly showed that Italian wolves and dogs belong to two
distinct gene pools among which gene flow is currently
sporadic (Randi & Lucchini 2002; this study). Both wolves
and dogs show very high average posterior probabilities of
assignment to their own clusters. Nevertheless, reproductive
isolation not being complete, a few introgressed individuals
were observed among wolves that showed varying levels
of admixture. Interestingly but not unexpectedly, the
admixed wolves were mostly confined to peripheral areas
of the species’ distribution range in Italy (Fig. 1). Sample
nos 536 and 571, for instance, were found in two parts of
Apulia at the southeast edge of the wolf distribution.
Sample nos 566, 391 and 387 were collected in Tuscany
close to the western border of the wolf distribution.
Individual nos 556 and 617 were sampled in Emilia-
Romagna along the eastern border of the wolf distribution.
The admixed wolves did not show any morphological
signal of hybridization, except for sample no. 334 that was
unusually dark (Randi & Lucchini 2002). Wolves living at
the periphery of their distribution range, sometime in areas
of recent colonization, being rarer are more likely to
crossbred with free-ranging dogs. Despite hybridization,
wolf and free-ranging dogs remain genetically distinct in
Italy, suggesting that introgression in nature might be
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strongly counteracted by selection or by ethological fac-
tors (Vilà & Wayne 1999; Randi & Lucchini 2002). The
admixture LD approach we applied in this study, although
with some drawbacks, seems to provide a sensitive tool to
detect introgressive hybridization. The performances of
linked microsatellite markers and of the linkage model
should be carefully assessed in the future using both
empirical and simulated data sets. However, the wolf data
presented in this study suggest that correlations among
closely linked loci can identify more ancient admixture
events more efficiently than unlinked markers. Our results
suggest also that introgressive hybridization, although
perhaps protracted in time, is limited and poses no serious
threat on the integrity of the Italian wolf gene pool.
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