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Abstract

Behavioural isolation may lead to complete speciation when partial postzygotic isolation
acts in the presence of divergent-specific mate-recognition systems. These conditions
exist where Mus musculus musculus and M. m. domesticus come into contact and
hybridize. We studied two mate-recognition signal systems, based on urinary and
salivary proteins, across a Central European portion of the mouse hybrid zone.
Introgression of the genomic regions responsible for these signals: the major urinary
proteins (MUPs) and androgen binding proteins (ABPs), respectively, was compared to
introgression at loci assumed to be nearly neutral and those under selection against
hybridization. The preference of individuals taken from across the zone regarding these
signals was measured in Y mazes, and we develop a model for the analysis of the
transition of such traits under reinforcement selection. The strongest assortative
preferences were found in males for urine and females for ABP. Clinal analyses confirm
nearly neutral introgression of an Abp locus and two loci closely linked to the Abp gene
cluster, whereas two markers flanking the Mup gene region reveal unexpected
introgression. Geographic change in the preference traits matches our reinforcement
selection model significantly better than standard cline models. Our study confirms that
behavioural barriers are important components of reproductive isolation between the
house mouse subspecies.
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Introduction

According to the Biological Species Concept (Dobzhan-
sky 1937; Mayr 1942), speciation, i.e. a process leading
to evolution of separate species, requires the develop-
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ment of reproductive barriers between gene pools.
Assortative mating is a potentially efficient prezygotic
reproductive barrier and may thus prevent loss of genes
into unfit hybrids (Lande 1981; Butlin 1995; Wells &
Henry 1998; Panhuis et al. 2001; Turelli ef al. 2001;
Ptacek 2002; Coyne & Orr 2004; Ritchie 2007). When
partial postzygotic isolation acts in the presence of
divergent-specific mate-recognition systems, selection
for increased mating specificity may lead to complete
speciation (Dobzhansky 1940; Howard 1993; Servedio &
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Noor 2003; Coyne & Orr 2004). This phenomenon can
best be studied in closely related or recently divergent
taxa where limited hybridization still occurs and specia-
tion may be incipient. Here, selection may act to rein-
force prezygotic isolation in regions of secondary
contact, leading to avoidance of disadvantageous mat-
ing between genetically diverged taxa (Dobzhansky
1940; Butlin 1987, 1995; Howard 1993; Kirkpatrick &
Ravigné 2002; Marshall et al. 2002; Servedio & Noor
2003; Servedio 2004; Hoskin et al. 2005; Smadja & Butlin
2006).

Two subspecies of the house mouse, Mus musculus
musculus and M. m. domesticus, meet and hybridize
along a contact front more than 2500 km long, running
across southern Danish Jutland and from the Baltic Sea
to the Black Sea coast through Central Europe (Boursot
et al. 1993; Sage et al. 1993; Macholan et al. 2003). The
width of this hybrid zone may vary for different mark-
ers (see Teeter et al. 2010; Macholan et al. 2011; and ref-
erences therein), but usually it is more than a factor of
ten wider than the per generation dispersal of individ-
ual mice. Virtually no F; hybrids are found within the
zone, and the locality samples in the centre consist of a
complex mixture of late-generation hybrids and back-
crosses. Both sexes contribute equally to hybridization,
and for most markers, zone structure is unimodal with
predominating intermediate genotypes in the centre,
characterized by the lowest fitness (Raufaste et al. 2005;
Macholan et al. 2007).

Two lines of indirect evidence suggest that selection
is acting against hybrids: (i) hybrid male sterility and
partial female sterility have been described in different
crosses of laboratory or wild populations (Forejt & Iv-
anyi 1974; Forejt 1996; Oka et al. 2004; Storchova et al.
2004; Britton-Davidian et al. 2005; Vyskocilova et al.
2005, 2009; Good et al. 2008; Mihola et al. 2009) and (ii)
limited introgression of sex chromosome markers as
compared with autosomes has been shown across four
studied transects (Vanlerberghe et al. 1986; Tucker et al.
1992; Dod et al. 1993, 2005; Raufaste et al. 2005; Mach-
olan et al. 2007). Recent genome-wide mapping studies
have highlighted several candidate speciation genes,
some of which are associated with olfaction, pheromone
response and other behavioural aspects of reproduction
(Harr 2006; Teeter et al. 2008), highlighting the potential
importance of behavioural isolation between the two
mouse subspecies. As olfactory cues represent the pri-
mary means of communication in nocturnal animals
such as the house mouse (Beauchamp & Yamazaki
2003; Brennan & Kendrick 2006), diverged chemosignals
and their receptors should be ideal candidates for pre-
mating isolation barriers.

Two candidate-specific mate-recognition systems have
been proposed as behavioural barriers acting in the

house mouse hybrid zone: one based on urinary cues
(Smadja & Ganem 2002, 2005; Smadja et al. 2004;
Ganem et al. 2008), including possibly the major uri-
nary proteins (MUPs; Cheetham et al. 2007; Stopkova
et al. 2007; Thom et al. 2008), the other based on saliva
cues encoded by genes of the androgen-binding protein
(Abp) family (Karn & Dlouhy 1991; Laukaitis et al. 1997;
Talley et al. 2001). A rigorous analysis of the potential
roles of these systems in modulating house mouse inter-
actions requires consideration of both parts of each
mate-recognition system (the signal and the associated
preference) across the geographic context of the hybrid
zone, a situation requiring some modification of exist-
ing clinal models.

Haldane (1948) introduced the theory of a cline, i.e. a
smooth change in the expectation of traits with geo-
graphic distance, to the neo-Darwinian synthesis. Clines
of similar smooth sigmoid shape can be maintained by
environmental (extrinsic) selection for different optima
or intrinsic selection against admixture (Kruuk et al.
1999). This shape is modified when selection acts on
multiple loci because dispersal leads to strong associa-
tions across loci where clinal change is rapid and these
associations mean the effective selection on each locus
is greater than if they were independent. The result is
clines with steepened central portions or ‘stepped’
clines (Szymura & Barton 1986, 1991; Barton & Gale
1993; Baird 1995; Kruuk et al. 1999). These models of
clinal change apply equally to frequencies of alleles and
measures of quantitative traits (Barton & Gale 1993),
and a number of clines in quantitative traits have been
analysed, e.g. in toads (Niirnberger et al. 1995), grass-
hoppers (Bridle et al. 2001; Bridle & Butlin 2002),
ground beetles (Takami & Suzuki 2005), butterflies
(Blum 2008), sea gulls (Gay et al. 2008), and house mice
(O. Mikula & M. Macholan, unpublished data).

Mate preference might similarly be expected to
change as a quantitative trait cline across a contact
zone. If two taxa prefer cues originating from their own
rather than the other taxon, then a simple expectation is
that cue preference will change from one extreme to the
other across the zone, passing through a point of no-
preference where hybridization has produced individu-
als that identify with neither pure taxon (e.g. grasshop-
pers: Butlin & Hewitt 1985a,b; Butlin & Ritchie 1991; or
mice: Ganem et al. 2008). However, the phenomenon of
reinforcement (i.e. the strengthening of postzygotic iso-
lation as a result of emergence of prezygotic barriers;
Coyne & Orr 2004) would modify this simple cline
expectation, and in a manner quite different from the
stepped cline effect arising from multilocus associations.
This is because we expect reinforcement to modify
behaviour most where the consequences of choice can
lead to unfit descendants. If hybrids are less fit, rein-
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forcement should then amplify consubspecific prefer-
ence most close to a contact zone resulting in increased
prezygotic isolation in sympatry relative to allopatry, a
phenomenon called reproductive character displace-
ment (Butlin 1995; Lemmon et al. 2004).

This will not only make the transition in preference at
the centre of the zone steeper, it will qualitatively
change the shape of the observed preference trait cline
from a monotonic sigmoid, to one resembling a ‘soliton’
(a self-reinforcing solitary wave or pulse that maintains
its shape; Bullough & Caudrey 1980; Lakshmanan 1988;
Barton & Hewitt 1989). Butlin & Ritchie (1991) noted
such a modification, and as well as fitting a sigmoid
cline to their data they fitted a polynomial curve in
order to better capture this unusual shape. Here, we
develop an explicit model of the effects of reinforce-
ment on a preference trait cline. An explicit model has
the advantage that we can directly compare the likeli-
hood of our observations when different levels of rein-
forcement are allowed. Moreover, testing for the effects
of reinforcement using comparison of nested explicit
hypotheses is much more straightforward to interpret
in a biologically meaningful way than comparing clines
and polynomial curves, because clines are described in
terms of their centre and width, while these are not
explicitly part of a polynomial curve parameterization.

In this study, our goal was to understand the contri-
butions of mate-choice preference based on both sali-
vary and urinary signals to the maintenance of the
European mouse hybrid zone. We analysed both parts
of these recognition systems, i.e. diverged signals and
associated preferences, in two candidate subspecies-spe-
cific systems, in contrast to other studies that evaluated
either only preference (Smadja & Ganem 2002, 2005;
Smadja ef al. 2004; Bimova et al. 2005; Ganem et al.
2008) or only signal genotypes (Dod et al. 2005). We
asked how behavioural isolation contributes to the
dynamics of the mouse hybrid zone. Specifically, we
predicted that: (i) If the signals contribute to isolation,
they must be diverged between the two subspecies and
genes encoding the signals should have more limited
introgression across the hybrid zone than neutral genes
and (ii) If the associated preferences are to contribute to
isolation then we should find assortative mating on
both sides of the hybrid zone and we would expect to
see reproductive character displacement in the hybrid
zone, in terms of enhanced preferences, as predicted by
the theory of reinforcement. We analysed clines for sex-
ual preferences measured using simple two-way choice
tests for urinary signals and androgen binding protein
(ABP) signals. We also compared the introgression of
molecular markers on chromosome 4 (Mup region) and
chromosome 7 (Abp region) with loci assumed to be
under strong selection and those assumed to be selec-
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tively neutral or nearly neutral with respect to the
hybrid zone.

Materials and methods

Sampling

In total, 2408 mice were trapped at 128 sites scattered
across an area 145 km long and 50 km wide, stretching
from north-eastern Bavaria (Germany) to western Bohe-
mia (Czech Republic). The sampling sites with numbers
of tested individuals and scored markers are listed in
Table S1 (Supporting information), and their position in
the field area is shown in Fig. 1. Mice were live-
trapped and either euthanized and dissected directly in
the field or transported to the breeding facility of the
Institute of Vertebrate Biology, Studenec (Czech Repub-
lic), for behavioural experiments. After sacrifice and dis-
section, samples of kidney and muscle were frozen and
kept at —80 °C for subsequent electrophoretic analyses
while a piece of spleen and/or tail was put in alcohol
for DNA extraction. DNA was extracted using the
DNeasy® 96 Tissue Kit (Qiagen), following the manu-
facturer’s instructions.

Behavioural tests for ABP signals were carried out on
644 mice collected from 26 (females) and 28 (males)
sites, respectively, while 490 individuals from 29
(females) and 26 (males) sites, respectively, were used
for urinary preference experiments.

Molecular analyses

To analyse the introgression pattern of genes encoding
signals involved in assortative preferences, we used sev-
eral subspecies-specific markers either mapping to the
corresponding region or located close to it. Fixation of
each marker for alternative alleles was tested on a panel
of 20 M. m. musculus and 20 M. m. domesticus individu-
als sampled from 40 allopatric populations well outside
the hybrid zone, scattered well across the European
ranges of the two subspecies. Only a single individual
was taken from each population sample. Besides these
mice, the testing panel also included individuals from
wild-derived inbred strains representing the two taxa
(Pialek et al. 2008). The only exception to this design
was marker 4.057, in which the number of sampled
localities was increased to 83 with a total of 156 tested
wild mice (see Table S2, Supporting Information).
Mouse ABPs are dimers composed of an alpha sub-
unit disulfide bridged to a beta-gamma subunit (Dlouhy
& Karn 1983; Dlouhy et al. 1987; see Emes et al. 2004
and Laukaitis et al. 2008 for revised nomenclature). The
whole Abp gene region encompasses 3 Mb on the proxi-
mal end of Chromosome 7 and consists of 30 Abpa
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Fig. 1 The Czech-Bavarian transect across the Mus musculus musculus/M. m. domesticus hybrid zone in Europe with positions of col-
lecting sites depicted. Black dots indicate sampling sites from which only molecular data are available whereas diamonds show local-
ities sampled also for behavioural analyses; dark and light colours refer to individuals subjected to tests using ABP and urinary cues,
respectively. The locality numbers are the same as in Table S1 (Supporting information). On the upper left panel, the position of the
zone in a global scale with the study area indicated with shaded rectangle.

genes encoding alpha subunits and 34 Abpbg genes
encoding beta-gamma subunits (Emes ef al. 2004; Lau-
kaitis et al. 2008). We analysed one of the Abpa genes,
Abpa27 (hereinafter referred to as a27) which maps near
the distal end of the region (N = 2044 mice) and has a
different allele fixed in each of the three Mus musculus
subspecies (Abpa® in M. m. domesticus, Abpb” in
M. m. musculus and Abpa® in M. m. castaneus) (Karn &
Dlouhy 1991; Karn et al. 2002). We used a PCR-based
method modified from Dod et al. (2005) and checked
the results by sequencing 280 mice sampled from the
most polymorphic localities. Sequencing revealed differ-
ences in 18 (6.4%) of tested individuals. In further anal-
yses, only corrected genotypes were included.

Major urinary proteins are encoded by a gene cluster
composed of approximately 40 genes and pseudogenes
classified into two subgroups spanning a 1.9-Mb region
located in the central part of Chromosome 4 (Bishop
et al. 1982; Clissold & Bishop 1982; Logan et al. 2008;
Mudge et al. 2008). No Mup has been evidenced to be
diagnostic of the M. musculus subspecies. As a proxy
for these genes, we analysed two SNPs flanking the
Mup region on Chromosome 4: 4.59941702 (hereinafter
abbreviated as 4.060; N = 1477), which maps 137 640 bp
proximally of the Mup gene cluster, and 4.62782738
(4.063; N = 1482), which is located 1 286 471 bp distal to
it. Both markers were selected from a high-density

genotyping array (Yang et al. 2009) and show fixed dif-
ferences between M. m. musculus and M. m. domesticus
mice sampled from across their ranges (L. Wang et al.,
in preparation). For both markers, a subset of mice were
genotyped using the Illumina® Goldengate® Assay on
an Tllumina® Beadstation 500 at the University of Michi-
gan Genotyping Core and the remaining samples were
genotyped using the TagMan protocol. In addition, we
analysed diagnostic loci on the same chromosomes,
located at various distances from the Abp and Mup
regions. On Chromosome 7, two B2 SINE retroelements
and one U2 element were scored. Both B2 markers
(7B2-3720, hereinafter referred to as 3720; N = 1769; and
7B2-3746, hereinafter 3746, N = 1798) map very close to
the proximal side of the Abp region, whereas the U2 ele-
ment (7U2_318M16, hereinafter referred to as 318M16;
N = 1853) maps about halfway between the centromere
and the Abp region (Fig. 2a). On Chromosome 4, we
scored one SNP, 4.057 (N = 1426; Teeter et al. 2008),
2.4 Mb proximal to the Mup gene cluster, one B2 SINE
element, 4B2_141114 (141114; N = 2313), and one allo-
zyme locus, hexose-6-phosphate dehydrogenase (Hépd,
E.C. 1.1.1.47; N = 2007), both located distally to the Mup
genes (Fig. 2b). A brief description of each marker, its
position, the primer sequences and PCR conditions are
given in Table S3 (Supporting information). Genetic
map positions were retrieved from the current mouse

© 2011 Blackwell Publishing Ltd
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Fig. 2 Sigmoid clines for molecular markers on Chromosome 7 (a), Chromosome 4 (b), and loci on the X chromosome, assumed to
be under selection (Fmr1, Polal, Btk, Glra2), and various autosomes (Es1, Idhl, Mpi, Np, Sod1l) considered neutral or nearly neutral
markers (c). The positions of the Chromosome 4 and Chromosome 7 markers are indicated on the left side. Despite the large number
of loci displayed in panel ¢, the clines at the X-linked loci (grey) are clearly steeper than those at autosomal loci (black).

genome build 37.1 (NCBI database; http://www.ncbi.
nlm.nih.gov).

For comparison, we scored four X-linked and five
autosomal markers. The X-chromosome loci were pro-
posed because these are assumed to be under selection
against admixture or linked to a selected locus (Payseur
et al. 2004; Macholan et al. 2007, 2011), and owing to the
map distance between them, we assumed linkage dis-
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equilibrium to be negligible. Three of these loci were
SNPs, Fmrl (N =1630; 65.95Mb; 24 cM);, Polal
(N =1520; 90.88 Mb; 27.3 cM); and Glra2 (N = 2285;
161.69 Mb; 57.9 cM). They were originally described in
Payseur et al. (2004) and analysed as described in Duf-
kova et al. (2011). The fourth X-linked marker was a Bl
SINE mapping to the Btk gene (N =2397; 131.08;
43.7 cM; see Munclinger et al. 2002, 2003, for details).
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The autosomal markers were diagnostic allozyme loci
assumed to be neutral or nearly neutral with respect to
subspecies admixture (Macholan et al. 2007) and located
on different chromosomes than the Abp and Mup
regions: Isocitrate dehydrogenase 1 (Idhl, E.C.1.1.1.42;
N =2138; Chromosome 1); Superoxide dismutase-1
(Sod1, E.C. 1.15.1.1; N = 2098; Chr. 16); Nucleoside phos-
phorylase (Np, E.C.2.4.2.1; N = 2209; Chr. 14); Esterase 1
(Es1, E.C.3.1.1.1; N = 2033; Chr. 8); and Mannose phos-
phate isomerase (Mpi, E.C. 5.3.1.8; N = 2093). All allo-
zymes were scored with standard horizontal starch gel
electrophoresis (Harris & Hopkinson 1976; Pasteur et al.
1988) using samples of the C57BL/6] inbred strain as
standards (Munclinger et al. 2002).

Behavioural experiments

After transportation to the breeding facility, all mice
were cleaned of both ectoparasites (Arpalit® Neo
applied onto the cage walls) and endoparasites (1%
solution of Biomectin® administered peroraly). Males
were housed singly and females either singly or in pairs
captured at the same sampling site, under standard lab-
oratory conditions (plastic cages 30 x 15 x 15 cm, food
and water available ad [libitum, a 14:10 photoperiod,
light on between 06.30 and 20.30 h). Prior to testing, the
animals were allowed to habituate to the laboratory
conditions for at least 1 month after capture.

The preferences for urinary and ABP signals were
tested with a simple two-way choice test using a Y-
maze (Talley et al. 2001; Bimova et al. 2005). The experi-
mental apparatus consisted of a habituating box
(35 x 25 x 13 cm) connected to the stem of a Y-maze
(diameter: 5 cm; stem length: 35 cm; side arms length:
23 cm) and an electric pump insuring one-way air cir-
culation in the apparatus (for the apparatus design and
method details, see Bimova et al. 2005, 2009). Each
tested individual was allowed to choose between mus-
culus and domesticus (urinary or ABP) cues of the oppo-
site sex.

Urinary signals were collected from wild animals at
two localities, Straas (Germany), c. 46 km west of the
hybrid zone centre (50°11'N, 11°46’E), representing pure
M. m. domesticus, and Buskovice (Czech Republic), c.
57 km east of the zone centre (50°13’'N, 13°21’E), repre-
senting pure M. m. musculus (for more details, see Pi-
alek et al. 2008). Salivary ABP signals were collected
using the isoproterenol-stimulated salivation method
(Karn 1981) from two strains with a genetic background
differing only in their Abpa allele (Laukaitis et al. 1997;
Bimova et al. 2005). One of the strains possessed the
a27" allele carried by the C3H/HeJ strain (purchased
from ANLAB, Prague), whereas the a27" allele was car-
ried by the Abpa’-congenic strain established from DBA

mice backcrossed to C3H/He] [provided by two of the
authors (RCK & CML)]. Signal samples were pooled
from at least eight individuals from the same sex and
locality/strain and stored at —80 °C. Prior to each exper-
iment, 10-uL aliquots of the signal were defrosted and
spotted in the middle of a sterile 1.5 x 20 cm strip of fil-
ter paper and left to dry at room temperature for
30 min; then each sample was positioned at the bottom
of one of the maze side arms.

At the beginning of each experiment, the tested indi-
vidual was placed in the habituating box for at least
15 min. All experiments were carried out during the
light phase of the diurnal cycle. Diurnal experiments
were shown to yield results comparable to tests carried
out during the dark period (i.e. the phase of increased
activity) in a pilot study (B. Voslajerova Bimova,
unpublished results). Moreover, this experimental
design allowed a direct comparison with previously
published results (Laukaitis et al. 1997; Talley et al.
2001; Smadja & Ganem 2002; Bimova et al. 2005, 2009;
Ganem et al. 2008).

After habituation, the door leading to the Y-maze
was opened and the animal’s behaviour was recorded
for 5 min starting immediately after it left the habituat-
ing box. The Observer software (Noldus Technologies,
Noldus et al. 2000) was used to aid analysis. If the same
individual was to be involved in more than one test, at
least 21 days intervened between tests. Female sexual
receptivity was checked using vaginal smears after each
test. No significant effect of oestrous cycle phase on sex-
ual preference was found for either of the cue signals
(aNova, urinary preferences: Fq199 = 0.656; P = 0.419;
ABP preferences: Fjo4 =1.578; P =0.210; see also
Bimova et al. 2005).

At the end of the study, the mice were euthanized
and samples of tissues were taken for molecular analy-
ses. The whole study followed the experimental proto-
col (No. 5/05) approved by the Institutional Committee
and Czech Academy of Sciences Committee for animal
welfare. The breeding facility has been licensed
(3245/2003-1020) for keeping small mammals according
to Czech law since 2000, and the first author holds a
license (V/1/2005/03) for experimental work on verte-
brates in accordance with Czech law.

Data analyses

Molecular data. Because of the demic structure of mouse
populations, with a single dominant male siring most
of the offspring, estimates of allele frequency across
localities were weighted by taking into account poten-
tial non-independence of observations of alleles because
of relatedness and deviation from Hardy-Weinberg
equilibrium. This weighting is expressed as the effective

© 2011 Blackwell Publishing Ltd



number of alleles sampled (N,) following the procedure
described in detail in Macholan et al. (2008). The likeli-
hood of observing a particular allele frequency at a
locality was calculated using a modified binomial distri-
bution (Edwards 1992) parameterized by N.,.

Geographic coordinates of sampling sites were gno-
monically projected onto the plane using a routine writ-
ten in Mathematica (Wolfram 1992) by one of the
authors (SJEB). Subsequently, the two-dimensional tran-
sect was collapsed onto a line parallel to the most likely
direction of change in allele frequencies, estimated in
Macholéan et al. (2008); the position of each locality was
then defined as a distance along this one-dimensional
transect line from the most distant locality on the domes-
ticus side (Kiibelhof).

Three cline models were fitted to the molecular data
as described in Macholan et al. (2007): a simple sigmoid
or Tanh model (Haldane 1948; Bazykin 1969), hereinaf-
ter referred to as the ‘Sig’” model, and two ‘stepped’
models (Szymura & Barton 1986), one symmetrical and
one asymmetrical, hereinafter referred to as the ‘Sstep’
and ‘Astep’ model, respectively (Raufaste et al. 2005;
Macholan et al. 2007). Two-unit support limits of the
maximum likelihood estimate (MLE) of each parameter
approximate frequentist 95% confidence intervals
(Edwards 1992). For each model and each marker, the
likelihood profile was constructed as described in Phil-
lips et al. (2004) and Macholan et al. (2007) and when
appropriate, these profiles were used for testing cline
coincidence and/or concordance, employing ANALYSE 1.3
(Barton & Baird 1995).

Behavioural data. For each individual, cue preference in
the Y-maze was assessed according to Smadja & Ganem
(2002; see also Bimova et al. 2005), as the time spent
sniffing one of the cues (Tyus, Taon). The Hy hypothesis
that T,s = Taon Was tested using the Wilcoxon-matched
pairs test with type I error set to « = 0.05 adjusted with
the Bonferroni correction. We also tested the difference
in the total time spent by sniffing (T,.us + Tiom) between
males and females for each cue using the Mann-Whit-
ney U-test.

When treating genetic information, the amount of
independent information sampled for alleles at each
locality (N,) was estimated. Similarly, consideration was
given to how much information supports each estimate
of the preference of individual i:

Y, — (Tmus - Tdnm)
: (Tmus + Tdom)

Previous approaches have calculated a locality prefer-
ence estimated as the equal weight arithmetic mean
over individual preference estimates (Smadja & Ganem
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2002; Bimova et al. 2005); however, some of those indi-
vidual estimates will be poorly supported, and others
more strongly. If weakly supported estimates have ran-
dom polarity they will tend to cancel each other out
(i.e. their mean will tend to zero). If all individual esti-
mates are given the same weight, this weakly sup-
ported noise will disproportionately obscure any
strongly supported preferences. This can be taken into
account by using a weighted arithmetic mean, with
weights corresponding to the amount of information
supporting each individual estimate, i.e. the total time
an individual spends expressing interest as the measure
to which its preference estimate is supported. The
weighted mean estimate of preference at locality L is:

YL _ Z:L(Tmus - Tdom) )
EL(Tmus + Tdom)

These estimates (Y;, Y;) range from -1 to +1 so that
Y < 0 indicates preference for the domesticus-type signal,
Y > 0 indicates preference for the musculus signal, and
Y = 0 indicates the absence of any preference. The same
weighting scheme is applied between localities. Some
locality estimates will be better supported than others
and should have more influence when fitting explana-
tory models. The information supporting the estimate
as a weighting, in this case the weight for a locality esti-
mate, is the total time all individuals spent expressing
interest:

TL = Z (Tmus + Tdom)-
L

Model of reinforced cline shape

To model clinal expectations for traits at localities with
different distances across a hybrid zone, consider a
locality distance x from the centre c of a cline width w:
a natural simplification of this description is to work in
terms of the locality’s displacement from the centre
measured in units of the width: y = (x = ¢)/w. First con-
sider expectations for the hybrid index h, scaled from 0
(pure individuals of one taxon) to 1 (pure individuals
of the other taxon). We follow a common wisdom that
the house mouse hybrid zone is maintained by the bal-
ance between dispersal and selection against hybrids,
ie. it is a ‘tension zone’ (Key 1968). A simple tension
zone expectation is that i will change as the sigmoid
function h(y) = [TanhQ2y) + 11/2 (Bazykin 1969; Nagylaki
1975; Slatkin 1975; Barton & Gale 1993). The gradient of
change is then I'(y) = Sech(2y)?, i.e. it is steepest at the
centre, achieving a maximum value of unit width
(equivalently, the width of a cline is defined as the gra-
dient at the centre). Now consider the current study’s
preference measure (see behaviour data above). In the
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case of complete assortative mating of pure individuals,
this trait will change from —1 at one extreme to +1 at
the other. Between these extremes, if preference for a
cue is proportional to an individual’s similarity to indi-
viduals at the cue’s source (where similarity is mea-
sured using hybrid indices), then the expectation for
the trait will follow the sigmoid cline running from -1
to +1, Tanh(y). More generally, individuals may not
show such extreme (=1,+1) levels of preference. If pref-
erence instead varies between p, and p;, the trait will
follow the cline p(y, po, p1) = po + Tanh(yAp™") Ap, where
Ap is the difference in preference levels across the zone,
P1 ~ Po-

So far, traits have been assumed to change according
to a standard tension zone model. Our model of a rein-
forced preference cline p* has two aspects: (i) The selec-
tion driving reinforcement should be strongest where the
most heterogeneous genetic backgrounds come into contact
(and so produce the most unfit hybrids). A measure of
the local diversity of genetic backgrounds is the gradi-
ent in the hybrid index, and so the strength of reinforc-
ing selection can be modelled as 5o h(y). (i)
Reinforcement amplifies existing mate preferences (then,
where no preference is expected, amplification will have
no effect). For small s, po, p1, we model reinforced pref-
erence as p*(y, po, p1) = Py, po, p1) (1 + s). Substituting
the model of selection (1) into the model of reinforce-
ment (2):

P (v, po,p1) = p(y, po, p1)[1 + (R — 1)K (y)],

where (R — 1) is a constant of proportionality govern-

ing how much the local diversity in genetic back-
grounds (producing unfit hybrids) has led to
amplification of existing preferences. The gradient of
the reinforced cline at y = 0 is R, and so R has a natural
interpretation: it is the factor by which reinforcement
increases the steepness of clines in preference traits in
comparison with the cline in hybrid index.

The model is approximate in two senses: First, ampli-
fication of strong preferences may lead to a preference
cline with values exceeding the (~1,+1) bounds of the
preference measure. Second, amplification of asymmet-
ric preferences (when preferences in the extremes py, p;
are of very different magnitude) shifts the centre of the
preference cline away from y = 0 (there is a portion of
the cline with steeper gradient than at y = 0). However,
both these effects are negligible for the cases we con-
sider: preferences never exceed (-1,+1) and the maxi-
mum shift in ¥y =0 is <5% of the underlying cline
width. It should be emphasized that this model is an
oversimplification of reality: if preference is amplified
and heritable, the genes encoding the preference will
themselves diffuse, changing the expected form of the

soliton. Those moving across the hybrid zone will be
counter selected. Those moving away from the hybrid
zone will arrive in areas where the consequences of
poor choosiness are reduced. While these considerations
are worthy of further exploration, for current purposes
we believe the simple soliton-like expectation devel-
oped earlier is sufficient as an alternative model to be
compared with standard cline expectations.

Results

Modelling clines of genes and genetic markers

Geographic cline analyses show that when the influence
of outliers is reduced through estimating the effective
number of alleles (N.) only symmetrical (Sig, Sstep)
models are statistically justified (Table 1). Moreover, for
some loci both the symmetrical stepped model (Sstep)
and the asymmetrical stepped model (Astep) converged
at nonsensical combinations of parameters, and thus,
only the Sig model was used for subsequent coinci-
dence and concordance tests.

The locus assumed to be associated with subspecies
recognition, a27, revealed a cline concordant (i.e. of the
same width) and coincident (i.e. of the same position)
with all autosomal loci except two markers flanking
the Mup gene cluster (see below). Any differences in
cline width between 427 and the other three Chromo-
some 7 loci were nonsignificant, including 318M16
(Table 1, Fig. 2). Of the three SNP markers flanking
the Mup region, 4.060 (0.14 Mb proximal) reveals a
cline similar to 427 whereas the sigmoid cline for 4.063
(1.3 Mb distal) is non-significantly broader and shifted
westwards relative to both the loci (Table 1). Though
there is considerable introgression on both sides for
4.063, introgression of musculus alleles into the domesti-
cus territory is stronger than the opposite process
(Fig. 3c), making the cline almost significantly asym-
metric (Table 1). The third locus, 4.057, mapping
2.4 Mb away from the Mup region, shows a steep tran-
sition on the domesticus side, whereas there is no
apparent decline of the domesticus allele frequency on
the musculus side (Fig. 3a). This causes both the sig-
moid and symmetrical stepped cline models to have
extremely high width estimates with centre estimates
substantially ~shifted towards the musculus range
(Table 1, Fig. 2b). The proximal cause of these effects
is confirmed by comparison with estimates allowing
for asymmetry: the Astep model produces ‘normal’
width and centre estimates with poor explicative
power on the musculus side. Because of the problems
presented by their clines, the 4.057 and 4.063 loci were
excluded from tests of coincidence and concordance.
The remaining two loci (141114 and Hé6pd) on this
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Table 1 Maximum likelihood estimates (MLEs) of cline shape parameters for 10 analysed loci: ¢ = centre; w = width; LL = log-likeli-
hood. Two-unit support limits of MLE for each parameter are given in parentheses. The parameters were estimated for three models:
sigmoid (Sig), symmetrical stepped (Sstep) and asymmetrical stepped (Astep), and the best-fit model is indicated with asterisk

Locus Model LL w (km) ¢ (km)
4.057 Sig* -23.433 71.29 (47.4-122.0) 92.56 (83.7-108.4)
Sstep -23.433 71.30 (47.4-122.0) 92.57 (83.7-108.4)
Astep —20.660 12.60 (7.5-20.4) 70.29 (68.8-70.3)
4.060 Sig* -20.339 20.80 (14.4-32.1) 65.78 (63.1-68.2)
Sstep -18.742 6.9 (0.0-32.1) 66.80 (64.8-68.7)
Astep —-18.245 9.79 (3.2-22.1) 67.06 (62.2-73.3)
4.063 Sig -26.320 34.84 (23.4-56.9) 62.67 (57.9-66.3)
Sstep* —22.592 4.00 (0.0-15.1) 66.72 (65.5-68.1)
Astep -19.889 9.92 (34.1-18.5) 66.85 (64.1-72.2)
141/14 Sig —35.087 22.95 (16.9-32.6) 65.9 (63.6-68.1)
Sstep* —28.758 8.11 (0.0-16.1) 67.08 (65.7-68.6)
Astep -26.48 8.40 (0.0-14.2) 67.45 (65.9-73.4)
Hoépd Sig —-30.988 18.71 (13.8-26.5) 66.68 (64.7-68.6)
Sstep* -25.635 4.90 (0.0-13.6) 66.71 (65.7-68.1)
Astep —25.622 4.98 (0.0-14.9) 66.74 (64.2-68.5)
a7 Sig* -22.213 24.14 (17.6-34.6) 67.62 (65.4-70.0)
Sstep -21.157 15.76 (0.0-30.9) 68.03 (65.8-69.9)
Astep -21.136 7.09 (0.0-29.2) 69.50 (66.0-78.3)
3720 Sig -25.491 29.83 (21.5-43.6) 68.86 (66.2-71.8)
Sstep* -22.09 12.37 (0.0-26.9) 69.32 (67.0-71.2)
Astep -21.873 10.89 (0.0-25.8) 69.24 (62.2-74.9)
3746 Sig -25.916 29.54 (21.3-43.1) 68.98 (66.3-71.9)
Sstep* -22.137 8.27 (0.0-24.4) 68.81 (67.1-71.2)
Astep -21.974 10.40 (0.0-24.4) 69.29 (62.4-72.1)
318M16 Sig* -20.157 17.94 (13.0-25.6) 70.67 (68.8-72.8)
Sstep -19.196 4.66 (0.0-23.4) 70.7 (69.3-72.4)
Astep —-18.668 4.40 (0.0-22) 68.13 (63.3-72.2)
Idhi Sig* —-29.080 28.67 (20.6-42.0) 64.91 (61.8-67.8)
Sstep -26.610 10.5 (0.0-27.4) 66.69 (64.4-68.8)
Astep -24.196 9.19 (0.0-20.8) 67.42 (65.3-70.9)
Esl Sig -22.982 21.97 (15.8-31.8) 66.18 (63.7-68.6)
Sstep* -16.820 7.89 (0.0-17.0) 67.13 (65.5-68.6)
Astep -16.029 8.92 (0.0-15.2) 67.26 (65.7-70.5)
Mpi Sig* -27.631 20.98 (15.4-29.7) 66.98 (65.9-70.1)
Sstep —24.732 5.80 (0.0-20.6) 67.68 (66.6-70.3)
Astep -24.615 11.75 (7.6-21.7) 68.26 (62.2-76.1)
Np Sig -36.940 37.53 (26.7-56.3) 68.75 (65.2-72.7)
Sstep* -32.759 8.20 (0.0-25.2) 69.27 (67.3-71.3)
Astep -32.512 9.34 (0.0-24.6) 69.38 (67.3-73.6)
Sod1 Sig* -28.231 17.99 (13.2-25.5) 69.45 (67.7-71.4)
Sstep —28.231 17.99 (13.2-25.5) 69.45 (67.7-71.4)
Astep -28.231 17.99 (13.2-25.5) 69.45 (67.7-71.4)
Fmrl Sig* -16.167 7.97 (5.5-11.8) 68.99 (67.7-70.4)
Sstep -13.729 6.16 (0.0-9.5) 69.12 (67.9-70.3)
Astep -13.429 6.22 (2.1-9.5) 69.12 (67.9-70.4)
Polal Sig* -14.960 7.78 (5.2-11.7) 69.51 (68.2-70.9)
Sstep -14.484 7.21 (4.9-11.2) 69.53 (68.3-70.8)
Astep -11.966 2.6 (0.0-6.7) 67.94 (64.6-69.5)
Btk Sig -20.784 9.54 (7.0-13.3) 67.41 (66.2-68.5)
Sstep* -14.174 5.97 (0.8-8.7) 67.67 (66.7-68.6)
Astep -13.035 5.33 (1.9-8.4) 67.75 (67.0-70.0)
Glra2 Sig* -24.105 13.41 (9.9-20.4) 67.43 (65.7-69.0)
Sstep —21.464 3.22 (0.0-15.7) 67.50 (66.6-69.0)
Astep -20.843 3.50 (0.0-12.5) 67.74 (66.7-72.7)
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Fig. 3 Frequencies of musculus alleles at three Chromosome 4 loci plotted against geographic distance along the one-dimensional
transect across the hybrid zone. (a) 4.057; (b) 4.060; (c) 4.063. Vertical dashed lines depict the position of a consensus centre estimated

from seven autosomal loci (Macholan et al. 2008).
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chromosome did not yield unusual cline parameter
estimates (Table 1, Fig. 2b). By contrast to the clines
for a27, 4.060 and the others, clines for the X-chromo-
some loci are significantly narrower than all autosomal
loci tested.

Behavioural data

The results of the behavioural tests are summarized in
the Appendix separately for each locality, cue and sex.
The data indicate that males show a higher level of
preference than females for urinary cues, while the
preferences of males and females for ABP are more sim-
ilar to each other (see Appendix for details). Across
populations, the direction of preference was varied (i.e.
mice preferred individuals of either the same or the
other subspecies), so we tested whether there was any
consistent and significant trend towards either assorta-
tive or disassortative mating. Our null hypothesis that
the direction of preference varies randomly within the
same sex and cue, i.e. that the underlying ratio of con-
subspecific preferences (domesticus-oriented west of the
zone centre and musculus-oriented east of the zone cen-
tre) to heterosubspecific preferences is parity. We tested
this null hypothesis with a Chi-square test. In all cues
and sexes, the overall preferences were consistently
skewed towards assortative preferences, although the
results were significant only in males sniffing urine
(xz =18.615; P <0.001) and females sniffing the ABP
signal (Xz = 4.840; P = 0.028), others being only margin-
ally (ABP males: x> =3.000; P =0.083; urine female:
xz =2.793; P = 0.095). As far as the total time of sniffing
any cue is concerned, males spent significantly more
time sniffing urine (Mann-Whitney U =251.1, Z =
—2.116, P =0.034), whereas no difference between
the sexes was found for ABP (U =359.0, Z = 0.087,
P =0.931).

Testing for the presence of reinforcing selection

We considered a hierarchy of nested hypotheses desig-
ned to summarise the key features of the preference
clines, accepting additional parameters only when they
significantly increased the likelihood of the data condi-
tioned on the model. The simplest hypothesis (Hy)
assumes symmetric preference trait clines (i.e. with
[pol = |p1]), sharing the same level of reinforcement R,
all with the same cline centre ¢ and width w. We con-
strained the preference clines centre to be the best esti-
mate of the hybrid zone centre MLE (c = 68.2 km). H
therefore had six free parameters: four for preference
levels (male and female extreme preferences for urine
and ABP), width w, and reinforcement level R; MLE
(Ho) = -63.812.
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Hypothesis H; allowed for preference asymmetry.
The extreme preference magnitudes for one trait were
allowed to be asymmetric (|pg| # |p1]), i.e. there was one
additional free parameter in comparison with Hy; MLE
(H;) = —61.425. Only the cline for male preference for
consubspecific urine appeared significantly asymmetric
(H; vs. Ho: 2ALL = 4.774, 1 d.f.,, P = 0.0289), whereas the
likelihood increase for the remaining three signals was
nonsignificant (female urine: 2ALL = 0.004, P = 0.9496;
male ABP: 2ALL =1.228, P =0.2678; female ABP:
2ALL = 0.548, P = 0.4591).

Hypothesis H, allowed for shifts in cline centre. Here,
symmetric preferences were assumed (apart from that
for male urine), but one preference cline at a time was
allowed to be displaced from the zone centre (8 free
parameters: 5 for preference levels and 1 each for w, R,
and the displaced centre ¢; MLE (H,) = —57.488). All
but one cline was coincident (H, vs. Hy: male urine:
2ALL =1.008, P =0.3154; female preference for urine:
2ALL = 2.022, P =0.1550; female preference for ABP:
2ALL = 0.002, P = 0.9643), the noncoincident cline being
male preference for ABP (2ALL = 7.874, P = 0.0050).

Hypothesis H; explored heterogeneity of reinforce-
ment levels. The previously demonstrated asymmetry
in male preferences for consubspecific urine and male
ABP preference cline displacement were taken into
account, but now one trait was allowed a different level
of reinforcement (9 free parameters: 5 preference levels,
w, R, c[ABP], and the reinforcement outlier value Rj).
The test revealed no significant difference between the
two hypotheses (H; vs. Hp: male urine: 2ALL = 2.494,
P =0.1143; female urine: 2ALL = 2.692, P = 0.1009; male
ABP: 2ALL =1.008, P = 0.3846; female ABP: 2ALL =
0.034, P =0.8537). That is, there was insufficient evi-
dence to accept a complicated hypothesis of multiple
levels of reinforcement over the simpler single-level
alternative.

Finally, we contrasted the ML values for Hy, H; and
H, with no reinforcement (i.e. fixing R at 1) and allow-
ing R to vary. In all cases, reinforcement yielded signifi-
cantly higher likelihoods (Fig. 4; see Table 2 for the H,
parameters).

We conclude that (i) In contrast to other traits, male
preference levels for female urine cues were asymmetric:
domesticus males preferred consubspecific female urine
signals roughly twice as much as musculus males. This
asymmetry was robust across details of the hybrid zone
model. (ii) The change in male preferences for ABP was
displaced c. 10 km west from the MLE zone centre, no
matter whether reinforcement was invoked or not. (iii)
There was no significant evidence in the data of different
levels of reinforcement acting on the traits (H; vs. Hp),
i.e. the cost associated with being a hybrid seemed to act
equally on all traits. If there is no reinforcement (R con-
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Table 2 Parameters of hypothesis H, with reinforcement; w
and wR are in kilometres, c is expressed as westward displace-
ment in kilometres of the male ABP preference cline from the
consensus cline (see text for details); in the last row, the asym-
metry of the male urine preference cline is given as the abso-
lute value of the ratio py/pi; in parentheses are 2-unit MLE
support bounds

Parameter MLE

w 249 (1641)
R 2.59 (1.7-3.1)
Rw 64.4 (36-124)

¢ (male ABP)
%’ (male urine)

9.30 (11.2-6.2)
1.63 (1.1-2.1)

strained at 1), cline width estimates were not robust to
details of the model (this may be seen as an indication
that the nonreinforcement models in general were poor),
while reinforcement (R >1) was strongly supported
over all scenarios considered. The MLE strength of rein-
forcement, R, and width of preference trait clines were
robust to model details: reinforcement steepens prefer-
ence clines by a factor of 2-3, making them between 25
and 30 km wide. The scale of change in underlying
hybrid index on which reinforcement is proposed to
have acted is also robust to model details.

Discussion

Introgression of signal markers

Both theoretical models and empirical studies on pat-
terns of variation in secondary sexual traits and mating
preferences suggest that behavioural premating isola-
tion may play an important role in speciation (Lande
1981; West-Eberhard 1983; Butlin & Ritchie 1991; Ryan
& Rand 1993; Butlin 1995; Ptacek 2000, 2002; Tregenza
et al. 2000; Panhuis et al. 2001; Turelli et al. 2001; Coyne
& Orr 2004; Ritchie 2007). In the presence of hybridiza-
tion, premating isolation may be maintained either by
the direct action of sexual selection or through rein-
forcement driven by natural selection against hybridiza-
tion (see Panhuis et al. 2001; Turelli et al. 2001; Coyne
& Orr 2004; and references therein). In this study, we
assessed the contribution of mate choice preferences
based on salivary and urinary signals to the dynamics
of the house mouse hybrid zone. More specifically, we
analysed the pattern of transition of both parts of sexual
mate recognition signalling, i.e. molecular markers map-
ping at various distances from candidate loci encoding
olfactory cues likely to be signals, and the reception of
those signals as expressed in terms of preferences,
across the Central-European portion of the zone.

Notwithstanding whether a behavioural barrier has
come about through drift, sexual or natural selection,
we should expect the transition of both the signal and
preference loci across the zone to be steeper than the
transition of selectively neutral or nearly neutral traits.
However, molecular markers mapping or flanking the
Abp and Mup regions revealed clines contradicting this
expectation. The cline for 427, mapping an Abpa para-
logue at the distal end of the Abp region and the cline
for 4.060, the marker most closely linked and proximal
to the Mup region, were similar to those for allozyme
loci (Table 1; Fig. 2), while cline for the X-chromosome
loci were significantly narrower than the autosomal loci
tested.

In the case of 427, this result seems to corroborate
previous studies from the Danish transect (Dod et al.
2005) suggesting that linkage of a27 with a selected
locus in close proximity, rather than selection acting on
a27 per se, is responsible for the pattern observed. The
two markers mapping the proximal end of the Abp
region and located more than 3 Mb from a27 (3720,
3746) revealed clines wider by more than 5 km
(Table 1, Fig. 2) than a27. Although this difference was
not significant, it is consistent with the notion that they
map further from the region where selection is acting.
On the other hand, the clines for the 318M16 U2 ele-
ment, mapping c. 15 Mb from the Abp region, were sub-
stantially narrower than the remaining loci on
Chromosome 7, probably reflecting increased incompat-
ibilities of pericentromeric chromosomal regions within
the hybrid zone, as suggested by Fel-Clair et al. (1996)
based on data from Denmark (see also results of Tucker
et al. 1992; from southern Germany). However, neither
of these markers revealed clines concordant with Polal,
i.e. the X-chromosome locus that has been shown to be
under strong selection against hybridization (Payseur
et al. 2004; Teeter et al. 2010; Dufkova et al. 2011; Mach-
olan et al. 2011), nor with another two X-linked loci
analysed, Fmrl and Btk.

The results of a large-scale study of Karn et al. (2002)
showing limited secondary admixture between house
mouse subspecies suggested that the evolution of Abpa
was more complex than previously thought (Karn &
Dlouhy 1991; Laukaitis et al. 1997). In fact, it is possible
that the positive selection acting on 427 reported by
Karn & Nachman (1999) and Karn et al. (2002) was
actually affecting the closely linked Abpbg26 and Ab-
pbg27 genes, because they also have sites that differ in
representatives of the three subspecies of M. m. muscu-
lus (Karn & Laukaitis 2003). Indeed, Emes et al. (2004)
showed that the Abpbg subunits have more sites under
selection than the Abpa subunits. Androgen-binding
proteins function as dimers consisting of an alpha and
beta (now beta-gamma) subunit, encoded by one of 30
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Abpa paralogues and one of 34 Abpbg paralogues,
respectively, found in a rapidly evolving region of the
mouse genome (Laukaitis et al. 2008; Karn & Laukaitis
2009) and their relative roles as olfactory signals are yet
to be unravelled. In any event, all the evidence avail-
able strongly suggests that it is ABP that is acting as
the pheromonal signal, as there are amino acid residues
under selection in both subunits, and in the dimeric
combination, these sites all map to one face of the
dimer (Emes et al. 2004). Consequently, we suggest that
the analysis of introgression patterns across the Euro-
pean hybrid zone should be extended to other Abp loci.

The situation around the Mup cluster appears even
more complex. The marker closest to this region, 4.060
(0.14 Mb proximal), revealed a cline similar to most
autosomal loci, whereas the other flanking locus, 4.063
(1.29 Mb distal), appeared slightly more introgressed
(Fig. 3c) to the domesticus side, rendering the sigmoid
cline almost 35 km wide and shifted about 5 km west-
wards. Interestingly, this introgression appears to be
localised to the area of massive introgression of muscu-
Ius Y chromosome and some X-linked loci into the do-
mesticus territory described by Macholan et al. (2008,
2011); both stepped models rendered clines similar to
4.060.

The third SNP relatively close to the Mup region,
4.057 (2.4 Mb proximal), displayed an unusual pattern
with massive introgression of domesticus alleles into the
musculus territory (Fig. 3a). This pattern was first
described by Teeter et al. (2008) from southern Ger-
many who suggested it was because of strong positive
selection acting on Mup genes. If so, this introgression
would span hundreds of kilometres beyond the zone
because domesticus alleles are also found in considerable
frequencies in southern Moravia (Czech Republic),
Poland, Hungary, and as far to the east as in Kharkov
in eastern Ukraine, i.e. more than 1700 km from the
zone centre (Table S2, in Supporting information).
However, there are alternative explanations, namely
ancestral polymorphism in M. m. musculus because of
incomplete lineage sorting or balancing selection, or a
westward movement of the zone, the latter scenario
being corroborated by introgression patterns at other
loci (Macholan et al. 2011).

Sexual preferences

The Y-maze tests revealed differences in odour prefer-
ences both between sexes and analysed stimuli (Appen-
dix, Fig. 4). Despite this heterogeneity, preference clines
were in general symmetrical and coincident, the excep-
tions being the ‘male-ABP’ cline (i.e. the cline for male
preference of the ABP signal) which was found to be
significantly shifted into the domesticus territory and the
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‘male-urine’ cline (i.e. the cline for male preference of
urine) with a higher level of consubspecific preference
in M. m. domesticus males (Fig. 4). If the westward shift
of the ‘male-ABP’ cline is a genuine reflection of the
state of the hybrid zone, this pattern suggests a stronger
preference of hybrids for the musculus signal in the
hybrid zone where both 427 alleles are present (Bimova
et al. 2005). Similar musculus-biased preferences were
revealed for urinary stimuli in F; hybrids by Christophe
& Baudoin (1998); however, we did not find any signifi-
cant prevalence of preferences for musculus urinary sig-
nals on the domesticus side of the zone. If species-
specific preference is a result of a self-referencing sys-
tem (Todrank et al. 2005), we should expect a similar
shift also in associated signals. However, we found no
significant cline shift of 227 relative to all analysed allo-
zyme and X-chromosome markers.

Salivary ABPs probably play an important role as sig-
nals transmitted during the close contact of interacting
individuals (Laukaitis ef al. 1997; Luo et al. 2003;
Bimova et al. 2009) and thus their importance may be
masked in Y-maze tests using dried saliva as suggested
by results of tests based on a direct contact of the test
subjects and the donor individuals when compared
with those based on saliva spots only (Laukaitis et al.
1997; Talley et al. 2001; Bimova et al. 2009). Thus, even
though during experiments using Y-maze and saliva
spots tested animals are also in close contact with the
signal, the tests may be too conservative and their
results should be considered to be a lower bound to
‘true’ preferences. In contrast, preferences for urinary
stimuli are less likely to be affected by the test design,
as these cues are naturally used as long-lasting scent
marks (Beynon et al. 2001; Hurst & Beynon 2004;
Bimova et al. 2009).

Each adult mouse expresses a unique fixed pattern of
8-14 different MUP isoforms corresponding to its geno-
type (Beynon et al. 2002), and this has been likened to a
protein ‘bar code’ (Beynon & Hurst 2003; Cheetham
et al. 2007; Logan et al. 2008). However, for any protein
to constitute a subspecies recognisable and discri-
mination mechanism, it must possess a molecule, or a
combination of molecules consistently similar among
members of either subspecies but significantly different
between the two subspecies to be recognisable. In the
case of MUPs, there has been speculation that their sub-
species specificity can be attributed to expression and
concentration differences rather than to differences in
individual specific isoforms (Robertson et al. 2007; Stop-
ka et al. 2007; Stopkova et al. 2007; Hurst 2009; Janotova
& Stopka 2009). Recent genetic studies suggest that high
structural heterogeneity of Mup genes may reflect func-
tional divergence within the family (Logan et al. 2008;
Mudge et al. 2008) with a potential for subspecies rec-
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Fig. 4 Behavioural clines along the
transect (abscissa) fitted with the rein-
forcement model separately for each sex
and olfactory cue. (a) male, preference
for either consubspecific female ABP;
(b) female, preference for male ABP; (c)
male, preference for female urine; (d)
female, preference for male urine. Black
bubbles represent estimates of Y, for
each locality; the area of each bubble is
proportional to the weight for each sam-
ple (see text for explanation and Appen-
dix for exact values): Y <0 indicates
preference for domesticus signals, Y, > 0
preference for musculus signals, and
Y, =0 mean null preference. Dashed
vertical lines indicate approximate posi-
tion of the consensus molecular cline
centre.

© 2011 Blackwell Publishing Ltd



ognition (Janotova & Stopka 2009) indicated by detect-
able differences in the native PAGE banding pattern (K.
Janotova, personal communication). Nevertheless, direct
evidence for this capacity is still lacking, and the results
of molecular analyses presented in this study seem to
contradict this hypothesis.

Even though MUPs constitute major protein compo-
nents of mouse urine, there are also other involatile
peptides in mouse scent detected with the vomeronasal
organ (VNO) epithelium and coded for by multigene
families: MHC peptides and exocrine-gland secreting
peptides (ESPs) may play additional roles in sexual
assessment (Cotton 2007; Hurst 2009), although Hurst
(2009) has pointed out problems with the proposed role
of MHC peptides. Recently, other urine constituents
capable of firing VNO receptors, in particular sulfated
steroids (Hsu ef al. 2008; Nodari et al. 2008) and (meth-
ylthio) methanethiol or MTMT (Dulac & Wagner 2006)
have been identified. Mouse chemical communication is
thus likely to be mediated through a complex mixture
of low-molecular-weight components with complemen-
tary roles, some of which are probably unknown, and
hence, the results of urine-based olfactory preference
tests should not be simply extrapolated to MUPs and
vice versa.

Unlike the urine targets, the saliva targets used in this
study are much more specific for the pheromonal signal
they contain. The salivas we used were from mice con-
genic for the C3H strain background and selected to
differ only in a 12 + 8 cM region centred on the 427
gene (Laukaitis et al. 1997). Therefore, the signal must
be a salivary protein from a gene in that region. Puta-
tive pheromone genes that map to other chromosomes,
such as Mups (Chromosome 4) and Esps (Chromosome
17), can be ruled out because they are identical in the
congenic strains from which the saliva targets were col-
lected. Furthermore, of all the genes mapping on Chro-
mosome 7 in the 12 + 8 cM region transferred onto the
C3H background, only the 427, bg26 and bg27 gene
products, originally described as the alpha, beta and
gamma subunits secreted into saliva (Dlouhy & Karn
1983; Karn & Laukaitis 2003), were found in a recent
saliva proteome study. In that work, triplicate saliva
samples from both males and females were analysed by
multi-dimensional protein identification technology (R.
C. Karn and C. M. Laukaitis, unpublished data), and
the findings are consistent with Abp gene expression
studies that reported a27, bg26 and bg27 transcripts in
the parotid, submandibular and submaxillary glands of
house mice (Laukaitis et al. 2005; paralogs renumbered
as per Laukaitis et al. 2008).

Regardless of the type of signal, males consistently
displayed relatively strong preferences (even stronger
than females in the case of urine), in agreement with
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previous studies (Bimova et al. 2005, 2009; Ganem et al.
2008). This seems to be at odds with the notion that
females are the sex with higher reproductive costs and
hence choosier than males (Darwin 1871; Fisher 1930;
Trivers 1972; Andersson 1994). The weaker female pref-
erences could be explained by variation in sexual recep-
tivity as suggested by Ganem et al. (2008); however, we
have not observed any differences in preference
between receptive and nonreceptive females during our
experiments (see also Bimova et al. 2005, 2009). An
alternative hypothesis may point to differences in mat-
ing strategy between the sexes. Mice live in relatively
closed demes so that females mate almost exclusively
with a single dominant male during the most fertile
period of the oestrous cycle and more than 70% of
pups are thus sired by him (Bronson 1979; Drickamer
et al. 2000; Dean et al. 2006). Females probably do not
have enough opportunities to engage in mate choice,
and thus, selection on assortative mating acts more
strongly on males as the more dispersing sex (Gerlach
1996, 1998). On the other hand, absence of assortative
female preference based on urine stimuli may not mean
that females do not choose whatsoever. Rather, females
may only engage in mate-quality recognition. The value
of urine scents for species recognition is less useful, as
the probability of meeting a hetero(sub)specific male
may be low even in cases where the deme structure is
disrupted. A factor favouring male choosiness is the
need to save sperm, given the polygynous mating sys-
tem of the species. The sperm-allocation strategy
(Dewsbury 1982; Parker 1984) may be further strength-
ened from the danger of wasting valuable sperm in het-
ero(sub)specific matings. The slightly stronger female
preferences based on salivary ABPs relative to males
found in this study could then be ascribed to the need
for assessing both individual quality and (sub)specific
status of subordinate males. As leaving extensive scent
marks would be detrimental for these ‘sneaking’ males,
ABPs, being effective in close inter-individual contacts,
could be an efficient cue for the females.

Is there reinforcement of behavioural isolation in the
mouse hybrid zone?

It appears that when discussing reinforcement, two
issues must be clearly separated: the presence of the
action of reinforcement, and the likelihood that it could
lead to speciation. While the circumstances where rein-
forcement alone is expected to produce biological spe-
cies are very restricted (Howard 1993; Butlin 1987,
1995), recent theoretical models have relaxed these
restrictions to some extent (e.g. Kirkpatrick & Ravigné
2002; Servedio 2004) and empirical studies (Hoskin
et al. 2005, Smadja & Butlin 2006; see also Marshall
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et al. 2002; Servedio & Noor 2003; Coyne & Orr 2004;
for reviews) have provided some potential examples of
its occurrence in nature. But even if reinforcement does
not lead to speciation, we feel it is incorrect to assume
that the presence of the reinforcement process itself is
uninteresting.

Those who study barriers to gene flow are well aware
that all types of barriers attract each other: tension
zones move towards environmental barriers (whether
abrupt dispersal blockades or simple density troughs)
and clines at multiple loci involved with postzygotic
barriers tend to coincide (Barton & Bengtsson 1986).
Not only do all types of barrier attract each other, they
interact to steepen each other, producing stepped clines
(Barton & Bengtsson 1986; Barton & Gale 1993). It
seems clear then that examining the potential action of
reinforcement in increasing (prezygotic) barrier strength
is an integral part of any understanding of a secondary
contact. For us, the interest in exploring whether rein-
forcement is acting in the mouse hybrid zone is not
about whether it will lead to speciation. Rather, we are
interested in what proportion of the sharp and consis-
tent barrier between mouse gene pools might come
about through amplification of consubspecific prefer-
ences. We would argue that the interaction of barriers
means any attempt to interpret, for example, postzygot-
ic barrier strength independently of other potential bar-
riers is flawed.

For both tested signals and sexes, models of behavio-
ural clines including a reinforcement parameter showed
significantly better fits than sigmoid cline models. The
reinforcement parameter allows us to explore whether
there is amplification of consubspecific preferences in
areas where different genetic backgrounds meet. If
hybrids are unfit, such amplification is predicted by
reinforcement theory (Dobzhansky 1937, Howard 1993;
Butlin 1995; Servedio & Noor 2003). We present direct
evidence that amplification is a better explanation than
no amplification when describing preferences in the
central portion of our hybrid zone transect. Smadja &
Ganem (2005, 2008) previously demonstrated that both
urinary cues and associated preferences are more
diverged in populations closer to the contact zone than
in allopatric populations, suggesting a pattern similar to
reproductive character displacement, and a similar
observation has been made with respect to ABP
(Bimova et al. 2005). This pattern is commonly consid-
ered as an evolutionary signature of reinforcement
shaping premating isolation (Coyne & Orr 2004); how-
ever, it has been pointed out that other processes can
give rise to similar observations and that reproductive
character displacement may not be used as sole proof
of reinforcement (Butlin 1995; Lemmon et al. 2004). For
example, Albert & Schluter (2004) show that direct

selection may be more effective than reinforcement in
establishing reproductive barrier between limnetic and
benthic sticklebacks, suggesting necessity of controlling
for the effects of ecological character displacement and
adaptation to different niches on mate preferences.
However, we believe that the direct nature of our mea-
surements of preference amplification in situ in the
hybrid zone severely reduces the number of alternative
processes than might explain the observations. More-
over, house mice are human commensals, and at least
in Central Europe, there are no differences in ecology
between the two mouse taxa.

Based on our results, we conclude that recognition
between the two house mouse subspecies is a complex
system involving several signals and associated prefer-
ences, where the latter are shaped by reinforcing selec-
tion. Our model of behavioural clines involving
reinforcement provides an efficient tool for testing rein-
forcing selection in a unimodal hybrid zone, and our
data provide the first direct proof of reinforcement act-
ing on the barrier to gene flow between mammalian
species. We thus conclude that behavioural barriers are
an important component of a mosaic of reproductive
isolation between house mouse taxa.
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Appendix

The time spent sniffing one of the cues (3 Tyus, Y Taom) in the
preference tests assessed for each population, sex, and signal.
Numbers of tested individuals with results of the Wilcoxon
matched pair test (Urmus = Hrdom; Z and T statistics, P-value)
are given. Populations are ordered along the transect from
the westernmost site (M. m. domesticus territory) to the
M. m. musculus territory, with the zone centre indicated by the
dashed line. Significant values are given in bold. Alpha values
(o = 0.05) were adjusted using Bonferroni correction to o =
0.00046.
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ABP Urine
Map No  Code Sex N  XTmus XTdom T z P N XTmus XTdom T z P
1 KUBL F - - - - - - - - - - - -
M 1 5 1 00 - - 2 17 20 00 - -
2 WEI1 F 4 14 10 35 0548 0.584 3 1 13 0.0 - -
M 5 14 28 6.0 0405 0.686 8 80 109 8.0 1400 0.161
34 STR1-2 F 41 185 110 2670 1501 0133 39 171 172 2625 0322 0.748
M 27 114 115 1395 0914 0361 16 104 152 145 2386  0.017
6 BENK F 13 61 64 320 0549 0583 11 65 76 145 0948 0.343
M 12 53 49 225 0510 0610 12 110 171 75 2267 0.023
8 LEHS F 10 34 49 150 0889 0374 11 50 72 215 1.022 0.307
M 12 93 95 270 0.051 0959 16 139 211 1.5 3323 0.001
12 HEBA F - - - - - - 1 10 5 0.0 - -
M 1 4 2 0,0 - - 2 16 33 0.0 - -
15 PLOS F - - - - - - 2 12 10 0.0 - -
M - - - - - - 1 4 9 00 - -
16 UNWE F 2 4 15 0.0 - - 2 13 17 0.0 - -
M 2 5 5 00 - - 3 27 21 20 0535 0.593
19 THIE F 3 8 9 20 0535 0593 10 50 30 140 1.007  0.314
M 5 15 23 45 0809 0418 5 36 57 0.0 1.826  0.068
20 HOCH F - - - - - - - - - - - -
M - - - - - - 1 5 11 0.0 - -
22-23 NEUE-8 F 23 88 65 1140  0.052  0.958 8 67 70 70 0135 0.893
M 21 73 148 46.0 2203  0.028 6 86 96 70 0734 0463
26 LIB2 F 11 22 48 95 1835  0.067 1 4 2 0.0 - -
M 9 38 59 9.0 0.845 0.398 - - - - - -
30 HAM2 F - - - - - - 1 4 3 0.0 - -
M . - - - - - - - - - - -
34 HUR1 F 21 191 271 765 0392 0.695 23 170 189 825 1147 0.251
M 15 136 211 410 0314 0753 25 214 442 8.5 4144  0.000
40 LUZN F 22 55 93 775 1.027  0.305 7 44 76 1.0 2197  0.028
M 14 118 82 270 1601  0.109 8 88 145 35 1775 0.076
53 DLMO F - - - - - - 1 17 8 00 - -
M - - - - - - - - - - - -
56 SVKR F - - - - - - 1 3 4 00 - -
M - - - - - - - - - - - -
59 DOU3 F 7 15 7 50 1.521 0.128 - - - - - -
M 12 30 28 255 0204 0.838 - - - - - -
62 JIND F 7 27 27 11.0 0507  0.612 - - - - - -
M 6 25 24 75 0.000 1.000 - - - - - -
65 MIL1 F 8 25 38 125 0770  0.441 - - - - - -
M 9 101 52 1.5 2488 0.013 - - - - - -
71-72 NEB2-3 F 8 66 36 6.0 1352 0.176 2 17 23 0.0
M 8 67 29 6.0 1.680  0.093 4 71 62 1.0 1069 0.285
73 KRA4 F - - - - - - 2 4 5 0.0
M - - - - - - - - - - - -
79 KAC2 F 20 126 124 670 0052 0959 12 119 80 1.0 2845 0.004
M 17 134 133 40.0 1448 0148 11 154 124 16.0 1172 0.241
80 OBIL F 12 107 47 185 1.289  0.197 - - - - - -
M 12 62 26 175  1.019  0.308 - - - - - -
81 MOST F 11 40 24 8.0 1.014 0.310 2 23 15 00 - -
M 6 36 25 45 0809 0418 1 36 18 00 - -
96-98 RUD1-2 F 1 59 31 13.0 1478 0.139 10 68 49 40 1.960  0.050
M 8 28 10 70 1540 0.123 9 131 86 85 1.659  0.097
105 SSED F - - - - - - - - - - - -
M - - - - - - 1 19 10 0.0 - -
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Appendix (Continued).

ABP Urine
Map No  Code Sex N  XTmus XTdom T z P N XTmus  XTdom T Zz P
106 DEPO F 8 67 55 140 0560 0575 10 56 55 250 0.255  0.799
M 9 58 59 135 0.085 0.933 9 123 105 105 1422  0.155
107-108 ~ POC1-2 F 13 46 57 350 0314 0754 8 50 38 105 1.050  0.294
M 12 78 55 255 1.059  0.290 9 112 78 45 2132  0.033
109 HOSL F 11 66 85 165 0711 0477 31 155 154 2045 0281  0.779
M 8 144 107 13.0 0700 0484 13 220 199 235 0.845 0.398
111-113  NVES F 30 120 112 1695 0152 0879 26 160 220 315 3.386 0.001
M 20 124 144 420 1.022 0307 13 209 145 18.0 1.922  0.055
114 SEDL F - - - - - - 3 19 14 15 0802 0423
M - - - - - - - - - - - -
120-121 TYN1-2 F 8 65 17 65 1268 0205 8 47 53 140 0560  0.575
M 7 55 38 9.0 0845 0.398 7 87 63 50 1521 0.128
122 PROH F 6 20 12 40 0944 0345 3 14 13 00 - -
M 3 17 6 0.0 1.604 0.109 3 29 31 00 - -
123 VRBI F 5 14 7 15 1.618 0.106 3 19 13 1.0 1.069 0.285
M 1 0 2 00 - - 1 18 4 00 - -
124-128  BUSK F 35 263 191 1920 1.581 0.114 32 233 190 191.0 1.365 0.172
M 33 175 133 142.0 1.861 0.063 31 467 334 1165 2386  0.017

Supporting information

Additional supporting information may be found in the online
version of this article.

Table S1 Frequencies of M. m. musculus alleles for each locus
and sampling site. Distance along the transect and effective
number of alleles (N, are also given; h = hybrid index
expressed as the frequency of musculus alleles averaged across
the six diagnostic allozyme loci (see Macholan et al. 2007 and
text for details).

Table S2 A panel of allopatric populations and wild-derived
inbred strains representing both taxa used for usability of each

locus as a diagnostic marker (see Pialek et al. 2008 for more
details on the inbred strains). Geographic coordinates are given
for each site along with numbers of analysed individuals and
frequencies of M. m. musculus alleles for marker 4.057.

Table S3 List of molecular markers used in this study. For
each locus, the marker type, chromosome, position according
to the NCBI m37 mouse assembly, and when appropriate, pri-
mer sequences and annealing temperature is given.

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

© 2011 Blackwell Publishing Ltd



