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Subspecies-specific mate recognition may represent significant barrier to gene flow between diverged
genomes potentially leading to speciation. In the house mouse, assortative mating involves the coevolution
of several signals and receptors. We compared signalling ability of bedding material, faeces, urine, saliva,
salivary androgen binding proteins (ABP) and combinations of urine with saliva and urine with ABP in
mate choice in two wild-derived inbred strains (one of Mus musculus musculus and one of Mus musculus
domesticus origin). We observed high levels of variation in assortative preferences between the two strains
and sexes. The strongest preferences were observed in M. m. musculus-derived individuals in tests where
urine was present either alone or as part of a composite signal target. M. m. domesticus-derived mice
displayed strain-specific preferences for faeces. Saliva was the least preferred stimulus in both strains and
sexes. No effect of two-compound cues was detected. We conclude that there is divergence across both
the stimulus and preference parts of the recognition system for both house mouse strains. Of the tested
stimuli, those that have the capacity to carry a signal for extended periods under natural conditions (such
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as urine and faeces) seem to be the most important substances in strain-specific recognition.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The traditional view of mating signal evolution suggests that
certain features of the mate choice signals can be used for species
recognition. While stabilizing selection decreases variance in these
signals making them reliable species-specific indicators, disruptive
selection increases divergence of these signals between isolated
groups (Butlin, 1995; Bridle and Ritchie, 2001). In theory, only indi-
viduals of the same species are able to perform the signal-response
sequence necessary to achieve mating whereas this sequence will
not be completed successfully in interspecific pairs (Butlin and
Ritchie, 1994). Thus the species-specific mate recognition signals
can serve as a significant barrier between diverged genomes, pre-
vent their mixing, and eventually leading to complete speciation.
Divergent signals involved in behavioural and reproductive iso-
lation, including visual, olfactory, chemical or tactile cues, have
been described in many closely related species (reviewed in Ptacek,
2000; Coyne and Orr, 2004).

One possible approach to search for species-specific signals is
to study sister taxa where complete isolation has not yet been
achieved. In these cases, selection can promote the divergence
between recognition systems in areas of their secondary contact
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through the process of reinforcement (Butlin, 1995). A suitable
model for such a kind of study is the house mouse, whose two
subspecies, Mus musculus musculus and M. m. domesticus, mate
and hybridise, forming a long and narrow hybrid zone in Europe
(Boursot et al., 1993; Macholan et al., 2003; Raufaste et al., 2005;
Macholan et al., 2007). In this zone, behavioural isolation, act-
ing through assortative mating, could play an important role as
a prezygotic barrier reinforcing selection against hybrids, eventu-
ally leading to speciation between the subspecies (Dod et al., 1993,
2005; Karn et al., 2002; Smadja et al., 2004; Ganem et al., 2008).
The main components of the signal-receptor system assumed to
be involved in assortative mate choice in the house mouse include
chemical signalling using excretory products such as urine, faeces
and glandular exudates. This system is paramount for social rela-
tionships, survival and reproduction (reviewed by Beauchamp and
Yamazaki, 2003 and Brennan and Kendrick, 2006). Olfactory cues
not only convey information including sex, reproductive and health
status (Ehman and Scott, 2001; Kavaliers et al., 2003, 2004, 2005),
competitive ability, and territory ownership (Rich and Hurst, 1999;
Beynon and Hurst, 2003), but also individual identity, such as geno-
type (Penn and Potts, 1999; Heth et al., 2003; Thom and Hurst,
2004; Thom et al., 2008), familiarity or kinship (Hurst et al., 2001,
2005; Todrank et al.,2005; Sherborne et al.,2007). In addition to the
essential role of urine in mouse communication (Novotny, 2003),
the impact of body pheromones (Réck et al., 2006) and exocrine
gland secretions, applied mainly on the facial area (such as saliva
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or tears) or around the anus, has recently been highlighted (Luo et
al., 2003; Kimoto et al., 2005). Thus, the use of different odour cues
may present a complex signalling system whose components may
play specific roles either in time (e.g. as long-lasting scent marks
or as recognition signals on close contact between individuals) or
in transmitted information (e.g. during individual or (sub)species-
specific recognition).

In the context of the musculus-domesticus recognition, the
ability to discriminate and choose consubspecifics has been repeat-
edly demonstrated using bedding (Munclinger and Frynta, 2000;
Christophe and Baudoin, 1998; Smadja and Ganem, 2002), urine
(Smadja and Ganem, 2002, 2005; Smadja et al., 2004) and sali-
vary ABP (Laukaitis et al., 1997; Talley et al., 2001) as signal stimuli.
However, these studies have mainly been focused on discrimination
and preference per se, not directly on the role of different stimuli
involved in complex subspecies-specific odour type. For example,
Smadja and Ganem (2002) demonstrated that subspecies-specific
recognition occurs through urinary signals and these have been
diverged and reinforced in the secondary hybrid zone between
the two subspecies (Smadja and Ganem, 2005, 2008). Similarly,
Laukaitis et al. (1997) and Talley et al. (2001) suggested one of the
androgen binding protein (ABP) subunits, Abpa, as a subspecies-
specific signal leading to prezygotic isolation between the two
mouse taxa. However these data were not fully confirmed in natu-
ral populations (Dod et al., 2005; Bimova et al., 2005; Macholan
et al,, in press) indicating this element to be only one element
of a more complex signalling system. Such a system may involve
different stimuli that may be combined to modulate, complete or
reinforce the transmitted information (Wyatt, 2003). Understand-
ing an entire system (i.e. the response of a receiver to a complex
signal) leading to assortative mating requires an approach focused
on the analysis of a number of more, but basic components of this
system and their possible combined effect.

In this study, we compared the role of five different odour
stimuli potentially involved in subspecific signalling in M. m. mus-
culus and M. m. domesticus. Since higher variation in behavioural
responses has been reported in wild animals compared to inbred
ones (Bimova et al., 2005), as a first approximation to the analy-
ses of the complex signalling system in the house mouse hybrid
zone we used two inbred strains, each derived from wild M. m.
musculus and M. m. domesticus population, respectively (Pidlek et
al., 2008). The use of repeated two-way choice tests of the same
individuals allowed us to directly compare the signalling power
of presented targets. This is the first analysis comparing different
signal components and their possible combined effect.

2. Materials and methods
2.1. Animals

Subject mice originated from two inbred strains (22 females and
22 males from each strain): STRA, derived from a wild population
of M. m. domesticus from Straas [50°11'N, 11°46’E], Germany, and
BULS, derived from a M. m. musculus population from BuSkovice
[50°13'N, 13°21’E], Czech Republic (see Pialek et al., 2008, for details
of strain characteristics). The strains were maintained in the breed-
ing facility of the Institute of Vertebrate Biology, ASCR, and were
propagated from wild ancestral pairs by strict brother-sister mat-
ing for 14 generations.

In each simple two-way choice test the subject individual was
presented with the stimuli from two pools: one ‘musculus’ and one
‘domesticus’ from animals of the opposite sex. As the subject ani-
mals were inbred there was a risk of inbreeding avoidance leading
to preference for unfamiliar strain (Penn, 2002; Sherborne et al.,

2007). Therefore we used two other inbred strains derived from
the same wild populations as sources of stimuli (except for sources
of ABP; see below): BUSNA, representing M. m. musculus, and STLT,
representing M. m. domesticus, respectively (for more details see
Pidlek et al., 2008), at F14 generation of brother-sister mating. In
order to eliminate the effect of individuality in the stimuli, i.e. to
ensure the observed preferences to be genuinely strain-specific, we
pooled the stimuli from at least five stimulus individuals of the
same sex and strain.

All mice were housed in Perspex cages (16 cm x 28 cm x 15 cm)
with sawdust bedding under the following constant conditions:
14:10 L:D (i.e. light on between 06.30 and 20.30), 22 °C, approxi-
mately 40% humidity; standard mouse pelleted food (ST1, VELAZ,
Prague, Czech Republic) and tap water were available ad libitum.
After weaning at the age of 20 days, mice were placed in cages either
separately or in pairs with a littermate of the same sex and tested
as adults older then 60 days. In the case of males housed with a
littermate, males were isolated 5 days before the first test and were
housed singly until the end of the study to prevent a potential effect
of social dominance between males.

All mice used in our study descended from inbred strains and
were derived specifically for purposes of this study. At the end of the
study, the mice were sacrificed by cervical dislocation. The whole
study followed the experimental protocol (No. 5/05) approved by
Institutional Committee and Czech Academy of Sciences Commit-
tee 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 vertebrates in accordance with Czech law.

2.2. Signal stimuli

To asses the signalling power of different components of the
overall mouse odour we tested sexual preferences in a set of
repeated two-way choice tests on the same individual for the fol-
lowing stimuli: soiled bedding, faeces, urine, saliva, Abpa-specific
saliva (hereafter referred to as ABP) and combinations of urine with
saliva (urine + saliva) and urine with ABP (urine + ABP), respectively.
The two combinations were chosen based on previous evidences of
the role of urine and ABP as signals in house mouse subspecies-
specific discrimination (Laukaitis et al., 1997; Smadja et al., 2004;
Ganem et al., 2008). Tested stimuli represented both long-lasting
signals (such as those contained in bedding, urine and faeces) and
signals potentially used when two interacting individuals are in
close contact (stimuli present in saliva and ABP) and varied from
sources potentially presenting a variety of stimuli (bedding), to
sources containing specific stimuli (e.g. urine or saliva involving
mainly volatile pheromones, MUPs and MHC) finally to ABP repre-
senting a single genotype difference.

2.2.1. Preparation of soiled bedding pools

Five males and five females from each ‘signal’ strain (BUSNA and
STLT) were placed singly in cages containing 50 g of sterile bedding.
After 10 days the bedding was pooled for the same strain and sex
and divided into 15 g portions in sterile plastic bags and frozen at
—80°C. One portion of bedding per signal strain was defrosted fif-
teen minutes prior to each experiment and put into the peripheral
boxes attached to the testing apparatus (see below).

2.2.2. Preparation of faeces pools

Faeces were collected in clean sterile cages, pooled from at least
five individuals of the same signal strain and sex and stored in
sterile tubes at —80°C. We used only faeces that had not come
into contact with urine or other signal stimuli. For each experi-
ment, 200 mg of pooled faeces from each signal strain were used
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as stimuli. Since the animals were kept in standard conditions the
potential effects of parasite infection, disease and nourishment on
the resulting signal differences were minimized. Fifteen minutes
prior to each test the faeces were defrosted and placed on filter
paper strip (2.5cm x 20 cm).

2.2.3. Preparation of urine pools

Urine was collected in clean sterile cages and pooled from at
least five animals of the same signal strain and sex and stored at
—80°C. Prior to each experiment, 10 ! of urine form each signal
strain was defrosted and spotted in the middle of a sterile filter
paper strip, dried for 15 min at room temperature and positioned
in the Y-maze.

2.2.4. Subspecific saliva and ABP

Saliva from both subspecies of the house mouse and ABP
were collected by the isoproterenol-stimulated salivation method
described by Karn (1981). The former stimulus was represented
by pooled saliva from at least five individuals of the same sex and
signal strain, while the ABP was collected from at least five indi-
viduals of strains with the same genetic background, but differing
only in their Abpa allele: the Abpa® allele is carried by the C3H/He]
strain (purchased from ANLAB, Prague), whereas the Abpal allele
is carried by the Abpa®-congenic strain established from DBA mice
backcrossed to C3H/He] (for further details see Laukaitis et al., 1997)
provided by R.C. Karn (Butler University, Indianapolis, Indiana). By
using these two types of saliva stimuli, we could study and compare
the overall role of mouse saliva, and more specifically, the signalling
potential of the Abpa gene. All saliva was stored at —80 °C. Prior to
testing, 10 .l of defrosted saliva were spotted in the middle of a
sterile strip of the filter paper and left to dry at room temperature
for 15 min before being positioned in the Y-maze.

2.2.5. Combinations of stimuli

Three different homosubspecific combinations of urine and
saliva were used: (1) 5 .l of urine combined with 5 pl of saliva from
the same signal strain STLT or BUSNA (‘urine +saliva’); (2) 5 ul of
urine and 5 .l of saliva from an Abpa-specific strain (‘urine + ABP’);
(3) for females only, 10 .l of urine and 10 wl of saliva from the same
signal strain. This final combination was used to validate that our
results were not influenced by an insufficient amount of the tested
stimuli. Urine and saliva were spotted together on the same strip
of the filter paper.

2.3. Experimental procedure

Accordingly to similar studies, frequently using olfactory tests
as a representative of mate choice preference (Smadja and Ganem,
2002; Talley et al., 2001; Brennan and Kendrick, 2006) we used
a simple two-way choice tests in a Y-maze. The testing appara-
tus consisted of a central box (35 cm x 25 cm x 13 cm) connected to
a Y-maze (diameter: 5cm; stem length: 35 cm; side arms length:
23 cm)(see Bimova et al., 2005 for the apparatus design). In order to
test for preferences for soiled bedding, two peripheral boxes were
connected to the ends of the side arms (35cm x 25cm x 13 cm)
and direct contact with this stimulus was achieved by allowing the
tested mouse to enter and investigate the bedding placed in the
peripheral test boxes. All other tested stimuli were placed in the
middle of a sterile strip of filter paper (1.5 cm x 20 cm) positioned
in the bottom of each side arm. One-way air circulation in the Y-
maze from the ends of the side arms to the central box ensured
that air-borne chemical signals were continuously present at the
branching point of the side arms during the whole experiment. The
air circulation was forced by an electric valve placed in a neighbour-
ing room to minimize acoustic disturbance. In order to control for

laterality, the position of odour sources in the arms of the Y-maze
was changed randomly in successive tests. Between each test we
cleaned the Y-maze with 70% ethanol and boxes with NaClO4 solu-
tion (<5%), thoroughly rinsed them with tap water. All tests were
performed during the light phase of the day. As the experimental
protocol involved repeated preference tests of the same individ-
ual for different stimuli, the experiments involving the same tested
animal were done at 14-day intervals.

At the beginning of each test the tested animal was weighed
and placed in the central box where it was allowed to habituate
for at least 15 min. After habituation, the stimuli were positioned
and the door leading from the central box to Y-maze was opened
allowing the animal to enter the maze. We recorded the individual’s
behaviour for 5 min starting immediately after it left the central box
for the first time. During the test the mouse was left free to inves-
tigate the apparatus and stimuli. Contact with the stimulus was
recorded when the mouse sniffed, licked or chewed the stimulus.
The behaviour was recorded and analysed using Observer soft-
ware (Noldus et al., 2000). All female mice were scored for their
sexual receptivity (vaginal smears were performed immediately
at the end of each series of test) and subsequently divided into
two groups: receptive females (in proestrus or oestrus phase of the
cycle) and non-receptive females (in all other cycle phases). How-
ever no effect of oestrus period on sexual preferences was found
in all tested signals (ANOVA; beddings: F(; 40y=2.187, P=0.147; fae-
ces: Fi140)=3.71, P=0.061; urine: F(;37)=0.018, P=0.893; saliva:
F1,40)=0.910, P=0.346; ABP: Fy3y=1.271, P=0.274; urine +saliva:
F(125)=0.007, P=0.936; urine+ABP: F39)=0.603, P=0.442) and
thus non-receptive females were not excluded from further analy-
ses.

2.4. Statistical analysis of signal preferences

Since mice displayed exploratory behaviour similar to that pre-
viously described (Smadja and Ganem, 2002; Bimova et al., 2005),
we used the same calculation as these authors to estimate the
preference coefficient as the difference in time spent in contact
with either of the stimuli as Rgignal =Tho/(Tho + Thet)» Where Ty, is
the time spent sniffing the signal of the same strain and Ty is
the time spent sniffing the signal of the opposite strain. The coeffi-
cient ranges from 0 to 1 where Rg;gn,) < 0.5 indicates preference for
the strain derived from opposite subspecies (hereafter referred as
disassortative preference), and Rgjgng > 0.5 preference for the sig-
nal strain derived from the same subspecies (hereafter assortative
preference); Rgigna = 0.5 corresponds to the absence of preference.
More time may be necessary to process information about indi-
vidual cues from complex stimuli, thus more interest may be paid
to more informative stimuli. To distinguish the interest in more
complex information present in the stimuli from the preference we
measured, as an additional variable, the total time spent by sniffing
either stimulus (Tsignat = Tho * Thet)-

The normality of the distributions of the variable Rgjgna and
Tsignat Was checked using the Kolmogorov-Smirnov test, we
found no significant deviation of Rgjgna and Tgigna from normal-
ity. The overall model tested the significance of the effect of
strain:sex:signal interaction on Rgjgn, using linear mixed-effect
models as implemented in the R software (Crawley, 2007). Because
eachindividual was tested several times, random structure with the
effect of individual (85 in total) nested within sex and strain was
assumed in the model (Crawley, 2007). The model involving the
three-way interaction was compared with model involving main
effects and all two-way interactions using maximum likelihood
approach. In the separate analyses conducted for each strain-sex
combination, individual was involved as a random effect to avoid
pseudoreplication (Crawley, 2007). The significance of the categor-
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ical explanatory variable signal type was based on the change in
deviance between the full and reduced models, distributed as x2
with degrees of freedom equal to the difference in the degrees
of freedom between the null model and model with the term in
question incorporated. A posteriori simplification of factor levels
(different signal type) was applied when the model suggested a
significant effect of signal type on Rgjgp, (also Crawley, 2007). Each
model used only individuals that have displayed preference (e.g.
entered the Y-maze and sniffed both signal pools in each repeated
test) for all compared signals. Thus successive analyses differ in
number of tested individuals.

Previous analysis tested the role of signal type on mice pref-
erence within sex and strain. We used Student’s t-test to test for
statistically significant preferences (the difference of Rgjgny from
0.5) separately for each signal type, sex and strain. Tests were
two-tailed with type I error set to o=0.05; the level of signifi-
cance was adjusted with a Bonferroni correction as the procedure
involved multiple testing of the same hypothesis on repeated
samples («=0.05/28 repetitive tests=0.0018). Analyses were per-
formed using the R 6.0.2 (Crawley, 2007) and Statistica 6.0 software
package (SAS Institute, 2002).

3. Results
3.1. Signalling power of individual stimuli

The model involving the three-way interaction of
strain:sex:signal explained the variability in signal preferences
much better than model without this interaction (x2=15.31,
d.f.=4, P=0.004), indicating varying strength and direction of
signal preferences among strains and sexes. Consequently, the
effect of signal types on preferences was evaluated separately
for males and females and for each strain (Table 1). The analysis
revealed a significant difference among preferences for partic-
ular signals in all four groups (Fig. 1). A posteriori simplification
allowed to pool together signals bedding, faeces and urine in BULS
males (effect of signal on preferences: x2=17.77, d.f.=4, P=0.001;
change to deviance after pooling together these signals: x2=2.90,
d.f.=2, P=0.234), bedding with faeces and saliva with ABP in BULS
females (effect of signal: x2=16.27, d.f.=4, P=0.003, change to
deviance after pooling together these signals: x2=4.32, d.f.=3,
P=0.229), all factor levels except of bedding in STRA males (effect
of signal: x2=20.93, d.f.=4, P<0.001, change to deviance after
pooling together all signals except of beddings: x2=1.38, d.f.=3,
P=0.711), and bedding with urine and ABP in STRA females (effect
of signal: x%=18.08, d.f.=4, P<0.001, change to deviance after
pooling together these signals: x2=0.07, d.f.=2, P=0.964). Other
simplifications to the models were not supported (all P<0.05)
(Fig. 1).

Student’s t tests of preferences for individual signals (Table 1)
analysed separately per sex and strain revealed the strongest signif-
icant assortative preferences (after Bonferroni correction) in BULS
strain in tests where the stimulus was urine (males: ©=0.730;
t=6.61;d.f.=20,p<0.0001 and females (« =0.725; t=5.94; d.f.= 21,
p<0.0001) and than in males for bedding as signal (u=0.709;
t=4.10; d.f.=20, p=0.0006). Assortative significant preferences
in STRA strain were found only in females in tests with faeces
as signal (1 =0.713; t=6.42; d.f.=19, p<0.0001). Contrary STRA
males displayed disassortative preferences for bedding (= 0.284;
t=-4.04; d.f.=21,p=0.0006 (Fig. 1). In all other tests the significant
level adjusted by Bonferroni correction to 0.0018 was not reached
(Table 1). The analyses of the total time spent by signal sniffing
(Tsignat) (Table 1) revealed the lowest interest paid to salivary sig-
nals especially in the case of ABP in BULS mice. Females of both

strains spent the longest time sniffing bedding and paid minimum
attention to ABP, while males of both strains spent a similar amount
of time sniffing bedding, faeces and urinary signals and less time
sniffing the saliva stimuli (saliva and ABP).

3.2. The effect of combined stimuli

3.2.1. The effect of stimulus volume

No significant differences in female behaviour was detected
for the two volumes (10wl and 20l) of combined stimuli
(urine +saliva) for either strain (t-test for dependent samples,
STRA females: t(y-16)=0.04, p=0.971; BULS females: t\N-10)=1.17,
p=0.272). Similar results were obtained for the total time spent
sniffing stimuli in BULS females (t-test for dependent samples,
tiv=10)=—0.37, p=0.723); however, STRA females spent less time
sniffing the double volume of the stimulus (t-test for dependent
samples, t(y-16) =2.46, p=0.027). The level of significance for t-tests
for dependent samples was adjusted by Bonferroni correction to
0.0125 (¢ =0.05/4 repetitive tests). Based on these results, the stim-
ulus was always presented in a 10 wl volume in all other tests (for
both single and combined stimuli).

3.2.2. Combination of urine with saliva

Models for each sex-strain combination included signal with
three levels (urine, saliva, urine + saliva) as explanatory variable for
Rgignal- A combination of urine +saliva did not differ in preferences
from pure urine by BULS males (change to deviance after pooling
together these two factor levels: x2=0.56, d.f.=1, P=0.455), but
both differed from pure saliva (x%=16.67, d.f.=1, P<0.001). The
same pattern was apparent for BULS females (change to deviance
after combining urine and urine + saliva: x2=0.02,d.f.=1,P=0.899;
the effect of urine and urine+saliva combined vs. pure saliva:
x2=12.06,d.f.=1,P=0.001). STRA males did not differ in their pref-
erences for saliva, urine and a combined stimulus urine +saliva
(x%2=2.65, d.f.=2, P=0.266) and the same was true for females
(x?=5.30,d.f.=1, P=0.071).

Student’s t-tests of preferences for combined signal of urine
and saliva (Table 1) revealed significant (after Bonferroni correc-
tion) assortative preferences only in BULS males (4 =0.777; t=9.24;
d.f.=20, p<0.0001) (Fig. 1). Females spend similar time by sniff-
ing individual signals (urine and saliva) and the combined signal
(urine +saliva), but males of both strains sniff urine longer than
saliva or urine +saliva (Table 1). Thus, the combination of the two
stimuli (urine +saliva) appears to have no significant effect either
on preference or the overall interest in a stimulus.

3.2.3. Combination of urine with ABP

Models for each sex-strain combination included signal with
three levels (urine, ABP, urine + ABP) as explanatory variable for
Rgignal- A combination of urine + ABP did not differ in preferences
from pure urine by BULS males (change to deviance after pool-
ing together these two factor levels: x2=0.12, d.f.=1, P=0.734), but
both differed from pure ABP (x2 =16.77,d.f.=1,P<0.001). The same
pattern in Rjgna1 preferences was found in BULS females (change to
deviance after combining urine and urine +saliva: x%=0.36,d.f.=1,
P=0.548; the effect of urine and urine + ABP combined vs. pure
ABP: x2=23.82,d.f.=1,P<0.001). STRA males did not differ in their
preferences for ABP, urine and a combined stimulus urine + ABP
(x%2=3.10,d.f.=2, P=0.213). However, for females the urine and ABP
could be combined (x2=0.33, d.f.=1, P=0.568) and the reaction to
urine and ABP presented separately differed from compositional
ABP +urine signal (x2=7.48, d.f.=1, P=0.006).

Student’s t-tests of preferences for combination of urine and ABP
(Table 1) revealed significant (after Bonferroni correction) assorta-
tive preferences only in BULS males (u =0.753; t=4.998; d.f.= 18,
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Total time spend by sniffing signals (Tsignai: mean, S.E.) and the coefficients of preference (Rsignai: mean, S.E.) assessed for individual signals and combinations separately per

sex and strain

Strain Sex Signal Tsignal: mean (S.E.) Rsignal: mean (S.E.) N t-Value d.f. P-value
BULS F Bedding 32.409 (4.641) 0.597 (0.057) 22 1.725 21 0.0993
BULS F Faeces 14.182 (1.384) 0.545 (0.036) 22 1.243 21 0.2274
BULS F Urine 10.682 (0.963) 0.725 (0.038) 22 5.944 21 0.0000
BULS F Saliva 5.909 (0.873) 0.490 (0.059) 22 -0.169 21 0.8671
BULS F ABP 1.091 (0.415) 0.439 (0.082) 11 —0.740 10 0.4762
BULS F Urine +saliva 6.909 (1.587) 0.714 (0.074) 11 2.899 10 0.0159
BULS F Urine + ABP 6.524 (1.457) 0.641 (0.066) 21 2.131 20 0.0457
BULS M Bedding 23.381 (3.569) 0.709 (0.051) 21 4.101 20 0.0006
BULS M Faeces 22.619 (2.906) 0.602 (0.042) 21 2.421 20 0.0251
BULS M Urine 21.333(2.929) 0.730 (0.035) 21 6.609 20 0.0000
BULS M Saliva 6.143 (1.998) 0.507 (0.070) 21 0.095 20 0.9253
BULS M ABP 1.789 (0.469) 0.436 (0.085) 19 —0.752 18 0.4616
BULS M Urine +saliva 16.905 (2.091) 0.777 (0.030) 21 9.243 20 0.0000
BULS M Urine + ABP 14.316 (1.969) 0.753 (0.051) 19 4.998 18 0.0001
STRA F Bedding 39.550 (3.929) 0.552 (0.064) 20 0.808 19 0.4292
STRA F Faeces 11.350 (1.152) 0.713 (0.033) 20 6.417 19 0.0000
STRA E Urine 8.200 (0.583) 0.564 (0.047) 20 1.364 19 0.1885
STRA F Saliva 6.700 (1.150) 0.370 (0.075) 20 -1.735 19 0.0989
STRA F ABP 6.556 (1.556) 0.522 (0.112) 9 0.197 8 0.8491
STRA F Urine + saliva 8.500 (1.360) 0.441 (0.061) 16 —-0.970 15 0.3476
STRA B Urine + ABP 5.550 (0.939) 0.681 (0.063) 20 2.882 19 0.0095
STRA M Bedding 14.455 (2.492) 0.284 (0.054) 22 —-4.035 21 0.0006
STRA M Faeces 21.000 (1.902) 0.555 (0.038) 22 1.435 21 0.1659
STRA M Urine 26.182 (1.255) 0.518 (0.026) 22 0.682 21 0.5027
STRA M Saliva 5.667 (0.871) 0.535 (0.058) 21 0.599 20 0.5561
STRA M ABP 9.864 (1.957) 0.483 (0.065) 22 —0.265 21 0.7939
STRA M Urine +saliva 13.000 (1.211) 0.448 (0.033) 22 —1.582 21 0.1286
STRA M Urine + ABP 10.909 (0.853) 0.350 (0.036) 22 —4.220 21 0.0004

Number of individuals (N), t-statistics (Student’s t-test for Rgignai, Ho: /0 =0.5) and corresponding P values are given for each test. The level of significance was adjusted using
a Bonferroni correction to 0.0018. Statistically significant preferences are indicated in bold. Positive t values indicate assortative preferences and negative t values indicate
disassortative preferences.
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Fig. 1. Mean coefficients of preference of different individual stimuli and combined stimuli (in each panel separated by dashed vertical line) expressed separately for each
strain and sex. Vertical bars represent 95% confidence interval of mean Rgigny. Values above the line at Rgigna =0.5 (indicated in bold) represent assortative preference;
values below this line represent disassortative preference. Statistically significant preferences (t-test; Ho:u = 0.5; Bonferroni adjustment of level of significance to 0.0018) are
indicated with asterisks where *P<0.0001. Homogeneous groups of preferred signals tested by whole model are indicated with the same letter. Numbers of tested individuals
in each group are indicated inside the columns.
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p=0.0001) (Fig. 1). Contrary STRA males displayed significant dis-
assortative preferences (u=0.350; t=-4.22, d.f.=21, p=0.0004).
The total time spent by sniffing the combined signal (urine + ABP)
was not higher than sniffing pure urinary signals in both sexes and
strains.

4. Discussion

Our results revealed that tested stimuli vary in their signalling
potential as strain-specific indicators in the house mouse mate
recognition system. The longest time spent by investigation of stim-
uli and strongest preferences for the same strain were found for
urine, faeces, bedding, urine +saliva and urine + ABP, whereas the
weakest preferences and interest were found for saliva and ABP
presented as single stimuli. We have shown significant differences
in levels of assortative preference in both males and females. Based
on consideration of higher cost of reproduction for females, we
expected to find stronger preferences displayed by this sex than the
opposite. However, in our data M. m. musculus derived-males dis-
played the strongest assortative preferences. Weaker preferences
found in females even of the same strain could be explained by
the fact that sexual receptivity of tested females was not achieved
in all tests, but we did not find significant differences in assorta-
tive preferences between females in receptive and non-receptive
phase of their oestrus cycle. Moreover there is growing evidence
that house mice males show stronger assortative preferences than
females (Pialek et al., 2008; Ganem et al., 2008). Finally, our data
revealed strong differences in assortative preferences of the two
strains derived from wild individuals of each house mouse sub-
species. Since this study was based on a highly simplified model
using olfactory experiments as representation of mate choice tests
and two inbred strains, preserving only a small portion of genetic
variation present in wild populations of the two house mouse sub-
species, we remain cautious in extrapolating the results to wild
populations.

Broad surveys of olfactory communication suggest a variety of
pheromones affecting behavioural response of the receiver indi-
vidually, in groups of different odorants or acting in concerns with
other signal modalities and in addition largely interact with the
environment (Wyatt, 2003; Novotny, 2003; Brennan and Kendrick,
2006; Brennan and Zufall, 2006). The modulation of signals and
their complexity is rather a rule in animal communication, as
these are important in signal repeatability, modulation of sig-
nal intensity by adding signal components or completion of the
signal by combining different signal channels (Wyatt, 2003). For
example, in Drosophila a successful courtship requires combina-
tion of chemical and visual stimuli (Greenspan and Ferveur, 2000)
or male golden hamsters use several different odours from the
same female to form a multicomponent representation of female
individuals (Johnston and Bullock, 2001). However, as far as we
know, there has been no study in the house mouse using a com-
bination of different stimuli to test whether these act together
to reinforce or complete the information transmitted from the
donor.

In our study, we directly tested the effect of combining
two signal components, previously identified as candidates for
subspecies-specific indicators (Smadja et al., 2004; Laukaitis et al.,
1997) on resulting signal interest and preference. We expected that
the combined signals would convey more complex information and
thus would elicit stronger mate choice preference. However, in our
study, neither the preferences for combined stimuli (urine + saliva,
urine + ABP) was enhanced in comparison with preferences for
equal individual compounds nor the longer time spent by investi-
gating the combined, two-compound stimuli was observed. Thus
the potential additive or synergistic effects of urine and saliva

(including ABP) were not confirmed here. Accordingly, we did not
find preferences for beddings, used in this study as a representa-
tive of the complex mouse odour, as the strongest preferences in
neither sex nor strain even though the time spent by the investiga-
tion was significantly higher than for any other stimuli. It indicates
that more complex stimuli do not possess more information facil-
itating mate choice. Conversely, in males of domesticus-derived
STRA strain we found significant disassortative preference. This
result may reflect the fact that bedding was present in a larger
amount of stimulus relative to other tested stimuli and/or that
bedding was placed in the peripheral boxes that the subject was
allowed to enter and, consequently, presented an area similar to
the marked territory. Observed preferences, not found in females,
thus can be interpreted as strong male avoidance of domesticus like
territory/odour, that can be caused by high levels of male aggres-
siveness previously reported in this strain (Pialek et al., 2008) and
in domesticus males in general (Thuesen, 1977; van Zegeren and
van Oortmerssen, 1981; Munclinger and Frynta, 2000; Frynta et al.,
2005).

Our study is in agreement with previously published data
reporting that of the two subspecies, M. m. musculus more often
displays homosubspecific preferences and is proposed as a choosier
subspecies (Christophe and Baudoin, 1998; Smadja and Ganem,
2002, 2005; Smadja et al., 2004; Bimova et al., 2005; Ganem et
al., 2008; Fig. 1), whereas M. m. domesticus mice were reported
to display homosubspecific preferences only for ABP (Laukaitis et
al., 1997; Talley et al., 2001). On the other hand, we found the
strongest assortative preferences for faeces in both females and
males of the domesticus-derived STRA strain. It has been shown
that faeces could provide information on an individual’s reproduc-
tive and/or health status, including stress, age, phase of the oestrus
cycle (Schwarzenberger et al., 1996; Touma et al., 2003) and/or par-
asite load, metabolism and food resources (Kavaliers et al., 2004,
2005). Since all experimental animals (both subjects and ‘signal’
donors) were parasite-free (based on a regular veterinary diagno-
sis of the inbred lines in our breeding facility), and kept in standard
laboratory conditions, the difference in the discrimination of faeces
between the two strains could reflect their differences in immune
system (for both strains described in Pialek et al., 2008), microbial
composition of intestines that is highly variable in mice (Scupham
et al., 2006) or differences in steroid metabolites (Touma et al.,
2003). However, as the same pattern was not observed when using
soiled bedding we cannot rule out a possibility this result to be
accidental.

The central role of urine as a principal olfactory cue in mice
(Novotny, 2003; Smadja and Ganem, 2005) is confirmed also in
our results. Urine alone elicited the longest investigation (data not
shown) and strongest preferences than either of its combinations
especially in musculus-derived BULS mice. This corroborates the
evidence that urinary pheromones (volatiles coded for by MHC-
genes or protein complexes of MUPs) are important in modulating
individual signalling in different social interactions such as aggres-
sion, territory defence and/or sexual behaviour (Novotny, 2003;
Thom and Hurst, 2004; Brennan and Kendrick, 2006). Contrary to
the genetic relatedness primarily manifested by volatiles coded for
by MHC and background genes (Penn, 2002; Willse et al., 2006;
Rock et al,, 2007), MUPs may present a more reliable individual
scent signature (Hurstetal.,2005; Cheetham et al.,2007; Sherborne
etal.,2007; Thom et al.,2008) and an additive source of information
in their ability to advertise temporal individual-status information
such as female oestrus (Stopka et al., 2007), social condition or male
competitive ability (Rusu et al., 2008; Rich and Hurst, 1998, 1999;
Beynon and Hurst, 2003). Both sexes can, by varying their MUPs
expression, modulate their signalling in different social interac-
tions in order to maximize their fitness (Stopka et al., 2007). Thus,
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MUPs may present ideal candidates for targets of natural selection
and act as subspecies-specific recognition indicators (Beynon et al.,
2007).

In fact, recent studies identified significant differences in MUPs
expression both between the two subspecies (Stopkova et al.,
2007) and different mouse species (Robertson et al., 2007). Pro-
nounced sexual dimorphism in MUPs expression was also shown
to be subspecies-specific: M. m. musculus males expressed MUPs
in higher concentration than females of the same subspecies and
significantly more than either sex in M. m. domesticus. In addi-
tion, individual variation in the expression of most studied MUPs
was lower than between sexes and subspecies (Stopkova et al.,
2007). These data together with strong attractiveness of urine of
musculus-derived BUSNA males for musculus-derived BULS females
but not for M. m. domesticus-derived mice of both sexes reported
in our study implies that urinary MUPs may primarily serve to
communicate strain-specific and further more subspecies-specific
information.

Compared to bedding, faeces and urine, our results revealed
much weaker interest in saliva (saliva and ABP) indicating that
salivary proteins (such as salivary MUPs and ABP) may not be the
strongest subspecies-specific indicators as proposed by Laukaitis et
al. (1997), Laukaitis and Karn (2005) and Talley et al. (2001). Our
results seem to be corroborated by both direct (Bimova et al., 2005)
and indirect (Dod et al., 2005; Macholan et al., in press) evidence
from the musculus/domesticus hybrid zone, where only slight ABP-
specific preferences and nearly neutral transition of the Abpa gene
across the zone has been noted. However, it may be questioned
to what extent our experimental design using simplified olfactory
preference tests may reflect mate choice occurring in the natural
conditions.

The lowest preferences and investigation time found in the
musculus-derived BULS strain can be due to possible confound-
ing signalling effect of b-congenic strain (see Bimova et al., 2005),
where the musculus ABP-type signal is presented together with
domesticus signals from the domesticus genetic background of the
C3H/He] inbred strain (Frazer et al., 2007). In spite of this, if the
ABP should be recognised as subspecies-specific indicator in this
experimental design, we should found assortative preferences of
musculus-derived BULS subjects in tests where saliva from muscu-
lus inbred strain have been used and of domesticus-derived STRA
subjects in all tests with salivary stimuli. However, our data do not
support this hypothesis. Recent data led to the description of dif-
ferent ABP paralogues that show extensive spatial, temporal and
sexual differences in expression (Emes et al., 2004; Laukaitis et al.,
2005) mainly in lacrimal and salivary glands located on the head
of the mouse. As the first interaction between two mice typically
involves investigation either of urogenital or facial, nasal and mouth
area (Luo et al., 2003; B. Bimova, unpublished data), we suggest that
if ABP is involved in mouse olfactory communication, its role is
probably in transmitting information between the animals in close
contact. This theory is corroborated by results of ABP-dependent
mate choice tests. In experiments, where a direct contact of the
tested female with signal males was allowed the assortative choice
rate was up to 7:1, whereas in olfactory tests where the female
had to make a decision based on olfactory choice of territory or
saliva spots the choice rate decreased up to 1.6-2:1 (Laukaitis et
al,, 1997; Talley et al., 2001). We thus propose that the confirma-
tion of the pheromonal role of ABP (and saliva) as close-contact
signals requires a different experimental design allowing contact
with animal stimuli and decision made based on complex infor-
mation of secretions from the head and neck glands. Nonetheless,
we maintain that the role of long-lasting signals (such as urine and
faeces) can be evaluated based on olfactory experiments, used in
this study, simulating a situation where mice are not in direct con-

tact, as occurs frequently in their natural environment (Hurst, 1988,
1990).

Based on results of our study, we have demonstrated that house
mice can detect and process a variety of odour signals to get
context-dependent information from its environment or consub-
specifics. The data strongly suggest that urinary signals are the
most obvious candidates for signals involved in individual recogni-
tion as well as strain-specific signalling. Moreover both strains use
different signals to discriminate consubspecifics (e.g. faeces in M.
m. domesticus derived strain and urine in M. m. musculus derived
strain). Males seem to invest more energy in mate choice than
females as they show the strongest preferences and invest rela-
tively more in signalling (e.g. higher expression of MUPs profiles in
males).

Acknowledgements

We thank V. Bencova, D. Havelkova and J. Piadlkova for help in
the breeding facility and data collection. We are indebted to R.C.
Karn and C.M. Laukaitis, who provided the Abpa®-congenic strain.
We also gratefully acknowledge H.C. Hauffe and P. Munclinger for
reviewing earlier versions of the manuscript and for fruitful discus-
sions. Comments by the Associate Editor and two reviewers greatly
improved the quality of the paper. This research was supported by
the Grant Agency of the Academy of Sciences of the Czech Republic
(IAA600930506).

References

Beauchamp, G.K., Yamazaki, K., 2003. Chemical signalling in mice. Biochem. Soc.
Trans. 31, 147-151.

Beynon, RJ., Hurst, J.L., 2003. Multiple roles of major urinary proteins in the house
mouse, Mus domesticus. Biochem. Soc. Trans. 31, 142-146.

Beynon, RJ., Turton, MJ., Robertson, D.H.L., Armstrong, S.D., MacNicoll, A.,
Humphries, R.E., Hurst, J.L., 2007. Urinary lipocalins in Rodenta: is there a generic
model? In: Hurst, ].L., Beynon, RJ., Roberts, S.C., Wyatt, T. (Eds.), Chemical Signals
in Vertebrates, vol. 11. Springer, New York, pp. 37-50.

Bimova4, B., Karn, R.C,, Pidlek, ]., 2005. The role of salivary androgen-binding protein
inreproductive isolation between two subspecies of house mouse: Mus musculus
musculus and Mus musculus domesticus. Biol. J. Linn. Soc. 84, 349-361.

Boursot, P., Auffray, ].-C., Britton-Davidian, J., Bonhomme, F., 1993. The evolution of
house mice. Ann. Rev. Ecol. Syst. 24, 119-152.

Brennan, P.A., Kendrick, K.M., 2006. Mammalian social odours: attraction and indi-
vidual recognition. Phil. Trans. R. Soc. B 361, 2061-2078.

Brennan, PA., Zufall, F, 2006. Pheromonal communication in vertebrates. Nature
444,308-315.

Bridle, J., Ritchie, M.G., 2001. Assortative mating and the genic view of speciation. J.
Evol. Biol. 14, 878-879.

Butlin, RK., Ritchie, M.G., 1994. Variation in female mate preference across a
grasshopper hybrid zone. ]. Evol. Biol. 4, 227-240.

Butlin, RK., 1995. Reinforcement: an idea evolving. Trends Ecol. Evol. 10, 432-
434,

Coyne, J.A., Orr, H.A., 2004. Speciation. Sinauer Associates, Inc., Sunderland, MA.

Cheetham, S.A., Thom, M.D., Jury, E, Ollier, W.E.R,, Beynon, R.]., Hurst, J.L., 2007.
The genetic basis of individual-recognition signals in the mouse. Curr. Biol. 17,
1771-1777.

Christophe, N., Baudoin, C., 1998. Olfactory preferences in two subspecies of mice
Mus musculus musculus and Mus musculus domesticus and their hybrids. Anim.
Behav. 56, 365-369.

Crawley, M.J., 2007. The R Book. Willey and Sons, Chichester.

Dod, B., Jermiin, L.S., Boursot, P., Chapman, V.H., Nielsen, ].T., Bonhomme, F., 1993.
Counterselection on sex chromosomes in the Mus musculus European hybrid
zone. . Evol. Biol. 6, 529-546.

Dod, B.,Smadja, C., Karn, R.C., Boursot, P., 2005. Testing for selection on the androgen-
binding protein in the Danish mouse hybrid zone. Biol. ]. Linn. Soc. 84, 447-459.

Emes, R.D,, Riley, M.C., Laukaitis, C.M., Goodstadt, L., Karn, R.C., Ponting, C.P., 2004.
Comparative evolutionary genomics of androgen-binding protein genes. Genet.
Res. 14, 1516-1529.

Ehman, K.D., Scott, M.E., 2001. Urinary odour preferences of MHC congenic female
mice, Mus domesticus: implications for kin recognition and detection of para-
sitized males. Anim. Behav. 62, 781-789.

Frazer, K.A., Eskin, E., Kang, H.M., Bogue, M.A,, Hinds, D.A., Beilharz, EJ., Gupta, R.V.,
Montgomery, ]., Morenzoni, M.M,, Nilsen, G.B., Pethiyagoda, C.L., Stuve, L.L., John-
son, EM.,, Daly, M.]., Wade, C.M., Cox, D.R., 2007. A sequence-based variation map
of 8.27 million SNPs in inbred mouse strains. Nature 448, 1050-1055.



B. Bimova et al. / Behavioural Processes 80 (2009) 20-27 27

Frynta, D., Sldbova, M., Vachova, H., Volfova, R., Munclinger, P., 2005. Aggression
and commensalism in house mouse: a comparative study across Europe and the
Near East. Aggress. Behav. 31 (3), 283-293.

Ganem, G., Litel, C., Lenormand, T., 2008. Variation in mate preference across a house
mouse hybrid zone. Heredity 100 (6), 594-601.

Greenspan, R.J., Ferveur, J.F, 2000. Courtship in Drosophila. Annu. Rev. Genet. 34,
205-232.

Heth, G., Todrank, J., Busquet, N., Baudoin, C., 2003. Genetic relatedness assessment
through individual odour similarities (G-ratios) in mice. Biol. ]. Linn. Soc. 78,
595-603.

Hurst, ].L., 1988. A system for the individual recognition of small rodents at a distance,
used in free-living and enclosed populations of house mice. J. Zool. 215, 363-367.

Hurst, J.L., 1990. Urine marking in populations of wild house mice Mus domesticus
Rutty. I. Communication between the sexes. Anim. Behav. 40, 233-243.

Hurst, J.L., Payne, C.E., Nevison, C.M., Marie, A.D., Humphries, R.E., Robertson, D.H.L.,
Cavaggioni, A., Beynon, RJ., 2001. Individual recognition in mice mediated by
major urinary proteins. Nature 414, 631-634.

Hurst, J.L., Thom, M.D., Nevison, C.M., Humphries, R.E., Beynon, R.J., 2005. MHC
odours are not required or sufficient for recognition of individual scent owners.
Proc. R. Soc. Lond. B 272, 715-724.

Johnston, R.E., Bullock, T.A., 2001. Individual recognition by use of odours in golden
hamsters: the nature of individual representations. Anim. Behav. 61, 545-557.

Karn, R.C., 1981. Sex-limited effects of the expression of the db gene in mice during
puberty. Biochem. Genet. 193, 355-371.

Karn, R.C,, Orth, A., Bonhomme, F., Boursot, P., 2002. The complex history of a gene
proposed to participate in a sexual isolation mechanism in house mice. Mol. Biol.
Evol. 19, 462-471.

Kavaliers, M., Colwell, D.D., Braun, W.J., Choleris, E., 2003. Brief exposure to the odour
of a parasitized male alters the subsequent mate odour response of female mice.
Anim. Behav. 65, 59-68.

Kavaliers, M., Choleris, E., Agmo, A., Pfaff, D.E., 2004. Olfactory mediated parasite
recognition and avoidance: linking genes to behavior. Horm. Behav. 46, 272-283.

Kavaliers, M., Choleris, E., Agmo, A., Muglia, L.J., Ogawa, S., Pfaff, D.W., 2005. Involve-
ment of the oxytocin gene in the recognition and avoidance of parasitized males
by female mice. Anim. Behav. 70, 693-702.

Kimoto, H., Haga, S., Sato, K., Touhara, K., 2005. Sex-specific peptides from exocrine
glands stimulate mouse vomeronasal sensory neurons. Nature 437, 898-901.

Laukaitis, C.M.,, Critser, E.S., Karn, R.C., 1997. Salivary androgen-binding protein (ABP)
mediates sexual isolation in Mus musculus. Evolution 51, 2000-2005.

Laukaitis, C.M., Karn, R.C., 2005. Evolution of the secretoglobins: a genomic and
proteomic view. Biol. . Linn. Soc. 84, 493-501.

Laukaitis, C.M., Dlouhy, S.R., Emes, R.D., Ponting, C.P,, Karn, R.C., 2005. Diverse spa-
tial, temporal, and sexual expression of recently duplicated androgen-binding
protein genes in Mus musculus. BMC Evol. Biol., 5.

Luo, M.M,, Fee, M.S., Katz, L.C., 2003. Encoding pheromonal signals in the accessory
olfactory bulb of behaving mice. Science 299, 1196-1201.

Macholan, M., Baird, S.J.E., Munclinger, P., Dufkova, P., Bimova, B., Pialek, J., in press.
Genetic conflict outweighs heterogametic incompatibility in the mouse hybrid
zone? BMC Evol. Biol.

Macholan, M., Krystufek, B., Vohralik, V., 2003. The location of the Mus musculus/M-
domesticus hybrid zone in the Balkans: clues from morphology. Acta Theriol. 48,
177-188.

Macholan, M., Munclinger, P., Sugerkovd, M., Dufkov, P., Bimova, B., BoZikova, E.,
Zima, ]., Pidlek, J., 2007. Genetic analysis of autosomal and X-linked markers
across a mouse hybrid zone. Evolution 61, 746-771.

Munclinger, P, Frynta, D., 2000. Social interactions within and between two distant
populations of house mouse. Folia Zool. 49, 1-6.

Noldus, L.P]]., Trienes, RJ.H., Hendriksen, A.H.M., Jansen, H., Jansen, R.G., 2000. The
Observer Video-Pro: new software for the collection, management, and presen-
tation of time-structured data from videotapes and digital media files. Behav.
Res. Methods Instrum. Comp. 32, 197-206.

Novotny, M.V., 2003. Pheromones, binding proteins and receptor responses in
rodents. Biochem. Soc. Trans. 31, 117-122.

Penn, D.J., 2002. The scent of genetic compatibility: sexual selection and the major
histocompatibility complex. Ethology 108, 1-21.

Penn, D., Potts, W., 1999. The evolution of mating preferences and major histocom-
patibility complex genes. Am. Nat. 153, 145-164.

Pialek, ]., Vyskocilova, M., Bimova, B., Havelkova, D., Pidlkova, J., Dufkova, P., Bencova,
V., Dureje, L., Albrecht, T., Hauffe, H.C., Macholan, M., Munclinger, P., Storchova,
R., Zajicov4, A., Holan, V., Gregorova, S., Forejt, J., 2008. Development of unique
house mouse resources suitable for evolutionary studies of speciation. J. Hered.
99 (1), 34-44.

Ptacek, M.B., 2000. The role of mating preferences in shaping interspecific diver-
gence in mating signals in vertebrates. Behav. Process. 51, 111-134.

Raufaste, N., Orth, A., Belkhir, K., Senet, D., Smadja, C., Baird, S.J.E., Bonhomme, F.,
Dod, B., Boursot, P.,, 2005. Inference of selection and migration in the Danish
house mouse hybrid zone. Biol. ]. Linn. Soc. 84, 593-616.

Rich, TJ., Hurst, ].L., 1998. Scent marks as reliable signals of the competitive ability
of mates. Anim. Behav. 56, 727-735.

Rich, TJ., Hurst, J.L., 1999. The competing countermarks hypothesis: reliable assess-
ment of competitive ability by potential mates. Competitive ability by potential
mates. Anim. Behav. 58, 1027-1037.

Robertson, D.H.L.,, Hurst, ].L., Searle, ].B., Gunduz, 1., Beynon, RJ., 2007. Characteri-
zation and comparison of major urinary proteins from the house mouse, Mus
musculus domesticus, and the aboriginal mouse, Mus macedonicus. J. Chem. Ecol.
33, 613-630.

ROck, F., Mueller, S., Weimar, U., Rammensee, H.-G., Overath, P., 2006. Comparative
analysis of volatile constituents from mice and their urine. J. Chem. Ecol. 32,
1333-1346.

Rock, F., Hadeler, K.P., Rammensee, H.G., Overath, P.,, 2007. Quantitative analysis of
mouse urine volatiles: in search of MHC-dependent differences. PLoS ONE 2 (5),
e429.

Rusu, A.S., Krackow, S., Jedelsky, P., Stopka, P., Koenig, B., 2008. A qualitative investi-
gation of major urinary proteins in relation to the onset of aggressive behavior
and dispersive motivation in male wild house mice (Mus musculus domesticus).
J. Ethol. 26, 127-135.

SAS Institute Inc., 2002. JMP. The Statistical Discovery Software. SAS Institute, Cary,
NC.

Schwarzenberger, F., Mostl, E., Palme, R., Bamberg, E., 1996. Faecal steroid analysis for
non-invasive monitoring of reproductive status in farm, wild and zoo animals.
Anim. Reprod. Sci. 42, 515-526.

Scupham, AJ., Presley, L.L., Wei, B., Bent, E., Griffith, N., McPherson, M., Zhu, EL.,
Oluwadara, O., Rao, N., Braun, J., Borneman, J., 2006. Abundant and diverse
fungal microbiota in the murine intestine. Appl. Environ. Microbiol. 72, 793-
801.

Sherborne, A.L., Thom, M.D., Paterson, S., Jury, F, Ollier, W.E.R,, Stockley, P., Beynon,
RJ., Hurst, J.L., 2007. The genetic basis of inbreeding avoidance in house mice.
Curr. Biol. 17, 2061- 2066.

Smadja, C., Ganem, G., 2002. Subspecies recognition in the house mouse: a study
of two populations from the border of a hybrid zone. Behav. Ecol. 13, 312-
320.

Smadja, C., Catalan, ], Ganem, G., 2004. Strong premating divergence in a uni-
modal hybrid zone between two subspecies in the house mouse. ]. Evol. Biol.
17, 165-176.

Smadja, C., Ganem, G., 2005. Asymmetrical reproductive character displacement in
the house mouse. J. Evol. Biol. 18, 1485-1493.

Smadja, C., Ganem, G., 2008. Divergence of odorant signals within and between the
two European subspecies of the house mouse. Behav. Ecol. 19 (1), 223-230.
Stopka, P,, Janotov4, K., Heyrovsky, D., 2007. The advertisement role of Major urinary

proteins in mice. Physiol. Behav. 91 (5), 667-670.

Stopkova, R., Stopka, P, Janotova, K., Jedelsky, P., 2007. Species-specific expression
of Major urinary proteins in the House mice (Mus musculus musculus and Mus
musculus domesticus). J. Chem. Ecol. 33, 861-869.

Talley, H.M., Laukaitis, C.M., Karn, R.C., 2001. Female preference for male saliva:
implications for sexual isolation of Mus musculus subspecies. Evolution 55,
631-634.

Thom, M.D., Hurst, ].L., 2004. Individual recognition by scent. Ann. Zool. Fenn. 41,
765-787.

Thom, M.D., Stockley, P., Jury, E,, Ollier, W.E.R., Beynon, R J., Hurst, ].L.,2008. The direct
assessment of genetic heterozygosity through scent in the mouse. Curr. Biol. 18,
619-623.

Thuesen, P., 1977. A comparison of the agonistic behaviour of Mus musculus musculus
L. and Mus musculus domesticus Rutty (Mammalia, Rodentia). Viedensk Meddr
Dansk naturh Foren 140, 117-128.

Todrank, J., Busquet, N., Baudoin, C., Heth, G., 2005. Preferences of newborn mice for
odours indicating closer genetic relatedness: is experience necessary? Proc. R.
Soc. Lond. B 272, 2083-2088.

Touma, C., Sachser, N., Mostl, E., Palme, R., 2003. Effects of sex and time of day on
metabolism and excretion of corticosterone in urine and feces of mice. Gen.
Comp. Endocrinol. 130, 267-278.

van Zegeren, K., van Oortmerssen, G.A., 1981. Frontier disputes between the West-
and East-European house mouse in Schleswig-Holstein, West Germany. Zeitschr
Sdugetierk 46, 363-369.

Willse, A., Kwak, J., Yamazaki, K., Preti, G., Wahl, J.H., Beauchamp, G.K., 2006. Indi-
vidual odortypes: interaction of MHC and background genes. Immunogenetics
58 (12),967-982.

Wyatt, T.D., 2003. Pheromones and Animal Behaviour: Communication by Smell and
Taste. Cambridge University Press, Cambridge.



