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Abstract. Chemical communication is important for many social mammals. Scent-related gene clusters have 
undergone extraordinary expansion in some species, such as the house mouse (Mus musculus). One such family 
encodes major urinary proteins (MUPs). MUPs can provide recipients with complex information about the 
signaller and potentially serve as honest signals of social rank. In this study, we examined the development of 
overall MUP production in two mouse subspecies in the context of establishing their social hierarchy during 
the critical period between weaning and 100 days of age. We used fraternal pairs as simple social units, where 
dominant/subordinate ranks were naturally established between two brothers raised together, to test the 
hypothesis that dominant males of both taxa excrete higher amounts of MUPs in their urine than subordinates. The 
results were compared to data on ontogeny of steroid hormone levels gathered in the same individuals during an 
earlier experiment. Higher MUP levels in dominant males were only corroborated in one subspecies (domesticus), 
whereas musculus males revealed similar MUP quantities irrespective of rank. These results are consistent with 
the notion that these closely related taxa adopted different strategies for establishing social hierarchy.
 
Key words: chemical communication, Mus musculus musculus, Mus musculus domesticus, social rank, 
testosterone, urine
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Introduction

Socially living animals are involved in an ongoing 
competition for resources and mating opportunities, 
where success depends on their social status; thus, 
establishing and maintaining a high rank within 
the group is one of the salient factors determining 
the fitness of social animals (Dewsbury 1982, Ellis 
1995, Shivani et al. 2022). The outcome of such 
competitions depends on many internal and external 

factors (VanderWerf 2008, Chelliah & Sukumar 2013, 
Lardy et al. 2013), including honest signalling of 
competitive abilities (Zahavi 1977, Dawkins & Krebs 
1978, Hurst et al. 2001a). 

Communication, therefore, is an inevitable prerequisite 
for social life; however, social interactions also bring about 
demands on increasing the complexity of information 
transmitted. Generally, the more complex the social 
life, the more diverse the communication among group 
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members (Rogers & Kaplan 2002, Bradbury & Vehrencamp 
2011, Freeberg et al. 2012). In macrosmatic mammals, 
information is transmitted predominately via olfaction 
(Eisenberg & Kleiman 1972, Mundy 2006). 

Olfactory cues can provide complex information on 
taxon and individual identity, sex, age, health and 
social status (Johnston 2003, Arakawa et al. 2008, 
Hurst & Beynon 2013). The scent-related gene families 
of some species have undergone extraordinary 
expansion, encoding both olfactory signals and their 
receptors. An example of such a mammal is the house 
mouse (Mus musculus) (Chamero et al. 2012, Karn & 
Laukaitis 2012, Sheehan et al. 2019). Two subspecies, 
the eastern house mouse (M. m. musculus) and western 
house mouse (M. m. domesticus), meet in Europe, 
forming a narrow hybrid zone from the Black Sea up 
to Scandinavia (Baird & Macholán 2012, Macholán et 
al. 2019), and thus offer a unique model for diverse 
evolutionary studies (Macholán et al. 2012).

There are several mediators of olfactory signals 
in mice, one of the most important, and certainly 
the most studied, being urine. Among myriads of 
urine components, many of which can participate 
in chemical communication, mouse major urinary 
proteins (MUPs) play a significant role (Hurst & 
Beynon 2004). These relatively small (18-19 kDa) 
lipocalin proteins, produced and excreted in 
considerable quantities, are important as carriers of 
pheromonally-active ligands (Novotny 2003, Phelan 
et al. 2014, Stopková et al. 2021). However, since MUPs 
can produce highly heterogeneous combinations of 
protein isoforms in the urine, it has been suggested 
that they modulate the behaviour and physiology 
of the recipients (Beynon & Hurst 2003, Chamero et 
al. 2007, Roberts et al. 2010, 2012, Nelson et al. 2015). 
Regulation of MUP expression, initially considered to 
be controlled entirely by testosterone, is now known 
to be under multihormonal control, involving both 
growth hormone and thyroxine (Knopf et al. 1983, 
Noaín et al. 2013, Penn et al. 2022). However, the 
precise mechanism remains to be identified.

MUP quantity and profile can vary substantially 
during life (Thoß et al. 2015) and have been shown 
to be socially condition-dependent in males (Stopka 
et al. 2007, 2012, Thoß et al. 2015, 2019, Luzynski et 
al. 2021). Moreover, some MUP isoforms have been 
identified as indicators of dominance (Nelson et al. 
2015, Lee et al. 2017; but see Hurst et al. 2001b) or 
promoters of aggressive behaviour and predictors of 
aggression-related behavioural strategies (Rusu et al. 
2008). Owing to the assumed metabolic costs of MUP 

production, only high-quality males are thought 
to produce such proteins in sufficient quantities 
(Gosling et al. 2000, Sharrow et al. 2002, Greve et al. 
2022); consequently, MUP levels in the urine may 
serve as honest signals of competitive ability and 
dominance (Rich & Hurst 1998, Garratt et al. 2011, 
2012, Nelson et al. 2015; but see Számadó 2011, Penn 
et al. 2022). 

Despite several decades of MUP research, most 
studies have been limited to inbred laboratory 
strains or a single mouse subspecies. However, since 
the two European subspecies differ significantly 
in MUP amount and profile (Stopková et al. 2007, 
Hurst et al. 2017) as well as testosterone and 
corticosterone production dynamics (Hiadlovská et 
al. 2015, Daniszová et al. 2017) and social structure 
and hierarchy development (Hiadlovská et al. 2021, 
Mikula et al. 2022), simultaneous studies embracing 
both taxa could be highly important. The compelling 
findings of such comparative studies consistently 
suggest a more rapid establishment of social hierarchy 
in M. m. domesticus males compared to M. m. musculus 
males. Moreover, as shown by Hiadlovská et al. 
(2015), steroid hormone levels and body growth rates 
were only significantly different between dominant 
and subordinate males in M. m. domesticus and not 
M. m. musculus. If MUPs are involved in establishing 
mouse social hierarchy, therefore, we may expect 
significant differences in overall MUP levels between 
dominant and subordinate domesticus males shortly 
after reaching adulthood and an absence of these 
differences in musculus males. 

In this study, we examine the ontogeny of overall 
MUP production in the two house mouse subspecies 
in relation to the development of their social hierarchy. 
We capitalise on an earlier experiment (Hiadlovská 
et al. 2015, 2021), where we used the same fraternal 
pairs as simple social units (Rusu & Krackow 2005, 
Krackow & König 2008, Rusu et al. 2008) to pinpoint 
the onset of aggression and sexual maturity during 
a crucial part of the male lifespan, i.e. from weaning 
to adulthood. In the study, hierarchical dominant/
subordinate ranks were naturally established 
between two brothers raised together. At the same 
time, we also gathered data on growth and levels of 
steroid hormones (Hiadlovská et al. 2015). 

The main goal of the present work was to test 
the hypothesis that dominant males of both taxa 
excrete higher amounts of MUP in their urine than 
their respective subordinates. The advantage of the 
experiment of Hiadlovská et al. (2015) utilised in 
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this study is that the design allows the investigation 
of several behavioural and physiological traits 
simultaneously, allowing us to address how 
MUP production reflects both important life-
history milestones (sexual maturity and the onset 
of aggressive behaviour) and assess the possible 
correlation between MUP excretion and the dynamics 
of testosterone production during the period under 
study.

Material and Methods

Wild M. m. musculus and M. m. domesticus mice were 
sampled well outside the hybrid zone between the 
two subspecies, i.e. more than 30 km from the zone 
centre (Table S1). Males and females from the same 
locality were mated, and the resulting offspring 
weaned at 20 days. Twenty pairs of brothers, two 
per locality, were then established and kept under 
housing conditions described in detail in Hiadlovská 
et al. (2015; see also Supplementary material). Urine 
was sampled at five-day intervals from 20 days of 
age. After approx. 50 days of age, the intervals were 
extended to 5-7 days. After collection, the samples 
were stored at –20 °C until processing.

Fur clips were taken from all males, allowing us to 
distinguish between the brothers. Each time a male 
was handled, the position of the testes (abdominal or 
scrotal) was assessed to determine its reproductive 
status. We considered the point at which we first 
observed testes in the scrotum as the best possible 
approximation of the onset of a male’s sexual 
maturity. During each control, we checked the 
mice for signs of bites or body scars (Van Loo et al. 
2000, 2001, 2003). If there were no signs of injuries, 
both males were put in a clean cage (‘neutral arena’ 
test), and their behaviour was video-recorded for 20 
min, starting from the first intentional body contact. 
If no sign of agonistic display was observed within 
the 20-min period, the males were rechecked for 
bites or injuries the next day. When aggression was 
detected, they were separated with a wire mesh that 
allowed them to continue making visual, acoustic 
and olfactory contacts, thus preserving the social 
context. As described above, the first detection of any 
sign of past aggression was considered the onset of 
aggression (Hiadlovská et al. 2015; see also Fig. 1 in 
Hiadlovská et al. 2021). Maintenance of the respective 
social status was verified during two additional 
confrontations after separating the brothers at 85–
89 and 95-99 days of age. Males were considered 
dominant if they had fewer scars or injuries (Van Loo 
et al. 2001, 2003) and/or consistently showed more 

offensive agonistic behaviour than their brothers 
during all dyadic interactions (for more details, see 
Hiadlovská et al. 2015, 2021, and Supplementary 
material). 

Hiadlovská et al. (2015) showed that the dominant 
domesticus males were heavier than subordinate 
males, whereas no difference was found in musculus 
males. When we collected body mass data only before 
the first dyadic test, this distinction is still apparent, 
with the dominant domesticus males being heavier 
than their subordinate brothers in as many as 90% of 
cases, while weights of the dominant musculus males 
were only higher in 50% of cases (domesticus: mean 
dominant = 18.33 g, mean subordinate = 16.72 g; t-test: 
t = 1.573, df = 18, P = 0.1332; musculus: mean dominant 
= 16.70 g, mean subordinate = 16.52 g; t = –0.221, 
df = 18, P = 0.8274). It should be pointed out here 
that although the results are not significant for either 
subspecies, this was due to the small sample size in 
domesticus, power analysis suggesting that P would 
be significant at a = 0.05 if the number of fraternal 
pairs were increased from 10 to 17. In each case, the 
two subspecies were tested in the same room in the 
absence of other animals of either sex. Individuals 
whose rank could not be assigned unequivocally 
were excluded from the study. 

Prior to MUP analysis, the urine samples were thawed, 
stirred, briefly centrifuged, and an appropriate amount 
(max. 4 μl) added to Laemmli Sample Buffer (Bio-Rad 
Laboratories). The resulting mixture was then heated 
to 95 °C for 5 min. Separation was carried out using 
denaturing polyacrylamide gel electrophoresis (SDS-
PAGE) using 4-15% Mini-PROTEAN® TGX™ Precast 
Gels (Bio-Rad). A concentration gradient of carbonic 
anhydrase (29 kDa), used as a marker for SDS-PAGE 
(Sigma-Aldrich), was loaded onto the gels along with 
the samples to allow absolute quantification of the 
separated proteins. Electrophoresis was then run 
under a constant voltage of 170 V, the gels stained 
with Bio-Safe™ Coomassie Stain (Bio-Rad) and their 
images were captured using a GS-900 Calibrated 
Densitometer (Bio-Rad). Protein bands of interest 
were then quantified using the Image Lab™ Software 
(Bio-Rad), where the band volume is defined as the 
total intensity of pixels within the volume boundary. 
Protein concentrations were then calculated from 
a carbonic anhydrase calibration curve (Janotová & 
Stopka 2011). As urine dilution can vary between 
individuals and/or over time, we used a creatinine 
assay to normalise all concentrations in the samples 
with the LKreatinin Kit (BioVendor). Based on the 
creatinine concentration, the dilution coefficient was 

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 06 May 2024
Terms of Use: https://bioone.org/terms-of-use

https://www.sciencedirect.com/science/article/pii/S0016648015002774#b0735
https://www.sciencedirect.com/science/article/pii/S0016648015002774#b0735
https://www.sciencedirect.com/science/article/pii/S0016648015002774#b0745
https://www.sciencedirect.com/science/article/pii/S0016648015002774#b0740
https://www.sciencedirect.com/science/article/pii/S0016648015002774#b0740


Rank-dependency of MUPs in two house mouse subspeciesJ. Vertebr. Biol. 2024, 73: 23046 4 

calculated as described in Stopka et al. (2007; see 
also Supplementary material). Corrected volumes 
were obtained by dividing each MUP concentration 
by the dilution coefficient; these normalised values 
represent the instantaneous MUP level in a given 
sample.

Changes in MUP concentration were modelled with 
generalised additive models (Hastie & Tibshirani 1990, 
Wood 2006), where age (in days; as a predictor) was 
linked to MUP concentration using a thin-plate spline 
smoother. The residuals were assumed to be gamma-
distributed, and a logarithmic link was used to model 
the expected MUP production. The error distribution 
was assumed to be skewed as concentrations were 
always positive, though they could be very close 
to zero. The use of gamma distribution (instead of 
Gaussian with the logarithmic link) was suggested 

by comparison of diagnostic plots (residuals vs. 
fitted values). In addition, we considered the non-
independence of MUP measurements by using two 
additional smoothers modelling random effects 
of individual (each measurement was part of an 
individual ontogenetic series) and pair (each male 
had one brother).

Several models were considered, with different 
combinations of subspecies and rank as predictors 
(Supplementary material). The simplest model (M1) 
assumed a single basal curve common to all males, 
while alternative models assumed two to four 
separate curves (Table 1). The models were compared 
using the Akaike information criterion (AIC; Akaike 
1974), with the difference (∆AIC) of six units being 
considered substantial evidence in favour of the 
better-fitting model (Burnham & Anderson 2002). 

1 2 3

Fig. 1. Normalised MUP concentrations (ng/ml) in musculus and domesticus males measured between 20 
and 100 days of age. The data were fitted using the M3d model, assuming a separate thin-plate spline curve 
for dominant domesticus males (dark blue), subordinate domesticus males (light blue) and musculus males 
irrespective of rank (red); thin curves correspond to ± standard error confidence intervals; 1) sexual maturity of 
musculus males, 2) sexual maturity of domesticus males, 3) onset of aggressive behaviour in both subspecies 
(Hiadlovská et al. 2015).
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The relative merits of competing models were further 
evaluated using their Akaike weights, expressed 
as relative likelihoods. When normalised such 
that the sum was one, they could be interpreted as 
probabilities of being closest to the truth among the 
models considered (e.g. Johnson & Omland 2004).

We also tested whether there was a correlation 
between MUP and testosterone concentrations (see 
Hiadlovská et al. 2015 for a description of the method 
and results) by calculating the Pearson correlation 
coefficient in 16 bins grouping individuals of similar 
age, with no individual being present twice in the 
same bin (binning was used to obtain a sufficiently 
high sample size). As we expected (and tested for) a 
positive correlation between MUP and testosterone 
levels, we performed one-tailed t-tests of significance 
with sequential Bonferroni correction (Holm 1979) to 
take multiple tests into account.

Results

Two MUP level change models fitted the data 
considerably better than others, i.e. M3d, assuming 
one curve for M. m. musculus and two rank-specific 
curves for M. m. domesticus, and M2, based on two 
curves, one for each subspecies irrespective of rank 
(Table 1). The difference between the two models 
was relatively low (DAIC = 1.787); however, Akaike 
weights indicated that the more complex M3d 

model was closer to the truth with a 2.4 × higher 
probability than the M2 model (Table 1). Thus, 
total MUP production in urine was only associated 
with social status in M. m. domesticus males, where 
dominant brothers displayed slightly higher MUP 
concentrations than their subordinate counterparts. 
In contrast, M. m. musculus males showed no support 
for rank-specific differences. In all models except 
M1, M. m. musculus showed consistently higher total 
MUP levels than M. m. domesticus (Fig. 1).

Both the M3d model (Fig. 1) and M2 model (not 
shown) showed a steep increase in MUP production, 
starting from nearly undetectable levels immediately 
after weaning at 20 days. This increase then slowed 
considerably, first in subordinate domesticus (approx. 
35 days), followed by dominant domesticus (about 10 
days later). Conversely, musculus males of both ranks 
reached a plateau as late as 50 days of age or more 
(Fig. 1). Thus, the curve for musculus males (red) 
began to separate from the other two (domesticus, 
light and dark blue) around day 40 (Fig. 1)

We found no consistent association between MUP and 
testosterone concentrations in either taxon or rank, 
with Pearson correlations ranging between –0.22 and 
0.55 with no apparent trend through time. Only the 
maximum observed correlation in M. m. musculus 
(at approx. 90 days) was significantly different from 
zero; however, this was inflated by the presence of a 
single outlier and dropped to non-significance when 
this value was removed.

Discussion

In this study, we addressed the hypothesis that 
dominant house mouse males excrete higher 
amounts of MUP in their urine than subordinates. 
This hypothesis was only corroborated in the western 
European subspecies M. m. domesticus, whereas M. 
m. musculus males revealed similar MUP quantities 
irrespective of rank throughout the period examined. 
In both subspecies, MUP excretion rose more-or-
less linearly from the beginning of our experiment 
(20 days of age) until the curves reached a plateau. 
Interestingly, this plateau emerged at approx. 55 
days of age in musculus males, i.e. the increase 
continued at least 15 days after attaining sexual 
maturity (Fig. 1; see also Hiadlovská et al. 2015). This 
pattern appeared similar to that observed by Thoß 
et al. (2015; Fig. 2A); however, after standardising 
the MUP concentrations with their corresponding 
creatinine concentrations, no trend was apparent in 
the data of Thoß et al. (2015; Fig. 2B). It should also 

Table 1. Values for ∆AIC (difference in log-likelihood units from the 
best model) and Akaike weights for nine models: M1 = one curve 
for all males; M2 = no difference between ranks within subspecies, 
different curves for the subspecies; M2dd = two curves, one for 
dominant domesticus males and one for all other categories; 
M2ds = two curves, subordinate domesticus males separate; 
M2md = two curves, dominant musculus males separate; M2ms 
= two curves, subordinate musculus males separate; M3d = one 
joint curve for musculus, two rank-specific curves for domesticus; 
M3m = one joint curve for domesticus, two rank-specific curves 
for musculus; M4 = distinct curves both for subspecies and ranks.

Model ΔAIC AkaikeW
M1 48.905 0
M2   1.787 0.28
M2dd 38.541 0
M2ds 27.298 0
M2md 44.827 0
M2ms 32.553 0
M3d   0.000 0.68
M3m   8.141 0.01
M4   6.666 0.02
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be noted that a direct comparison between Thoß et al. 
(2015) and our results is difficult as we standardised 
MUP concentrations in a slightly different manner 
(see Supplementary material). 

Dominant domesticus males slowed the increase 
in urinary MUP excretion approx. five days after 
puberty. This short period is due both to later sexual 
maturity and a shorter rise phase of MUP production 
in M. m. domesticus compared to M. m. musculus 
(Fig. 1). In contrast, subordinate domesticus males 
reached the plateau some five days before sexual 
maturity, the turn being most abrupt relative to 
dominant domesticus and all musculus males (Fig. 1). 
Importantly, the spurt in MUP excretion ended either 
before (M. m. domesticus) or around (M. m. musculus) 
the onset of aggression at around 50 days of age in 
both subspecies. This finding could suggest that 
urinary MUPs can co-determine the process of setting 
up a hierarchy (Rusu et al. 2008), though most likely 
in a subspecies-specific manner. 

Conversely, Thoß et al. (2019) noted that differences 
in MUP excretion between dominant and 
subordinate musculus males emerged after and not 
before establishing social status, indicating that 
social behaviour affected gene expression, and 
not vice versa, at least under their experimental 
setup. It is possible that exposing the mice to social 
stress triggers changes in the expression of various 
genes, including those encoding MUPs and steroid 
hormones. Indeed, Hiadlovská et al. (2015) found 
brief trends of increasing corticosterone production 
in dominant domesticus males, and musculus males of 
both ranks, after the onset of aggression (Hiadlovská 
et al. 2015: Fig. 5). However, these trends started 
some ten days before outset and, more importantly, 
corticosterone excretion decreased both before and 
after this period in subordinate domesticus males. 
When the experimental setup allowed subordinate 
males to avoid contact with dominant males, this 
was interpreted as an indication of an already-
fixed social hierarchy in the subspecies (Hiadlovská 
et al. 2015). Consequently, direct comparisons of 
the results of Thoß et al. (2019), as well as those of 
Carlitz et al. (2019) and Luzynski et al. (2021), with 
the present study are complicated by the fact that 
the data were gathered under different experimental 
conditions, those of Thoß, Carlitz, Luzynski and their 
collaborators employing semi-natural enclosures. 
The differences between results also suggest that the 
complexity of the social environment plays a role 
in modulating both the social hierarchy and signal 
production.

While the rank-dependency we revealed in M. m. 
domesticus males accords with results reported by 
Guo et al. (2015), Nelson et al. (2015) and Lee et al. 
(2017), Hurst et al. (2001b) found no effect of social 
status on MUP excretion. Previous studies have 
noted that elevated MUP levels in dominant males 
correspond with higher daily excretion of urine 
(Drickamer 1995, 2001) and the number of scent 
marks they leave (Desjardins et al. 1973). Male scent-
marking (Thonhauser et al. 2013) and total urinary 
protein volumes (Luzynski et al. 2021) have also been 
shown to be positively correlated with reproductive 
success. It should also be noted that subordinate males 
displayed higher creatinine levels than dominant 
domesticus and all musculus males, suggesting they 
reabsorb more water when producing urine (Fig. 
S1). This urine-concentrating tactic of subordinates is 
assumed to allow them to urinate as little as possible 
to avoid aggressive responses from dominant 
territory holders (Desjardins et al. 1973, Hurst 1990, 
Jemiolo et al. 1992).

Contrary to M. m. domesticus, we found no evidence of a 
significant influence of social status on MUP excretion 
in musculus males. This result appears to contradict 
Janotová & Stopka (2011), who found significantly 
higher MUP excretion in musculus males who later 
appeared as winners of a dyadic contest with another 
male. Similar outcomes were reported by Thoß et 
al. (2019), who revealed significant up-regulation in 
musculus dominants after they were introduced to 
the social environment in a semi-natural enclosure. 
In this context, it is advisable to explore whether 
and to what extent different experimental conditions 
influenced the results, especially contact with females 
in Janotová & Stopka (2011) and Thoß et al. (2019) vs. 
the absence of females in Hiadlovská et al. (2015, 2021) 
and the present study. This experience was either 
presumptive, i.e. before capture, in Janotová & Stopka 
(2011), or explicit, i.e. under semi-natural conditions, 
in Thoß et al. (2019). Furthermore, in both these 
studies, the males were sexually mature (over 180 
days of age in the latter case), whereas our experiment 
covered a continuous process of developing social 
hierarchy over a critical life-history period.

The results of the present study also confirmed a 
significantly higher total MUP excretion in adult 
musculus males than in domesticus males, as reported 
previously by Stopková et al. (2007) and Hurst et al. 
(2017). This result may correspond to the preference 
of musculus females for con-subspecific mates, 
contrasting with the absence of a mate preference of 
either subspecies in M. m. domesticus (Christophe & 
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Baudoin 1998, Smadja & Ganem 2002, 2005, Bímová 
et al. 2005, Vošlajerová Bímová et al. 2011). It has 
been proposed that MUPs may play an important 
role in a subspecies recognition system (Hurst & 
Beynon 2004, Stopka et al. 2012, Hurst et al. 2017) and 
that higher MUP expression in M. m. musculus may 
reflect more robust intersubspecific discrimination in 
this subspecies. MUPs have also been suggested as 
playing a dual role, functioning simultaneously as a 
signal for subspecies recognition and as an individual 
signature (but see Thoß et al. 2016). Selection may 
then favour intrasubspecific homogeneity and a high 
level of polymorphism (Hurst et al. 2017). In such a 
situation, there may be conflict in decisions between 
a hetero-subspecific male with a higher MUP volume 
(indicating higher individual quality) and a con-
subspecific male, thereby avoiding undesirable inter-
subspecific mating. As pointed out by Janotová & 
Stopka (2011), it is possible that MUP concentrations 
also affect mate choice in M. m. domesticus, so this 
ambiguity need not be limited to one subspecies.

The absence of a difference in MUP excretion 
between ranks in musculus males could be related 
to prolonged male contests over social status. Thus, 
we compared our MUP data with testosterone levels 
measured in the same individuals by Hiadlovská et 
al. (2015). Admittedly, an association between MUP 
and testosterone production is still ambiguous. Early 
experiments concluded that testosterone directly 
regulates MUP expression (Rümke & Thung 1964, 
Hastie et al. 1979); however, in those studies, the high 
production of urinary proteins was induced by the 
application of unnaturally high levels of testosterone. 
In comparison, other authors (e.g. Nelson et al. 2013) 
have found that MUP up-regulation is independent 
of higher levels of circulating testosterone. In our 
study, the correlation between individual-level 
testosterone and MUP excretion proved non-
significant. On the other hand, a comparison of our 
MUP pattern (Fig. 1) with testosterone levels across 
the same period (Fig. S2B) revealed a conspicuous 
resemblance in musculus males, with the MUP and 
testosterone curves exhibiting a similar course with 
an elevation between 50 and 60 days of age followed 
by a drop and subsequent rise. Moreover, since adult 
musculus males revealed consistently higher levels 
of both testosterone and MUPs than adult domesticus 
males (Stopková et al. 2007, Hiadlovská et al. 2015, 
this study), some relation between their production 
cannot be ruled out. 

Recently, Carlitz et al. (2019) found a continuous 
increase in steroid hormones, including testosterone, 

with age (and body weight) in domesticus mice kept 
in semi-natural enclosures. This pattern appears 
to contradict the results of Hiadlovská et al. (2015; 
see also Fig. S2B); however, in addition to diverse 
experimental designs, several other differences may 
explain this discrepancy. First, hormone levels in 
faeces (Hiadlovská et al. 2015) are likely to undergo 
higher fluctuations than those in hair (Carlitz et al. 
2019), which more closely reflect the physiological 
changes of an individual. Second, the time interval 
considered in Hiadlovská et al. (2015, 2021) and 
this study is more than two times shorter than that 
of Carlitz et al. (2019). Finally, the method used for 
fitting the data in the latter study does not enable 
the capture of more complex hormone excretion 
dynamics.

There may be another, more general, mechanism 
underlying both of these, based on the regulatory 
role of pituitary growth hormone (GH; Waxman & 
O’Connor 2006, Noaín et al. 2013, Penn et al. 2022). 
While neither GH nor body mass were found to have 
any direct, significant effect on MUP production by 
Nelson et al. (2013, 2015) and Luzynski et al. (2021), 
Penn et al. (2022) showed that MUP expression 
was controlled by the pulsatile secretion of growth 
hormone, in contrast to a nearly continuous release 
of GH in females. Thus, the association between 
MUP production and dominance may be more 
complex than thought. For example, two of the 
MUP ligands, dehydro-exo-brevicomin and (S)-
2-sec-butyl-4,5-dihydrothiazole, are involved in 
signalling aggressiveness and dominance (Jemiolo 
et al. 1985, Novotny et al. 1985, Harvey et al. 1989), 
and these pheromones have been found in higher 
concentrations in the urine of M. m. domesticus males 
than M. m. musculus males (Mucignat-Caretta et 
al. 2010). Thus, we cannot rule out the possibility 
that dominant and subordinate musculus brothers, 
competing for higher social status, produce similar 
levels of MUPs but that their signals differ in the level 
of individual bound volatiles. 

To conclude, the hypothesis that dominant males 
excrete more MUPs in their urine was only confirmed 
in M. m. domesticus, with no rank-dependency 
confirmed in M. m. musculus. In both subspecies, 
MUP levels increased steeply until reaching a 
plateau; however, unlike subordinate and dominant 
domesticus males, where the rise stopped about five 
days before and after reaching sexual maturity, 
respectively, MUP levels continued to increase in 
musculus males of both ranks as long as two weeks 
after maturing, and close to the onset of aggression. 
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In addition, there was a noticeable secondary peak 
between 70 and 80 days of age in the M. m. musculus 
curve (Fig. S2A). Notably, this peak coincided with 
that for testosterone in the same individuals (Fig. 
S2B; see also Hiadlovská et al. 2015). Even though 
the correlation between MUP and testosterone 
levels was non-significant in this study, the striking 
similarity between the MUP and testosterone curves, 
including the secondary peak appearing at the same 
time during M. m. musculus development, suggests 
the existence of a general pattern associated with 
continuing contests over social position well beyond 
the onset of male-male aggression (and likely 
beyond 100 days of age) in this subspecies. Though 
the results of this study are, admittedly, based on a 
straightforward experimental design that differs from 
natural conditions, and the evidence is somewhat 
circumstantial, the data are fully congruent with the 
results of Hiadlovská et al. (2015, 2021) and Mikula et 
al. (2022), adding another facet to the overall picture 
of different population structures and dynamics of 
establishing social hierarchy in two European house 
mouse taxa. 

Acknowledgements

We are grateful to the Institute of Vertebrate Biology breeding 
facility staff for their help with maintaining the animals used 
in this study. We also thank Stuart J.E. Baird for his comments 
on an earlier manuscript version and language revision. 
The experiments were financially supported by grants from 
the Czech Science Foundation (CSF; P506-11-1792) and 
European Science Foundation (CZ.1.07/2.3.00/35.0026). 
Further support from CSF grant 19-19056S was essential 
for data processing and manuscript finalisation. 

Author Contributions

Z. Hiadlovská and B. Vošlajerová Bímová designed the study; 
B. Vošlajerová Bímová and M. Macholán acquired funding; 
K. Daniszová, P. Hamplová, and Z. Hiadlovská performed 
the experiments, analysed the behavioural data and collected 
samples; K. Daniszová, K. Janotová and M. Kašný conducted 
the proteomic analyses and interpreted the data; O. Mikula 
and M. Macholán carried out the statistical analyses; 
K. Daniszová, Z. Hiadlovská, M. Macholán, O. Mikula and 
B. Vošlajerová Bímová wrote the paper. All authors approved 
the final version of the manuscript.

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 06 May 2024
Terms of Use: https://bioone.org/terms-of-use



Rank-dependency of MUPs in two house mouse subspeciesJ. Vertebr. Biol. 2024, 73: 23046 9 

Literature

Akaike H. 1974: New look at statistical model 
identification. IEEE Trans. Automat. Contr. AC19: 
716–723. 

Arakawa H., Blanchard D.C., Arakawa K. et al. 
2008: Scent marking behavior as an odorant 
communication in mice. Neurosci. Biobehav. Rev. 
32: 1236–1248. 

Baird S.J.E. & Macholán M. 2012: What can the Mus 
musculus musculus/M. m. domesticus hybrid zone 
tell us about speciation? In: Macholán M., Baird 
S.J.E., Muncinger P. & Piálek J. (eds.), Evolution 
of the house mouse. Cambridge University Press, 
Cambridge, UK: 334–372.

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

Bímová B., Karn R.C. & Piálek J. 2005: The role 
of salivary androgen-binding protein in 
reproductive isolation between two subspecies 
of house mouse: Mus musculus musculus and Mus 
musculus domesticus. Biol. J. Linn. Soc. 84: 349–361.  

Bradbury J.W. & Vehrencamp S.L. 2011: Principles of 
animal communication, 2nd ed. Sinauer Associates, 
Sunderland, USA.

Burnham K.P. & Anderson D.R. 2002: Model selection 
and inference: a practical information-theoretic 
approach, 2nd ed. Springer-Verlag, New York, USA.

Carlitz E.H.D., Runge J.N., König B. et al. 2019: Steroid 
hormones in hair reveal sexual maturity and 
competition in wild house mice (Mus musculus 
domesticus). Sci. Rep. 9: 16925. 

Chamero P., Leinders-Zufall T. & Zufall F. 2012: 
From genes to social communication: molecular 
sensing by the vomeronasal organ. Trends 
Neurosci. 35: 597–606. 

Chamero P., Marton T.F., Logan D.W. et al. 2007: 
Identification of protein pheromones that 
promote aggressive behaviour. Nature 450: 899–
902. 

Chelliah K. & Sukumar R. 2013: The role of tusks, 
musth and body size in male-male competition 
among Asian elephants, Elephas maximus. Anim. 
Behav. 86: 1207–1214. 

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. 

Daniszová K., Mikula O., Macholán M. et al. 2017: 
Subspecies-specific response to ACTH challenge 
test in the house mouse (Mus musculus). Gen. 
Comp. Endocrinol. 252: 186–192. 

Dawkins R. & Krebs J. 1978: Animal signals: information 
or manipulation? In: Krebs J. & Davies N.B. 
(eds.), Behavioural ecology: an evolutionary 
approach. Blackwell, Oxford, UK: 282–309.

Desjardins C., Maruniak J.A. & Bronson F.H. 1973: 
Social rank in house mice: differentiation 
revealed by ultraviolet visualisation of urinary 
marking patterns. Science 182: 939–941.

Dewsbury D.A. 1982: Dominance rank, copulatory 
behavior, and differential reproduction. Q. Rev. 
Biol. 57: 135–159. 

Drickamer L.C. 1995: Rates of urine excretion by 
house mouse (Mus domesticus): differences 
by age, sex, social status, and reproductive 
condition. J. Chem. Ecol. 21: 1481–1493. 

Drickamer L.C. 2001: Urine marking and social 
dominance in male house mice (Mus musculus 
domesticus). Behav. Process. 53: 113–120. 

Eisenberg J.F. & Kleiman D.G. 1972: Olfactory 
communication in mammals. Annu. Rev. Ecol. 
Syst. 3: 1–32. 

Ellis L. 1995: Dominance and reproductive success 
among nonhuman animals: a cross-species 
comparison. Ethol. Sociobiol. 16: 257–333. 

Freeberg T.M., Dunbar R.I.M. & Ord T.J. 2012: Social 
complexity as a proximate and ultimate factor in 
communicative complexity introduction. Philos. 
Trans. R. Soc. Lond. B Biol. Sci. 367: 1785–1801. 

Garratt M., McArdle F., Stockley P. et al. 2012: Tissue-
dependent changes in oxidative damage with 
male reproductive effort in house mice. Funct. 
Ecol. 26: 423–433. 

Garratt M., Vasilaki A., Stockley P. et al. 2011: 
Is oxidative stress a physiological cost of 
reproduction? An experimental test in house 
mice. Proc. Biol. Sci. 278: 1098–1106. 

Gosling L., Roberts S., Thornton E.A. & Andrew M.J. 
2000: Life history costs of olfactory status signalling 
in mice. Behav. Ecol. Sociobiol. 48: 328–332. 

Greve S., Kuhn G.A., Saenz-de-Juano M.D. et al. 2022: 
The major urinary protein gene cluster knockout 
mouse as a novel model for translational 
metabolism research. Sci. Rep. 12: 13161.

Guo H., Fang Q., Huo Y. et al. 2015: Social dominance-
related major urinary proteins and the regulatory 
mechanism in mice. Integr. Zool. 10: 543–554. 

Harvey S., Jemiolo B. & Novotny M. 1989: Pattern 
of volatile compounds in dominant and 
subordinate male mouse urine. J. Chem. Ecol. 15: 
2061–2072. 

Hastie N.D., Held W.A. & Toole J.J. 1979: Multiple 
genes coding for the androgen-regulated major 
urinary proteins of the mouse. Cell 17: 449–457. 

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 06 May 2024
Terms of Use: https://bioone.org/terms-of-use



Rank-dependency of MUPs in two house mouse subspeciesJ. Vertebr. Biol. 2024, 73: 23046 10 

Hastie T. & Tibshirani R. 1990: Generalised additive 
models. Chapman & Hall, New York, USA.

Hiadlovská Z., Hamplová P., Berchová Bímová 
K. et al. 2021: Ontogeny of social hierarchy in 
two European house mouse subspecies and 
difference in the social rank of dispersing males. 
Behav. Processes 183: 104316. 

Hiadlovská Z., Mikula O., Macholán M. et al. 2015: 
Shaking the myth: body mass, aggression, 
steroid hormones, and social dominance in wild 
house mouse. Gen. Comp. Endocrinol. 223: 16–26. 

Holm S. 1979: A simple sequentially rejective multiple 
test procedure. Scand. J. Stat. 6: 65–70.

Hurst J.L. 1990: Urine marking in populations 
of wild house mice Mus domesticus rutty. I. 
Communication between males. Anim. Behav. 
40: 209–222. 

Hurst J.L. & Beynon R.J. 2004: Scent wars: the 
chemobiology of competitive signalling in mice. 
BioEssays 26: 1288–1298. 

Hurst J.L. & Beynon R.J. 2013: Rodent urinary proteins: 
genetic identity signals and pheromones. In: East 
M. & Dehnhard M. (eds.), Chemical signals in 
vertebrates 12. Springer, New York, USA: 117–133.

Hurst J.L., Beynon R.J., Armstrong S.D. et al. 2017: 
Molecular heterogeneity in major urinary 
proteins of Mus musculus subspecies: potential 
candidates involved in speciation. Sci. Rep. 7: 
44992.

Hurst J.L., Beynon R.J., Humphries R.E. et al. 2001a: 
Information in scent signals of competitive social 
status: the interface between behaviour and 
chemistry. In: Marchlewska-Koj A., Lepri J.J. & 
Muller-Schwarze D. (eds.), Chemical signals in 
vertebrates 9. Kluwer Academic/Plenum Publishers, 
New York, USA: 43–52.

Hurst J.L., Payne C.E., Nevison C.M. et al. 2001b: 
Individual recognition in mice mediated by 
major urinary proteins. Nature 414: 631–634. 

Janotová K. & Stopka P. 2011: The level of major 
urinary proteins is socially regulated in wild 
Mus musculus musculus. J. Chem. Ecol. 37: 647–
656. 

Jemiolo B., Alberts J., Sochinski-Wiggins S. et al. 1985: 
Behavioural and endocrine responses of female 
mice to synthetic analogs of volatile compounds 
in male urine. Anim. Behav. 33: 1114–1118. 

Jemiolo B., Xie T.-M. & Novotny M. 1992: Urine 
marking in male mice: responses to natural and 
synthetic chemosignals. Physiol. Behav. 52: 521–
526. 

Johnston R.E. 2003: Chemical communication 
in rodents: from pheromones to individual 
recognition. J. Mammal. 84: 1141–1162. 

Johnson J.B. & Omland K.S. 2004: Model selection in 
ecology and evolution. Trends Ecol. Evol. 19: 102–108. 

Karn R.C. & Laukaitis C.M. 2012: The roles of gene 
duplication, gene conversion and positive 
selection in rodent Esp and Mup pheromone 
gene families with comparison to the Abp family. 
PLOS ONE 7: e47697. 

Knopf J.L., Gallagher J.F. & Held W.A. 1983: 
Differential, multihormonal regulation of the 
mouse major urinary protein gene family in the 
liver. Mol. Cell. Biol. 3: 2232–2240. 

Krackow S. & König B. 2008: Microsatellite length 
polymorphisms associated with dispersal-
related agonistic onset in male wild house mice 
(Mus musculus domesticus). Behav. Ecol. Sociobiol. 
62: 813–820. 

Lardy S., Allainé D. & Cohas A. 2013: Intrasexual 
competition and female dominance in a singular 
breeding mammal, the Alpine marmot. Anim. 
Behav. 86: 1155–1163. 

Lee W., Khan A. & Curley J.P. 2017: Major urinary 
protein levels are associated with social status 
and context in mouse social hierarchies. Proc. R. 
Soc. B 284: 20171570. 

Luzynski K.C., Nicolakis D., Marconi M.A. et al. 2021: 
Pheromones that correlate with reproductive 
success in competitive conditions. Sci. Rep. 11: 
21970. 

Macholán M., Baird S.J.E., Fornůsková A. et al. 2019: 
Widespread introgression of the Mus musculus 
musculus Y chromosome in Central Europe. 
bioRxiv: https://doi.org/10.1101/2019.12.23.887471

Macholán M., Baird S.J.E., Munclinger P. & Piálek J. 
2012: Evolution of the house mouse. Cambridge 
University Press, Cambridge, UK.

Mikula O., Macholán M., Ďureje Ľ. et al. 2022: House 
mouse subspecies do differ in their social 
structure. Ecol. Evol. 28: e9683. 

Mucignat-Caretta C., Redaelli M., Orsetti A. et al. 
2010: Urinary volatile molecules vary in males 
of the 2 European subspecies of the house mouse 
and their hybrids. Chem. Senses 35: 647–654. 

Mundy N.I. 2006: Genetic basis of olfactory 
communication in primates. Am. J. Primatol. 68: 
559–567. 

Nelson A.C., Cauceglia J.W., Merkley S.D. et al. 
2013: Reintroducing domesticated wild mice 
to sociality induces adaptive transgenerational 
effects on MUP expression. Proc. Natl. Acad. Sci. 
U. S. A. 110: 19848–19853. 

Nelson A.C., Cunningham C.B., Ruff J.S. & Potts 
W.K. 2015: Protein pheromone expression levels 
predict and respond to the formation of social 
dominance networks. J. Evol. Biol. 28: 1213–1224. 

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 06 May 2024
Terms of Use: https://bioone.org/terms-of-use

https://doi.org/10.1101/2019.12.23.887471


Rank-dependency of MUPs in two house mouse subspeciesJ. Vertebr. Biol. 2024, 73: 23046 11 

Noaín D., Ine M., Bello E.P. et al. 2013: Central 
dopamine D2 receptors regulate growth-
hormone-dependent body growth and 
pheromone signaling to conspecific males. J. 
Neurosci. 33: 5834–5842. 

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

Novotny M., Harvey S., Jemiolo B. & Alberts J. 1985: 
Synthetic pheromones that promote inter-male 
aggression in mice. Proc. Natl. Acad. Sci. U. S. A. 
82: 2059–2061. 

Penn D.J., Zala S.M. & Luzynski K.C. 2022: Regulation 
of sexually dimorphic expression of major 
urinary proteins. Front. Physiol. 13: 822073. 

Phelan M.M., McLean L., Hurst J.L. et al. 2014: 
Comparative study of the molecular variation 
between ‘central’ and ‘peripheral’ MUPs and 
significance for behavioural signalling. Biochem. 
Soc. Trans. 42: 866–872. 

Rich T.J. & Hurst J.L. 1998: Scent marks as reliable 
signals of the competitive ability of mates. Anim. 
Behav. 56: 727–735. 

Roberts S.A., Davidson A.J., McLean L. et al. 2012: 
Pheromonal induction of spatial learning in 
mice. Science 338: 1462–1465. 

Roberts S.A., Simpson D.M., Armstrong S.D. et al. 
2010: Darcin: a male pheromone that stimulates 
female memory and sexual attraction to an 
individual male’s odour. BMC Biol. 8: 75. 

Rogers L.J. & Kaplan G.T. 2002: Songs, roars, and 
rituals: communication in birds, mammals, and 
other animals. Harvard University Press, Harvard, 
USA.

Rusu A.S. & Krackow S. 2005: Agonistic onset marks 
emotional changes and dispersal propensity in 
wild house mouse males (Mus domesticus). J. 
Comp. Psychol. 119: 58–66. 

Rusu A.S., Krackow S., Jedelsky P.L. et al. 2008: 
A qualitative investigation 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. 

Rümke P. & Thung P.J. 1964: Immunological studies 
on the sex-dependent prealbumin in mouse 
urine and on its occurrence in the serum. Acta 
Endocrinol. 47: 156.

Sharrow S.D., Vaughn J.L., Žídek L. et al. 2002: 
Pheromone binding by polymorphic mouse 
major urinary proteins. Protein Sci. 11: 2247–
2256. 

Sheehan M.J., Campbell P. & Miller C.H. 2019: 
Evolutionary patterns of major urinary protein 

scent signals in house mice and relatives. Mol. 
Ecol. 28: 3587–3601. 

Shivani M., Huchard E. & Lukas D. 2022: The effect of 
dominance rank on female reproductive success 
in social mammals. Peer Community J. 2: e48.

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. & Ganem G. 2005: Asymmetrical 
reproductive character displacement in the 
house mouse. J. Evol. Biol. 18: 1485–1493. 

Stopka P., Janotová K. & Heyrovský D. 2007: The 
advertisement role of major urinary proteins in 
mice. Physiol. Behav. 91: 667–670. 

Stopka P., Stopková R. & Janotová K. 2012: 
Mechanisms of chemical communication. In: 
Macholán M., Baird S.J.E, Munclinger P. & 
Piálek J. (eds.), Evolution of the house mouse. 
Cambridge University Press, Cambridge, UK: 191–
220. 

Stopková R., Otčenášková T., Matějková T. et al. 
2021: Biological roles of lipocalins in chemical 
communication, reproduction, and regulation of 
microbiota. Front. Physiol. 12: 740006. 

Stopková R., Stopka P., Janotová K. & Jedelský 
P.L. 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. 

Számadó S. 2011: The cost of honesty and the fallacy 
of the handicap principle. Anim. Behav. 81: 3–10. 

Thonhauser K.E., Raveh S., Hettyey A. et al 2013: Scent 
marking increases male reproductive success in 
wild house mice. Anim. Behav. 86: 1013–1021. 

Thoß M., Luzynski K.C., Ante M. et al. 2015: Major 
urinary protein (MUP) profiles show dynamic 
changes rather than individual ‘barcode’ 
signatures. Front. Ecol. Evol. 3: 71.

Thoß M., Enk V., Yu H. et al. 2016: Diversity of major 
urinary proteins (MUPs) in wild house mice. Sci. 
Rep. 6: 38378.

Thoß M., Luzynski K.C., Enk V.M. et al. 2019: 
Regulation of volatile and non-volatile 
pheromone attractants depends upon male 
social status. Sci. Rep. 9: 489. 

Van Loo P.L.P., Kruitwagen C.L.J.J., Van Zutphen 
B.F.M. et al. 2000: Modulation of aggression in 
male mice: influence of cage cleaning regime 
and scent marks. Anim. Welf. 9: 281–295. 

Van Loo P.L.P., Mol J.A., Koolhaas J.M. et al. 2001: 
Modulation of aggression in male mice: influence 
of group size and cage size. Physiol. Behav. 72: 
675–583. 

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 06 May 2024
Terms of Use: https://bioone.org/terms-of-use



Rank-dependency of MUPs in two house mouse subspeciesJ. Vertebr. Biol. 2024, 73: 23046 12 

Van Loo P.L.P., Van Zutphen B.F.M. & Baumans 
V. 2003: Male management: coping with 
aggression problems in male laboratory mice. 
Lab. Anim. 37: 300–313. 

VanderWerf E.A. 2008: Sources of variation in 
survival, recruitment, and natal dispersal of the 
Hawai‘i‘Elepaio. Condor 110: 241–250. 

Vošlajerová Bímová B., Macholán M., Baird S.J.E. et 
al. 2011: Reinforcement selection acting on the 
European house mouse hybrid zone. Mol. Ecol. 
20: 2403–2424. 

Waxman D.J. & O´Connor C. 2006: Growth hormone 
regulation of sex-dependent liver gene 
expression. Mol. Endocrinol. 20: 2613–2629. 

Wood S. 2006: Generalised additive models. An 
introduction with R. Chapman & Hall, Boca Raton, 
UK.

Zahavi A. 1977: Reliability in communication systems 
and the evolution of altruism. In: Stonehouse B. 
& Perrins C.M. (eds.), Evolutionary Ecology. 
Macmillan, London, UK: 253–259. 

Supplementary online material

Table S1. List of sampling localities of M. m. musculus and M. m. domesticus mice used as the parental 
generation for the experimental animals under study (see also Fig. 1). N = number of pairs examined.

Fig. S1. Creatinine concentrations in musculus and domesticus males measured between 20 and 100 days 
of age, fitted with the M2ds model, which best fit the data (one distinct curve for subordinate domesticus 
males (light blue), one curve for all other males (grey)). 

Fig. S2. Normalised MUP concentrations (ng/ml), as in Fig. 1, but the y-axis is not in log-scale (A). Predicted 
curves for testosterone levels for the same individuals (B); light, thin curves depict 95% confidence intervals 
(data adapted from Hiadlovská et al. 2015).

(https://www.ivb.cz/wp-content/uploads/JVB-vol.-73-2024-Macholan-et-al.-Table-S1-Fig.-S1-S2.pdf)
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