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Regulation of volatile and non-
volatile pheromone attractants 
depends upon male social status
M. Thoß1, K. C. Luzynski1, V. M. Enk2, E. Razzazi-Fazeli2, J. Kwak3,5, I. Ortner4,6 & D. J. Penn1

We investigated the regulation of chemical signals of house mice living in seminatural social conditions. 
We found that male mice more than doubled the excretion of major urinary proteins (MUPs) after they 
acquired a territory and become socially dominant. MUPs bind and stabilize the release of volatile 
pheromone ligands, and some MUPs exhibit pheromonal properties themselves. We conducted 
olfactory assays and found that female mice were more attracted to the scent of dominant than 
subordinate males when they were in estrus. Yet, when male status was controlled, females were not 
attracted to urine with high MUP concentration, despite being comparable to levels of dominant males. 
To determine which compounds influence female attraction, we conducted additional analyses and 
found that dominant males differentially upregulated the excretion of particular MUPs, including the 
pheromone MUP20 (darcin), and a volatile pheromone that influences female reproductive physiology 
and behavior. Our findings show that once male house mice become territorial and socially dominant, 
they upregulate the amount and types of excreted MUPs, which increases the intensities of volatiles 
and the attractiveness of their urinary scent to sexually receptive females.

House mice (Mus musculus) excrete large quantities of major urinary proteins (MUPs) that bind and transport 
hydrophobic ligands, including several volatile pheromones1–3. Upon excretion, MUPs slow down the release of 
volatiles from scent marks4–8, which may prolong their attraction and influence on conspecifics. MUPs are often 
suggested to show high individual diversity and thereby mediate individual and kin recognition9,10. They are 
encoded by 21 paralogous loci, but MUP genes are highly homologous11,12 and no individual variation has been 
detected in wild populations13. Interestingly, MUP excretion is sexually dimorphic5,14,15, under endocrine con-
trol16–18, and dynamically regulated19 depending upon health20–22, nutritional status23, and social interactions24,25. 
Our aims here were to test whether house mice regulate the excretion of MUPs or volatile pheromone ligands 
depending upon their social status, and whether such regulation influences the attractiveness of their odor to 
potential mates24.

Male house mice are territorial and much evidence indicates that intra- and inter-sexual selection are medi-
ated by chemosensory signals. Dominant territorial males scent mark their territories, and males deposit more 
scent-marks after winning an agonistic encounter compared to losers (winners are commonly labeled as ‘domi-
nants’ and losers as ‘subordinates’)26–28. Females are attracted to male urinary scent29–31 and especially to the scent 
of ‘dominant’ males32–35. Male reproductive success correlates with scent-marking when male social status is 
controlled and females are free to select their mates36. Male urine also has priming effects on female reproductive 
physiology (accelerating puberty, synchronizing estrus, and blocking pregnancy37), and especially if males are 
socially ‘dominant’38. Several volatile odor compounds (VOCs) have been identified as sexual pheromones (elic-
iting sexual attraction, priming effects, or both), including α- and β- farnesene39, 2-sec-Butyl-4, 5-dihydrothiazole 
(SBT), 3, 4-dehydro-exo-brevicomin (DHB), and 6-hydroxy-6-methyl-3-heptanone (HMH40), though not in 
all strains41. Exposure to a combination of male pheromones (SBT, DHB, and HMH) induces female olfactory 
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preferences for these compounds40 and accelerates vaginal opening42. ‘Dominant’ males excrete higher quantities 
of MUPs24,43–45 and volatile pheromone ligands (α- and β- farnesene and SBT39,46) than defeated ‘subordinates’. 
These findings might help explain how females discriminate winners from losers32,34,35 and how dominant, terri-
torial males achieve greater reproductive success than subordinates47–49.

These studies have provided valuable insights into chemosensory-mediated sexual selection, however, several 
questions still need to be addressed. First, studies on chemical communication in mice are primarily conducted 
with laboratory strains (Mus laboratorius50), but their ecological relevance should not be assumed51,52 (especially 
since male laboratory mice are not territorial and most strains are not as aggressive as wild mice53,54). Second, 
previous studies have mainly used the outcome of short-term, dyadic agonistic interactions as proxies for social 
status, and winners and losers are labeled as ‘dominants’ and ‘subordinates’, respectfully. These assays are also 
used to study social defeat55–57, which results in behavioral58 and physiological changes55,57, including detrimental 
health effects59. However, they do not necessarily provide a valid proxy for assessing a male’s ability to obtain a ter-
ritory nor subsequent changes in behavior and physiology57,59,60 of dominants or subordinates under more natural 
social conditions. Indeed, a recent study on laboratory mice indicates that winning dyadic agonistic assays did not 
predict social dominance in more complex social environments45. Third, it is unclear whether MUP excretion is 
regulated according to social status, or vice versa, as previously suggested44 and it is also unclear whether winners 
upregulate or losers down-regulate MUPs and volatile pheromones. Longitudinal studies are needed to examine 
pheromone excretion in social interactions and with controls for comparison. Finally, the regulation of MUPs and 
volatiles have mainly been investigated independently, with few exceptions61 and studies are needed to examine 
how MUP regulation influences odor, as well as the excretion of volatiles.

We conducted a study on social behavior and regulation of MUPs and other pheromones in wild-derived (F1 
from wild-caught) house mice (Mus musculus musculus) to address the following aims: (1) We tested whether 
MUP production provides a reliable indicator of social status in seminatural conditions over 12 weeks, and we 
also analyzed protein excretion from controls kept in standard housing conditions during the same time. (2) 
We conducted olfactory assays to test whether female mice discriminate the scent of dominant versus subordi-
nate males32 and whether variation in male urinary protein concentration influences female preferences when 
male social status was controlled. (3) We conducted in-depth proteomic analyses using SWATH (Sequential 
Window Acquisition of All Theoretical Fragment Ion Mass Spectra) to measure the regulation of specific MUP 
proteoforms, and gas chromatography- mass spectrometry (GC-MS) to analyze variation in specific volatile pher-
omones. We expected dominant males to upregulate, or subordinates to down-regulate (social defeat) protein 
excretion, or both. To determine whether regulation is temporary or long-lasting, we continued measuring MUP 
excretion after social interactions were terminated. We expected females to have lower levels of protein excre-
tion than males, and to regulate protein excretion depending upon their social status, as previously suggested62. 
We expected that females would discriminate and prefer the urine of dominant over that of subordinate males, 
and that they would prefer the scent of males with high MUP concentration when social status is controlled (as 
observed in rats63). Finally, we expected that mice would show differential regulation of particular MUP pro-
teoforms43, volatile pheromones39, or both, depending upon their social status.

Results
MUP regulation. Males that became socially dominant (DOM) in the seminatural enclosures upregulated 
urinary protein excretion, as expected, whereas subordinates (SUB) and controls (CTRL) showed no significant 
changes during this time (Fig. 1). Linear mixed-effects (LME) modelling of urinary protein excretion (log trans-
formed PC ratio) showed a significant interaction between male social status and enclosure phase (social status *  
enclosure phase: F4,245 = 4.3, p = 0.002; Supplementary Table S4). Tukey post hoc analyses revealed that males 
significantly increased urinary protein excretion upon becoming socially dominant (∆during-before = 0.80 ± 0.21 
(mean PC ratio ± s.e.m.), Z = 3.70, p < 0.01; Supplementary Table S4), and thus, dominant males excreted more 
urinary protein than subordinates (DOM: 2.79 ± 1.11 vs SUB: 1.83 ± 0.17, Z = 3.7, p < 0.01) and caged controls 
(DOM: 2.79 ± 1.11 vs CTRL: 2.17 ± 0.06, Z = 3.9, p < 0.01; Supplementary Table S4) during the enclosure phase. 
Subordinate males did not down-regulate urinary protein excretion and had levels similar to caged control males 
(SUB: 1.83 ± 0.17 vs CTRL: 2.17 ± 0.06, Z = −1.2, p = 0.95; Supplementary Table S4). Four weeks after removing 
the mice from the enclosures, male urinary protein excretion no longer differed between dominant males versus 
subordinates or controls (all p > 0.9). Unlike social status, age was not associated with urinary protein excretion 
(F1,245 = 0.3, p = 0.60; Supplementary Table S4).

Unlike males, female mice did not regulate their urinary protein excretion according to social status (Fig. 2). 
LME modelling of female PC ratio showed a significant interaction of social status and enclosure phase (social 
status * enclosure phase: F4,288 = 3.5, p < 0.01; Supplementary Table S5). Tukey post hoc analyses revealed a signif-
icant increase in urinary protein excretion in subordinate females during the enclosure phase compared to levels 
before (Δduring-before = 0.51 ± 0.13, Z = 4.02, p < 0.01; Supplementary Table S5); however, there was no difference 
in urinary protein excretion between dominant, subordinate, and caged control females during the enclosure 
phase (all p > 0.22).

Total urinary protein excretion. LME modelling of total (unadjusted) urinary protein excretion in males showed 
a significant interaction of male social status and enclosure phase (social status * enclosure phase: F4,245 = 8.8, 
p < 0.001) with dominant and subordinate mice increasing excretion during the enclosure phase compared to 
prior levels (DOM ∆during-before = 1.63 ± 0.23 mg ml−1, Z = 7.2, p < 0.001; SUB ∆during-before = 1.95 ± 0.24 mg ml−1,  
Z = 8.0, p < 0.001; Supplementary Table S4). However, no difference in total urinary protein excretion was 
observed between social status groups during the enclosures (all p > 0.09; Supplementary Fig. S3, Table S4). Male 
mice showed a significant increase in total urinary protein excretion over time (F2,245 = 30.6, p < 0.01; DOM 
∆after-before = 1.66 ± 0.30 mg ml−1, Z = 5.5, p < 0.001; SUB ∆after-before = 2.48 ± 0.38 mg ml−1, Z = 6.6, p < 0.001; 
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CTRL ∆after-before = 1.92 ± 0.20 mg ml−1, Z = 6.6, p < 0.001; Supplementary Fig. S3, Table S4). Before the enclosure 
phase, total urinary protein excretion was greater for caged controls than for males that later became subordinate 
(∆SUB-CTRL = −0.70 ± 0.20 mg ml−1, Z = −3.6, p = 0.009; Supplementary Table S4), though this difference disap-
peared during and after the enclosure phase (all p > 0.14). Total urinary protein excretion was not associated 
with male body mass (F4,245 = 0.01, p = 0.91). Female mice differed in total urinary protein excretion during the 
enclosure phase with dominant and subordinate females excreting more total urinary protein than caged con-
trols (social status * enclosure phase: F4,288 = 10.4, p < 0.01; ∆DOM-CTRL = 0.25 ± 0.06 mg ml−1, Z = 3.8, p < 0.01; 
∆SUB-CTRL = 0.28 ± 0.05 mg ml−1, Z = 5.6, p < 0.01; Supplementary Fig. S4, Table S5). Total protein excretion levels 
did not differ between social status groups before or after the enclosure phase (all p > 0.88).

Creatinine excretion. Subordinate males significantly increased creatinine excretion during the enclosure phase 
compared to previous levels (social status * enclosure phase: F4,245 = 2.7, p = 0.03; SUB ∆during-before = 0.73 ± 0.22, 

Figure 1. Dominant males upregulate urinary protein excretion in seminatural conditions. Male urinary 
protein excretion (PC ratio) before, during, and after housing in seminatural enclosures for socially dominant 
(solid line) and subordinate (dot-dashed line) males compared to caged control males (dashed line). Mice were 
repeatedly sampled before (two urine collections) and during enclosure phase (three urine collections). Error 
bars indicate mean ± 1 s.e.m. (standard error of the mean).

Figure 2. Female urinary protein excretion increases over time. Female urinary protein excretion (PC ratio) 
before, during, and after housing in seminatural enclosures for socially dominant (solid line) and subordinate 
(dot-dashed line) females compared to caged control females (dashed line). Mice were repeatedly sampled 
before (two collections) and during (three urine collections) the enclosure phases. Error bars indicate 
mean ± 1 s.e.m.
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Z = 3.40, p = 0.02; Supplementary Table S4), whereas dominant males and caged controls did not change creati-
nine excretion (DOM ∆during-before = −0.11 ± 0.18, Z = −0.61, p = 0.99; CTRL ∆during-before = 0.02 ± 0.10, Z = 0.22, 
p = 1.00; Supplementary Table S4). There was no relationship between creatinine excretion and any of the fixed 
effects for female house mice (all p > 0.15; Supplementary Table S5). Female social status groups did not differ in 
creatinine levels at any time during the study (all p > 0.18).

Body mass and social status. There was no effect of initial mass on male or female social status (male: U = 119, 
p = 0.85; females: U = 104, p = 0.55; Supplementary Table S6). Mean mass and change in mass during the enclo-
sure period were not significantly different between dominant and subordinate males (all p > 0.50).

Sex differences and housing conditions (enclosure v. caged control). PC ratio, total urinary protein, and creati-
nine excretion were significantly greater for males than females, regardless of housing conditions (all p < 0.001; 
Supplementary Table S7). However, mice in seminatural conditions had a higher PC ratio (Χ² = 5.2, p = 0.02) and 
total urinary protein level (Χ² = 12.5, p < 0.001) compared to caged controls, yet there was no effect of housing on 
creatinine (Χ² = 1.1, p = 0.30). Interestingly, the sex * housing interaction had a significant effect on total urinary 
protein excretion (Χ² = 28.1, p < 0.001), indicating that sex difference in protein excretion was greater for the 
caged controls (M:F ratio = 6.61; Supplementary Table S7) than for enclosure mice (M:F ratio = 4.96).

Olfactory discrimination. In our olfactory assays, we confirmed that estrous females showed a significant 
initial attraction toward male urine over a neutral (water) stimulus (first entry: 12 urine vs 3 water, p = 0.04; 
latency to visit: ∆urine-water = −44.7 ± 16.6 s, p = 0.04; Fig. 3A, Supplementary Table S8), and for male over female 
urine (first entry: 9 male vs 1 female, p = 0.02; latency to visit: ∆male-female = −40.1 ± 10.2 s, p = 0.04; Fig. 3B, 
Supplementary Table S8). Estrous females showed a significant initial preference for the scent of dominant males 
over subordinates (first entry: 9 DOM vs 1 SUB, p = 0.02; latency to visit: ∆DOM-SUB = −41.0 ± 1.7 s, p = 0.02; 

Figure 3. Female olfactory preferences measured by latency to investigate two different urinary stimuli in 
a Y-maze apparatus: (A) adult male urine versus water (N = 15); (B) adult male versus adult female urine 
(N = 10); (C) dominant versus subordinate male urine (N = 10, tested in diestrus (white bars) and estrus 
(gray bars); and (D) high versus low urinary protein concentration of control males (N = 10, 3:1 PC ratio). 
Significance of p < 0.05 indicated by ‘*’, p < 0.01 indicated by ‘**’. Error bars indicate ± 1 s.e.m.
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Fig. 3C, Supplementary Table S9), whereas diestrous females showed no significant preferences (first entry: 3 
DOM vs 7 SUB, p = 0.12; latency to visit: ∆DOM-SUB = 10.1 ± 5.1 s, p = 0.31). Contrary to our expectations, females 
showed no initial preferences for male urine with high versus low protein concentration (first entry: 5 vs 5, 
p = 0.25; latency to visit: ∆high-low = 12.7 ± 11.8 s, p = 0.36; Fig. 3D, Supplementary Table S8).

To determine how females discriminate dominant from subordinate males, we conducted analyses to exam-
ine how social status influenced the excretion of particular MUP proteoforms and volatile pheromones, using 
high-resolution proteomics and GC-MS analyses, respectfully.

Social status and specific MUPs (SWATH proteomic analysis). Predicting social status from urinary 
protein before enclosure phase. Graphical and multivariate statistical analyses indicated significant differences 
in the relative proportions of MUP4, MUP5 and MUP17 between dominant and subordinate males before 
the enclosure phase (ANOSIM: global R = 0.23, p = 0.057; Supplementary Fig. S5, Supplementary Table S10). 
However, after correcting for multiple testing, these differences were no longer significant (Benjamini-Hochberg 
correction, all p ≥ 0.09). There were no differences in protein amount of MUPs (ANOSIM: global R = −0.01, 
p = 0.49), relative proportions of non-MUP proteins (ANOSIM: global R = −0.13, p = 0.90) or protein amount of 
non-MUP proteins (ANOSIM: global R = −0.03, p = 0.53) between dominant and subordinate males before the 
enclosure phase (Supplementary Fig. S5, Table S2 models 1–4).

Effect of social status on urinary protein during enclosure phase. Graphical and multivariate statistical analyses 
indicated significant differences in the relative proportions of three non-MUPs between dominant and subordi-
nate males during the enclosure phase (ANOSIM: global R = 0.34, p = 0.018; Supplementary Fig. S6). However, 
after Benjamini-Hochberg correction for multiple testing, those differences are not significant (all p ≥ 0.95; 
Supplementary Table S10). There were no differences between dominant and subordinate males in relative pro-
portions of MUPs (ANOSIM: global R = 0.17, p = 0.13; Supplementary Fig. S6), in the amount of MUP pro-
tein (ANOSIM: global R = 0.17, p = 0.15), nor in the amount of non-MUP proteins (ANOSIM: global R = 0.20, 
p = 0.10) during the experiment (Supplementary Table S2 models 5–8).

Effect of housing conditions on urinary protein excretion. Examining within-individual changes due to sem-
inatural housing conditions showed significant effects on the amount (ANOSIM: global R = 0.35, p < 0.001), 
but not relative intensity of MUP protein excreted (ANOSIM: global R = 0.04, p = 0.11; Supplementary Fig. S7). 
Subsequent univariate tests revealed significant increases in protein amount of all measured MUPs, except MUP3 
(see Supplementary Table S10). Seminatural conditions also affected the relative intensity of 26 non-MUP pro-
teins (ANOSIM: global R = 0.230, p < 0.001; Supplementary Table S10) and the amount of all but 10 non-MUP 
proteins (ANOSIM: global R = 0.638, p < 0.0010; Supplementary Fig. S7, Table S10 and Table S2 models 9–12).

Fold change in urinary protein production. Fold change in total urinary protein excretion was highly correlated 
with fold change in MUP excretion overall (ρ = 0.91, R² = 0.85, p < 0.001), and separately for MUP1, MUP2, 
MUP3, MUP5, MUP17, and MUP20 (all ρ ≥ 0.64, all p ≤ 0.011) but not MUP4 (ρ = 0.28, p = 0.28). Dominant 
and subordinate males did not differ in the extent of fold change in relative intensity or protein amount of urinary 
proteins (MUP relative intensity, ANOSIM: global R = −0.02, p = 0.49; MUP protein amount, ANOSIM: global 
R = −0.05, p = 0.58; non-MUP relative intensity, ANOSIM: global R = 0.06, p = 0.19; non-MUP protein amount, 
ANOSIM: global R = 0.04, p = 0.25; Supplementary Fig. S8). However, when fold change in urinary proteins was 
compared to the null expectation (no change with social experience), the amount of MUP2, MUP5, MUP17, and 
MUP20 were significantly upregulated in the urine of dominant males (Supplementary Table S11). Surprisingly, 
the relative intensity of MUP5 showed a negative fold change in dominant males’ urine. On the contrary, fold 
changes in protein amount and relative intensity of MUPs in subordinate males did not differ from the null 
expectation.

Social status and MUP-bound pheromones and other volatiles. We found a strong correlation 
between total urinary protein excretion and the total ion chromatogram intensity of all peaks detected and ana-
lyzed (from GC-MS) for both intact and denatured urine (Pearson correlation, N = 40, intact urine: ρ = 0.45, 
p = 0.003; Fig. 4A; denatured urine: ρ = 0.54, p < 0.001; Fig. 4B). We examined whether social status influenced 
the intensity of pheromones that are MUP ligands (targeted compound approach), and found significant group-
ing according to social status among males (ANOSIM, intact urine: global R = 0.43, p = 0.009; denatured urine: 
global R = 0.51, p = 0.002; Supplementary Fig. S9), but not females (ANOSIM, intact urine: global R = −0.02, 
p = 0.50; denatured urine: global R = −0.12, p = 0.65). SPLS-DA and univariate tests showed that dominant males 
released more HMH compared to subordinates from both intact and denatured urine samples (intact urine: 
p = 0.007; denatured urine: p = 0.003). However, there was no compound that differentiated dominant from sub-
ordinate females, neither in intact nor in denatured urine (all p ≥ 0.11). We re-ran the analysis using the explor-
atory data set, and again we found significant grouping according to social status for males (ANOSIM, intact 
urine: global R = 0.54, p = 0.002; denatured urine: global R = 0.62, p = 0.001; Supplementary Fig. S10), but not 
for females (intact urine: global R = 0.11, p = 0.13; denatured urine: global R = −0.02, p = 0.55). However, sub-
sequent SPLS-DA and univariate tests showed that dominant and subordinate males had no discernible volatile 
profiles in either the intact or denatured urine samples (all p ≥ 0.09). Similarly, dominant and subordinate females 
did not differ significantly in any compound released from intact or denatured urine samples (all p ≥ 0.13).

We re-ran the analysis with the targeted approach data set and found significant grouping according to hous-
ing conditions of males (ANOSIM, intact urine: global R = 0.24, p = 0.008; denatured urine: global R = 0.38, 
p = 0.001), but not females (all p ≥ 0.07). SPLS-DA and univariate tests showed that caged control males’ urine 
released significantly more SBT than urine of enclosure males (intact urine: DOM vs CTRL: p = 0.007, SUB vs 
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CTRL: p = 0.006, DOM vs SUB: p = 1; denatured urine: DOM vs CTRL: p = 0.023, SUB vs CTRL: p = 0.03, DOM 
vs SUB: p = 1; Supplementary Fig. S11).

Discussion
Our findings show that male house mice upregulated urinary protein excretion once they acquired a territory and 
became socially dominant. Females showed more attraction to the scent of dominant over subordinate males, 
though only during estrus32. Contrary to our expectations, male urinary protein concentration had no influence 
on female preferences when male social status was controlled. This finding suggests that female attraction to dom-
inant males was due to changes in the urine other than the amount of urinary protein. We found that dominant 
males upregulated particular MUP proteoforms, including MUP20, a sexual attractant, and HMH, a volatile male 
pheromone. MUP excretion was correlated with an overall intensity of the VOCs in urine, and MUP upregulation 
may therefore increase and prolong the volatile signals in male scent marks. These findings show that territorial 
male mice upregulate the excretion of both volatile and non-volatile urinary chemical compounds that attract 
and influence the reproductive behavior of female mice42,64–66. Below we address our main results in more detail.

We found that males upregulated MUP excretion after acquiring a territory, which is consistent with previous 
studies24,43–45 and our results provide several additional findings. First, the differences in MUP excretion between 
dominant and subordinate males emerged after and not before social status was established. Interestingly, this 
finding is consistent with growing evidence that social behavior can affect gene expression67, which contrasts with 
the usual assumption that gene expression can influence behavior, but not vice versa. Second, subordinate males 
did not significantly decrease urinary protein excretion, contrary to what we expected from laboratory studies on 
social defeat. This result is also surprising given that losers of agonistic encounters reduce scent marking26 and 
males in poor condition down-regulate MUP excretion20–23 (see more below). Third, body mass had no influence 
on male urinary protein excretion, indicating that MUP excretion is not an index of size. Neither body mass nor 
age correlated with social status, unlike some rodent studies48,68, though such correlations may be a consequence 
of social rank influencing access to food, rather than vice versa69,70. Our results align with other studies that find 
no relationship between body mass and social status or urinary protein excretion44,45, though the correlation 
between size and social rank may occur in Mus musculus domesticus, and not Mus musculus musculus71. Fourth, 
MUP upregulation by territorial males was relatively stable over the 12 weeks of living in seminatural conditions 
(Supplementary Fig. S12), and it was reversible, as it returned to levels similar to caged-controls after removing 
social interactions.

Females did not regulate protein excretion according to social status, contrary to a previous suggestion62, 
though our findings confirm that protein excretion is sexually dimorphic in seminatural as well as laboratory 
conditions5,14,15. Sex differences in MUP excretion were less pronounced in the enclosure mice than controls 
in standard conditions during the enclosure phase (male:female was 5:1 in enclosures versus ca. 7:1 in cages; 
Supplementary Table S7). This result is explained by female enclosure mice showing an increase in total urinary 
protein excretion under seminatural conditions. A previous study observed an increase in protein excretion (PC 
ratio) of females housed in mixed-sex groups and subjected to brief social interactions with unfamiliar individu-
als72. Thus, our results confirm sex differences in urinary MUP excretion, though they were not as large in labora-
tory conditions here or in previous studies (10:1 in Mus m. musculus15; three- to four-fold differences in Mus m. 
domesticus5). Future studies on chemosensory sex recognition73 should therefore consider the possibility that sex 
differences might be inflated in the laboratory.

Figure 4. Volatile intensity is correlated with total urinary protein concentration. Correlation of total ion 
chromatogram intensity (measured by GC-MS) and total urinary protein concentration in (A) intact and (B) 
denatured urine samples of females (circles) and males (triangles). Panels (A,B) have different y-axes.
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The mechanisms controlling the regulation of MUP excretion and their adaptive functions are unclear. 
Urinary MUPs are transcribed in the liver and expression is under complex endocrine control, involving sev-
eral hormones and pulsatile secretion16,17,74. Therefore, behaviors associated with social dominance, such as win-
ning fights and scent-marking, may upregulate MUP expression by triggering pulsatile hormonal secretions. 
Unfortunately, previous studies have focused on physiological and behavioral changes following social defeat 
rather than winning57,75, whereas our findings cannot be explained by subordinates losing fights26, having poorer 
health, nutrition, or condition21–23. Regardless of the physiological mechanism, there are several possible adaptive 
benefits to upregulating the amount or type of MUPs excreted for dominant males, which include (1) enhancing 
female olfactory attraction; (2) prolonging the release of VOCs from a male’s scent marks7,76, which may extend 
their apparent freshness and enhance pheromonal effects on female physiology3; (3) increasing the aversiveness 
of a male’s territory to rival males32; (4) regulating energy expenditure and metabolism77; and (5) facilitating toxic 
waste excretion78–80. These hypotheses are not mutually exclusive, and we investigated the first hypothesis.

Our olfactory experiments showed that estrous female mice were more attracted to the scent of dominant than 
subordinate males, which is consistent with previous studies using dyadic agonistic assays as proxies for social 
status33,34. Female olfactory preferences were expressed only during estrus, suggesting a mating function. The 
lack of preference by diestrous females can be explained by cyclical silencing of vomeronasal sensory neurons, 
which makes female mice “blind” to certain male pheromones during diestrus and restores discrimination during 
estrus81. Female preferences may have been mediated by MUPs, VOCs, or both (as MUPs were correlated with 
VOC intensity, and females were able to contact the urinary stimuli before entering the arms of the Y-maze). We 
presented females with samples of male urine collected from the same individual that differed in protein concen-
tration – at levels comparable to the differences between dominant and subordinate males – and surprisingly, 
females showed no preference for high protein concentration. This result means that differences in the amount 
of urinary protein concentration per se are not sufficient to explain female olfactory preferences for dominant 
males (even though females can discriminate larger differences in MUP quantities, such as for sex recognition82). 
Therefore, we conducted proteomic and GC-MS analyses to test for differential regulation of particular MUP 
proteoforms and changes in known pheromones.

We applied high-resolution mass spectrometry25 to determine whether urinary protein regulation was consist-
ent for all MUP proteoforms, or whether only specific MUPs were regulated depending on social status. We did 
not observe any difference between dominant and subordinate mice in relative spectra intensities of seven identi-
fiable proteoforms (MUP1-MUP5, MUP17, and MUP20). However, differences between dominant and subordi-
nate males became evident when we compared within-individual fold changes of MUP proteoform production. 
Dominant males significantly increased the excretion of four MUP proteoforms (MUP2, MUP5, MUP17, and 
MUP20) in social conditions, whereas subordinate mice showed no significant fold changes. These results indi-
cate that dominant male house mice show differential upregulation of specific MUP proteoforms.

Upregulating particular MUP proteoforms may function as a mechanism for dominant males to elicit specific 
information or responses from conspecifics. Adding recombinant MUP3 to male urine, for example, promotes 
aggression from male conspecifics83. Furthermore, MUP20 is predominately expressed in male urine (though it 
is also found in utero-vaginal secretions84), it is a female attractant66, and it mediates spatial learning85 by stim-
ulating neurogenesis86. MUP20 also stimulates male-male aggression83 and maternal aggression from lactating 
females87. Studies are needed to determine whether honest signaling is enforced by punishment of dishonest 
signalers (‘social control’ or punishment hypothesis88). Our findings support previous studies of Mus musculus 
domesticus showing increased MUP20 production in relation to social status after a three-day44 and a 17-day 
enclosure experience45 in highly male-biased populations. Taken together, these studies suggest that upregulation 
of specific MUP proteoforms provides a reliable indicator of dominant male social status, which may deter chal-
lenges from subordinate rivals, as well as attract potential mates.

MUPs control the binding of volatile male pheromones, but there are surprisingly few studies on the regu-
lation of MUPs on volatiles – and none in natural or seminatural conditions. Our previous analyses verified the 
presence of male pheromones in our enclosure mice80, and we expected that elevating MUP excretion would 
increase the intensities of volatile pheromones and other ligands in urine. Indeed, we found a strong, positive 
correlation between urinary protein concentration and intensity of VOCs, and denaturing the proteins increased 
the overall ion intensities of all VOCs detected and analyzed (peak heights in the TIC, Fig. 4). This result supports 
the hypothesis that increasing MUP concentration increases the amount of pheromones and other VOCs in the 
urine. It suggests that by increasing MUP excretion, dominant males should be able to prolong the attachment 
of their pheromones to substrate and subsequently extend the release of volatiles over time. We expected that 
we might detect differences in the amount of unbound VOCs, and particularly, pheromones previously found 
to correlate with male rank39,44,46. However, male social status did not affect urinary VOC profiles, except for 
hydroxy-6-methyl-3-heptanone (HMH), which showed the highest relative intensity in dominant males. HMH 
is an androgen-dependent volatile compound previously found to accelerate female puberty in some labora-
tory strains42,64,65. HMH intensities are higher in males than in females, and females prefer HMH when mixed 
with DHB and SBT, but not HMH alone42. Thus, elevated HMH levels in dominant males might function to 
attract adult females and accelerate sexual maturity in peripubertal females. Elevated HMH levels might explain 
female preferences for dominant males’ scent in the olfactory discrimination assay. We compared the intensi-
ties of other male pheromones, including 3,4-dehydro-exo-brevicomin (DHB), 2-sec-butyl-4,5-dihydrothiazole 
(SBT) and β-farnesene, and found no significant differences between dominant and subordinate males. The inten-
sity of SBT was higher in caged controls than enclosure males, supporting results that compared isolated versus 
group-living mice in laboratory conditions89. These findings raise additional caveats about studying chemosignals 
in standard laboratory conditions. We found no evidence for female-specific VOCs (denaturation of female urine 
released mainly flavor and fragrance compounds which were potentially derived from food), and VOC profiles 
of dominant and subordinate females were almost indistinguishable. It is surprising that we did not detect more 
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compounds that differ between dominant and subordinate males, but MUPs show extremely strong binding 
affinity for male pheromones, and so some ligands remain bound, even after extensive purification90. Thus, it is 
possible that GC-MS will fail to detect actual differences in the amounts of these bound ligands.

Conclusions
Male mice increased the excretion of major urinary proteins (MUPs) once they acquired a territory and became 
socially dominant, which may function to attract females. Estrous females were more attracted to the scent of 
dominant than subordinate males, however, they were not attracted to the scent of urine with elevated MUP con-
centration when male social status was controlled. Dominant males also differentially upregulated specific MUPs, 
including (MUP20) and a volatile pheromone (HMH), a MUP-ligand that may influence female behavior and 
reproduction. Future studies are needed to examine the proximate mechanisms through which dominant males 
regulate these pheromones and how they influence mating success. Since social status of male house mice is influ-
enced by phenotypic and genetic quality (e.g., inbreeding)49, our findings suggest that MUP excretion provides a 
reliable indicator of genetic quality to potential mates.

Methods
Trapping, housing and breeding animals. Experimental animals were F1 offspring of wild-caught 
house mice (Mus musculus musculus) trapped at seven locations within a 300 m radius in Vienna, Austria 
(48°13′14″N; 16°17′00″E) and crossed between trapping sites to avoid inbreeding. F1 mice were weaned at 21 ± 1 
d, separated from siblings at the age of 35 ± 1 d and individually housed in standard mouse cages (type IIL, 
36.5 × 20.5 × 14 cm, Tecniplast, Germany) containing wooden bedding (ABEDD, Austria), a cardboard roll, cot-
ton nestlets© (ABEDD, Austria), and a plastic nest box (Tecniplast, Germany). Food (Altromin rodent diet 1324) 
and water were provided ad libitum and temperature was maintained at 22 ± 2 °C. Mice were kept on a 12:12 h 
light:dark cycle with red lights on at 1500. The authors use these descriptions of housing, diet, and light:dark cycle 
to define standard housing conditions. At weaning, all animals received an ear-punch for individual identifica-
tion and to obtain tissue for DNA extraction. The Ethical and Animal Welfare Commission at the University of 
Veterinary Medicine Vienna approved the experimental protocols (Permit No. 02/08/97/2013). We confirm that 
all experiments and animal handling were performed according to the ethical standards and guidelines outlined 
by the Ethical and Animal Welfare Commission.

Housing conditions: seminatural populations and caged controls. F1 mice were assigned to either 
enclosure treatment (N = 64, 1:1 sex ratio) or caged control group (N = 64, 1:1 sex ratio). Mice in the enclosure 
group were assigned to one of eight replicate populations, and each population had eight mice (1:1 sex ratio, 
and genetically unrelated, except each mouse had one littermate of the opposite sex in the population). Males 
within populations were matched for body mass (range = 0.6 g). To test whether initial urinary protein excretion 
predicted males’ subsequent social status, we also assigned males depending on their relative urinary protein 
production (sampled 4 weeks before release into enclosures; see below), and each population contained one high, 
two intermediate, and one low urinary protein producer (see Supplementary Table S1). F1 animals were sexu-
ally mature at the time of initial urine collection (age in days of males = 183 ± 22 s.d.; females = 185 ± 20 s.d.). 
Seminatural enclosures (8 enclosures; 3.4 × 4 m each) were subdivided into six equally-sized compartments by 
fencing (wire mesh, 40 cm high), which the mice could scale but tended to use as territorial boundaries. Each 
enclosure contained wooden bedding (ABEDD, Austria), plastic nest boxes, a water station, wood wool, and 
paper towels as nesting material. Food (Altromin rodent diet 1324) and water were provided ad libitum and tem-
perature was maintained at 22 ± 2 °C. Mice were kept on a 12:12 h light:dark cycle with white light off (and red 
lights on) at 1500. The caged controls were litter-mates of mice in the enclosure group, and were housed under 
standard colony conditions during the experiment.

Behavioral observations. To assess social status, behavioral observations were recorded three to five days 
per week for 30 min/d between 1500 and 1700 (peak activity) for 12 weeks (161.5 h total observation time, 20.2 h 
mean time per population). Before release into the enclosures, males received unique fur cuts, allowing easy 
identification under red light; females were identified by unique ear punches. Observers recorded interactions 
(aggressive, submissive, and investigatory actions), the location of the interaction, and the mice involved. A dom-
inance index for each mouse was calculated as (number of aggressive + investigatory interactions)/(total num-
ber of interactions involving the individual)49. Mice obtaining a dominance index ≥80% within an enclosure 
compartment were considered to be dominant; otherwise they were considered subordinate. Adult survival was 
monitored daily and offspring born in the enclosures were removed upon discovery.

Urine sampling. For monitoring urinary protein and pheromone production, we collected six urine samples 
from each mouse over 20 weeks at four week intervals (Supplementary Fig. S1): two times before release into the 
enclosures (‘before enclosure’), three times during housing in the enclosures (‘during enclosure’), and once after 
termination of the enclosure treatment (‘after enclosure’). Control mice were sampled on the same schedule. We 
collected urine using metabolic cages (Techniplast, Germany) to minimize handling stress and fecal contami-
nation. Collections were conducted under red light at the beginning of the dark cycle. To stimulate urination, 
female urine (5 µl of urine pooled from 4 females) was placed onto filter paper (4 cm2) and then hung inside the 
metabolic cage. Upon excreting >70 µL of urine, mice were either returned to their home cage (cage controls) or 
released back into the enclosure (during the enclosure phase). Only 2% (17/700) of urine collections provided 
an insufficient volume during the 60-min sampling period, in which case mice were returned to their cage or 
enclosure without sampling. Urine and feces were transferred to separate Eppendorf tubes or glass vials (40 µL 
for GC-MS analyses), immediately frozen, and stored at −80 °C. As part of our experimental design, storage 
times differed depending on collection date, but handling was the same for each sample to avoid possible biases. 
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Previous studies used a subset of these samples to compare the effects of housing (standard versus seminatural) 
on urinary volatiles80 and proteins25.

Olfactory discrimination assays. We investigated female olfactory preferences using a two-choice Y-maze 
assay. The female ‘sniffers’ (subjects) were unrelated, wild-derived mice (F4, age 172 ± 10 d). Subjects were housed 
with a sister in our animal facility, and they were unfamiliar to urine stimulus donors. Estrous cycling was stim-
ulated by introducing male bedding into the home cage of test mice and daily vaginal smears were performed to 
determine estrus (signified by >90% cornified epithelial cells91). The Y-maze apparatus consisted of clear PVC 
tubes (5 cm Ø) and a PVC connector (Supplementary Fig. S2). The length of the primary branch was 20 cm and 
the secondary branches were 15 cm long. Each secondary branch opened into a circular chamber (PVC, 16 cm 
Ø; 8 cm height) and a clear plexiglass plane was placed under and on top of the chamber to prevent escape. The 
chamber allowed observation of sniffing behavior and interaction with the stimulus at the end of the tube, in an 
open area. A test mouse entered the Y-maze from a start cage (type II, 26.8 × 21.5 × 14 cm, Tecniplast, Germany) 
with clean bedding and connected to the primary branch with a short piece of clear PVC tubing (4 cm Ø; 10 cm 
long). The start cage was equipped with a remote-controlled metal door. The Y-maze was divided into 5 zones: a 
primary branch zone, left and right secondary branch zone and left and right chamber zone. A mouse was consid-
ered to be in a zone when its body (nose-tail base) was observed in that zone. All trials were video recorded from 
an aerial perspective (110 cm above center of Y-maze; D-Link 3710DCS IP-camera with frame rate of 25FPS). 
Video files were analyzed using Ethovision and The Observer software (Noldus Information Technologies, The 
Netherlands). We calculated the difference of left and right zones for the following variables: (1) latency to visit 
(s); (2) total duration in zone (s); (3) frequency of visits; (4) latency to sniff the chamber zone stimulus (s); (5) sniff 
duration (s); and (6) sniff frequency.

Ten minutes prior to each trial a subject was removed from its home cage, placed in the start cage, and left to 
acclimate in an adjacent room. Our design differed from conventional Y-mazes because in addition to placing 
odor stimuli at the ends of the secondary branches, we also placed urine in the decision zone at the fork, where 
the primary and secondary branches meet. We transferred 3 µl of urine to the floor of the decision zone, 2.5 cm 
before the secondary branches, which allowed subjects to sniff and contact both stimuli before deciding to enter 
one of the two branches (Supplementary Fig. S2). An additional 3 µL aliquot was placed on the floor of the cham-
ber 15 cm across from the secondary branch, allowing us to observe direct sniffing of the stimulus in a relatively 
open space. The urinary stimuli in the decision zone and chambers were spread over a 1 cm2 area using a pipette 
tip. The start cage was connected to the Y-maze, experimenters left the room and the metal door was remotely 
opened. A 5-min trial began once the subject entered the primary branch zone. All mice voluntarily entered the 
maze during test trials and explored all branches, but not always the chamber zones. At the end of each trail, the 
subject was returned to its home cage. Y-mazes were washed with odorless soap and hot water and allowed to dry 
for 24 h between trials. The plexiglass planes and metal entry door were cleaned with 70% ethanol and allowed to 
dry between trials.

We compared the following stimuli in our olfactory discrimination experiments: (1) adult male urine versus 
water (‘positive control’ to confirm that females in our assay are attracted to the scent of male urine61; N = 15 sub-
jects in estrus; pooled male urine); (2) adult male versus adult female urine (‘sex discrimination’; N = 10 subjects 
in estrus; pooled urine of same-sex individuals); (3) dominant males versus subordinates (‘social status discrimi-
nation’; N = 10 subjects tested during the estrous and diestrous phases; male urine from enclosure treatment); and 
(4) high versus low urinary protein concentration (‘concentration discrimination’; N = 10 subjects in estrus; urine 
from the same male donor (N = 10) collected on two different days; 3:1 high:low PC ratio, see below).

Proteomic analyses. Total and adjusted urinary protein excretion. Total urinary protein excretion (mg 
ml−1) was measured in triplicates using a standard Bradford assay92 on a 96-well microplate. Triplet values 
occurred within ±10% range, otherwise the analysis was repeated. We used total urinary protein excretion and 
adjusted with creatinine concentration to calculate urinary protein excretion (protein:creatinine ratio or PC ratio), 
as this value is expected to account for renal activity and urine dilution (InVitro: Labor für Veterinärmedizinische 
Diagnostik & Hygiene GmbH, Vienna). We confirmed that MUPs comprise most (85 ± 7%) of the total protein in 
the urine of these mice in a preliminary study25. We provide results for PC ratio, total urinary protein (unadjusted 
values), and creatinine.

Protein identification and quantification using SWATH. Urine samples of 12 dominant and 5 subordinate 
males were obtained during the enclosure phase and pooled for each individual for protein analysis. As pre-
viously described, protein identification and quantification was conducted using a label-free proteomics tech-
nique known as SWATH25. Relative quantification was conducted using two different databases containing (1) 
all reviewed proteins from Swissprot, and (2) 9 reviewed MUP proteins from Uniprot. In total, 42 different MUP 
sequences were found in Uniprot, though many of these were not distinguishable using a bottom up approach due 
to signal peptide cleavage at protein maturation. Thus, we employed a conservative approach by including only 
reviewed MUPs which have been identified independently by at least two different working groups.

GC-MS analysis of volatile molecules. Urine samples of 25 males (17 enclosure mice (12 dominant, 5 
subordinate) and 8 caged controls) and 15 females (10 enclosure mice (5 dominant, 5 subordinate) and 5 caged 
controls) were obtained during the enclosure phase and pooled for each individual. As previously reported, 
15 µL of intact or denatured urine were analyzed using gas chromatography coupled with mass spectrometry 
(GC-MS)80. Compounds were identified using mass spectral library comparison (NIST08) combined with man-
ual interpretation. Exact peak alignment was difficult during the first 5 min of each run, which resulted in a wide 
peak detection window and increased chances of aligning separate peaks into one. Thus, the dataset suffered from 
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poor peak alignment and difficulties with identifying compounds due to co-elution. After leaving out the first 
5 min of each run, we were able to use a significantly smaller peak detection window, which improved dataset 
quality and enabled reliable peak identification. However, information on the first 5 min of each run (and differ-
entiating compounds therein) is missing from this dataset.

Statistical analyses. Statistical analyses were performed using the R statistical package (R Development 
Core Team 2014 version 3.4.493) and the assumptions of the methods used were first verified.

Urinary protein excretion. We used linear mixed effects models (LME, lme function, package nlme94) to examine 
the relationship between urinary protein excretion (PC ratio, total protein excretion, and creatinine excretion) 
and social status, we compared three ‘social status’ groups: dominants, subordinates, and caged controls in stand-
ard housing conditions. PC ratio and creatinine values were natural log transformed to achieve a normal distri-
bution. Social status, enclosure phase (before, during, and after enclosure), and the interaction of social status * 
enclosure phase were used as fixed factors; age and body mass were covariates in each model. The random factor 
was composed of individuals nested in population. We used the varIdent function to account for heteroscedas-
ticity in the social status factor and fit the LME model using the maximum likelihood method. The anova.lme 
function produced F and p values for testing significance of model variables. Pairwise comparison post hoc tests 
were performed for the interaction social status * enclosure phase in each model using the glht function with 
Tukey correction for multiple testing (package multcomp95).

Sex differences were examined using generalized linear mixed models (GLMMs, glmer function, package 
lme496) with sex, housing, and the sex * housing interaction as fixed effects on the dependent variables of PC ratio, 
total urinary protein, and creatinine excretion measured during the enclosure phase (three separate models). 
Mouse ID and population were included as random effects. An inverse link function was used to account for the 
inverse Gaussian distribution of the urinary protein variables. Wald chi-square tests97 were used to determine 
significance of the model effects (function anova, package stats93). Associations between body mass parame-
ters (initial mass, mean mass, and change in mass) and social status of enclosure males were examined using 
Mann-Whitney U tests. Due to pregnancy effects, females were excluded from mean mass and change in mass 
comparisons.

Olfactory discrimination assays. When normality of the variables was not rejected (Shapiro-Wilks test), 
One-Sample T-tests (μ = 0) were used for the positive control, sex, and concentration discrimination experi-
ments. Wilcoxon Signed Rank Tests were used for non-normal data to examine a deviation from a zero median. 
Fisher Exact test (1:1 null expectation) was used to determine a significant bias in initial preference. To account 
for the paired design for the social status discrimination experiment, McNemar test was used to compare initial 
preferences, and linear mixed-effects (LME) models (lmer function, package lme496) were used to measure fre-
quency, duration, and latency for each zone (if necessary, variables were log-transformed (sign preserved) to nor-
malize model residuals). Estrous state of the subjects was included as a fixed factor; subject ID and male stimulus 
donors’ ID were included as random factors. Models were fitted by residual maximum likelihood and the anova 
function produced F and p values. Benjamini-Hochberg method (p.adjust function) was used to control multiple 
hypothesis tests for false discovery rate.

Multivariate analyses of urinary proteins and MUP-bound volatiles. Analyses were carried out on the relative 
intensity and protein amount of 7 MUPs and 115 non-MUP proteins detected using SWATH. Relative intensity 
for each compound was calculated by dividing the peak intensity of each compound by the total chromato-
gram intensity. Protein amount of each compound was calculated by multiplying the relative intensity of each 
compound by the total amount of protein in the sample (determined by Bradford assay). To investigate the 
effects of social experience on urinary protein excretion, we calculated the difference in protein amount and 
relative intensity from Xduring − Xbefore. Fold change in protein amount and relative intensity was calculated from 
(Xduring − Xbefore)/Xbefore and compared between social status groups as described below. Additionally, fold change 
in protein amount and relative intensity of MUPs was compared to null expectations using One-Sample T-tests 
with Benjamini-Hochberg correction. To investigate changes in concentration of individual MUPs from intro-
ducing singly housed males into a social setting (enclosures), we ran a multivariate general linear model with 
individual MUP protein concentrations (obtained from SWATH quantification, see above) as continuous varia-
bles and social status (dominant, subordinate), enclosure phase (before vs during), and the interaction of social 
status * enclosure phase as factors. Age and body mass were used as covariates in the model. The random factor 
was composed of individuals nested in population. To investigate whether concentration of individual MUPs 
before introduction into enclosures were predictive of male social status, we used Mann-Whitney U tests with 
Bonferroni correction.

Analyses were also carried out on the relative intensity of MUP-bound volatiles obtained by GC-MS. We ran 
an exploratory data analysis (untargeted analysis of all ions of the peaks detected in each sample) on a dataset 
containing peak ion intensities (N = 962) after leaving out the first 5 min of each run. Second, we took a targeted 
approach by analyzing manually collected peak intensities of 34 known urinary volatiles for each sample (see 
Supplementary Table S2 for targeted compound names and potential functions).

Patterns of chemical similarity. Chemical profile similarity was visualized using nonmetric multidimensional 
scaling (NMDS) based on pairwise Bray–Curtis similarity values calculated from the log(x + 1)- transformed 
data of protein amount or relative intensity. NMDS allows visualization of high-dimensional chemical similarity 
by placing each individual in a 2D scatter plot such that points closer together represent individuals with rela-
tively high chemical similarity. The grouping structure of individuals according to their social status was analyzed 
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using nonparametric ANOSIM, a permutation test to evaluate differences between two or more groups without 
assumptions about data distribution or homoscedasticity. A significant test result indicates that the chemical sim-
ilarity within the groups is significantly greater than the chemical similarity between the groups. These analyses 
were implemented using the vegan package98.

Identification of differentiating compounds. To identify compounds that differentiate between social status 
groups, we used Sparse Partial Least Squares Discriminant Analysis (SPLS-DA) with subsequent univariate test. 
SPLS-DA is a classification method appropriate for data with a high number of potentially correlated variables 
and needs no preliminary variable filtering99. Intrinsic variable selection was performed to filter out relevant 
variables, and the data was projected onto uncorrelated latent variables. These linear combinations of the relevant 
variables were then used in linear discriminant analysis to predict class membership. The package spls100 provides 
an implementation of SPLS-DA, namely the function splsda. The optimal model parameters were searched for 
with the function cv.splsda and the number of latent variables (with possible values 1, 2, …, 10) and the sparsity 
parameter (with possible values 0.1, 0.2, …, 0.9) were selected with 5-fold cross validation.

We ran 16 classification models to identify urinary proteins that differentiated the social status groups based 
on the following variables: (1) relative intensity; (2) protein amount; (3) difference (during - before enclosure) 
in relative intensity; (4) difference in protein amount; (5) fold change in relative intensity; and (6) fold change in 
protein amount. Additionally, for intact and denatured urine samples, 12 classification models were estimated to 
obtain volatile urinary compounds that differentiated between the social status groups and housing conditions 
(see Supplementary Table S3 for summary of classification models and their misclassification rates). Univariate 
tests were applied to all variables selected by SPLS-DA and tested with Benjamini-Hochberg correction for mul-
tiple testing.

Data Availability
The full datasets will be made available upon publication (protein sequences will be submitted to the PRIDE 
repository).

References
 1. Hurst, J. L. & Beynon, R. J. Scent wars: the chemobiology of competitive signalling in mice. BioEssays 26, 1288–1298, https://doi.

org/10.1002/bies.20147 (2004).
 2. Stopka, P., Stopková, R. & Janotová, K. In Evolution of the House Mouse (eds Macholan, M., Baird, S. J. E., Munclinger, P. & Pialek J.) 

Ch. 8, 191–220 (Cambridge University Press, 2012).
 3. Mucignat-Caretta, C. & Caretta, A. Message in a bottle: major urinary proteins and their multiple roles in mouse intraspecific 

chemical communication. Anim. Behav. 97, 255–263, https://doi.org/10.1016/j.anbehav.2014.08.006 (2014).
 4. Hurst, J. L., Robertson, D. H. L., Tolladay, U. & Beynon, R. J. Proteins in urine scent marks of male house mice extend the longevity 

of olfactory signals. Anim. Behav. 55, 1289–1297, https://doi.org/10.1006/anbe.1997.0650 (1998).
 5. Beynon, R. J. & Hurst, J. L. Urinary proteins and the modulation of chemical scents in mice and rats. Peptides 25, 1553–1563, 

https://doi.org/10.1016/j.peptides.2003.12.025 (2004).
 6. Beynon, R. J. & Hurst, J. L. Multiple roles of major urinary proteins in the house mouse. Mus domesticus. Biochem. Soc. Trans. 31, 

142–146, https://doi.org/10.1042/bst0310142 (2003).
 7. Cavaggioni, A., Mucignat-Caretta, C. & Redaelli, M. Mice Recognize Recent Urine Scent Marks by the Molecular Composition. 

Chem. Senses 33, 655–663, https://doi.org/10.1093/chemse/bjn035 (2008).
 8. Kwak, J. et al. On the persistence of mouse urine odour to human observers: a review. Flavour Frag. J 31, 267–282, https://doi.

org/10.1002/ffj.3316 (2016).
 9. Cheetham, S. A. et al. The genetic basis of individual-recognition signals in the mouse. Curr. Biol. 17, 1771–1777, https://doi.

org/10.1016/j.cub.2007.10.007 (2007).
 10. Sherborne, A. L. et al. The Genetic Basis of Inbreeding Avoidance in House Mice. Curr. Biol. 17, 1–6, https://doi.org/10.1016/j.

cub.2007.10.041 (2007).
 11. Mudge, J. M. et al. Dynamic instability of the major urinary protein gene family revealed by genomic and phenotypic comparisons 

between C57 and 129 strain mice. Genome Biol. 9, R91, https://doi.org/10.1186/gb-2008-9-5-r91 (2008).
 12. Logan, D. W., Marton, T. F. & Stowers, L. Species Specificity in Major Urinary Proteins by Parallel Evolution. PLoS ONE 3, e3280, 

https://doi.org/10.1371/journal.pone.0003280 (2008).
 13. Thoß, M. et al. Diversity of major urinary proteins (MUPs) in wild house mice. Sci. Rep. 6, 38378, https://doi.org/10.1038/

srep38378 (2016).
 14. Wicks, L. F. Sex and proteinuria of mice. Proc. Soc. Exp. Biol. Med. 48, 395–400, https://doi.org/10.3181/00379727-48-13332 (1941).
 15. Stopková, R., Stopka, P., Janotová, K. & Jedelský, P. L. Species-specific expression of major urinary proteins in the house mice (Mus 

musculus musculus and Mus musculus domesticus). J Chem. Ecol. 33, 861–869, https://doi.org/10.1007/s10886-007-9262-9 (2007).
 16. Knopf, J. L., Gallagher, J. F. & Held, W. A. Differential, multihormonal regulation of the mouse major urinary protein gene family 

in the liver. Mol. Cell. Biol. 3, 2232–2240, https://doi.org/10.1128/MCB.3.12.2232 (1983).
 17. Clissold, P. M., Hainey, S. & Bishop, J. O. Messenger RNAs Coding for Mouse Major Urinary Proteins Are Differentially Induced 

by Testosterone. Biochem. Genet. 22, 379–387, https://doi.org/10.1007/BF00484236 (1984).
 18. Schwende, F. J., Wiesler, D., Jorgenson, J. W., Carmack, M. & Novotny, M. Urinary volatile constituents of the house mouse, Mus 

musculus, and their endocrine dependency. J Chem. Ecol. 12, 277–296, https://doi.org/10.1007/BF01045611 (1986).
 19. Thoß, M., Luzynski, K., Ante, M., Miller, I. & Penn, D. J. Major urinary protein (MUP) profiles show dynamic changes rather than 

individual “barcode” signatures. Front. Ecol. Evol. 3, 71, https://doi.org/10.3389/fevo.2015.00071 (2015).
 20. Isseroff, H., Sylvester, P. W. & Held, W. A. Effects of Schistosoma mansoni on androgen regulated gene expression in the mouse. Mol. 

Biochem. Parasitol. 18, 401–412, https://doi.org/10.1016/0166-6851(86)90096-4 (1986).
 21. Litvinova, E. A., Kudaeva, O. T., Mershieva, L. V. & Moshkin, M. P. High level of circulating testosterone abolishes decline in scent 

attractiveness in antigen-treated male mice. Anim. Behav. 69, 511–517, https://doi.org/10.1016/j.anbehav.2004.05.014 (2005).
 22. Lopes, P. C. & König, B. Choosing a healthy mate: sexually attractive traits as reliable indicators of current disease status in house 

mice. Anim. Behav. 111, 119–126, https://doi.org/10.1016/j.anbehav.2015.10.011 (2016).
 23. Giller, K., Huebbe, P., Doering, F., Pallauf, K. & Rimbach, G. Major urinary protein 5, a scent communication protein, is regulated 

by dietary restriction and subsequent re-feeding in mice. Proc. R. Soc. B 280, 20130101, https://doi.org/10.1098/rspb.2013.0101 
(2013).

 24. Janotova, K. & Stopka, P. The Level of Major Urinary Proteins is Socially Regulated in Wild Mus musculus musculus. J Chem. Ecol. 
37, 647–656, https://doi.org/10.1007/s10886-011-9966-8 (2011).

http://dx.doi.org/10.1002/bies.20147
http://dx.doi.org/10.1002/bies.20147
http://dx.doi.org/10.1016/j.anbehav.2014.08.006
http://dx.doi.org/10.1006/anbe.1997.0650
http://dx.doi.org/10.1016/j.peptides.2003.12.025
http://dx.doi.org/10.1042/bst0310142
http://dx.doi.org/10.1093/chemse/bjn035
http://dx.doi.org/10.1002/ffj.3316
http://dx.doi.org/10.1002/ffj.3316
http://dx.doi.org/10.1016/j.cub.2007.10.007
http://dx.doi.org/10.1016/j.cub.2007.10.007
http://dx.doi.org/10.1016/j.cub.2007.10.041
http://dx.doi.org/10.1016/j.cub.2007.10.041
http://dx.doi.org/10.1186/gb-2008-9-5-r91
http://dx.doi.org/10.1371/journal.pone.0003280
http://dx.doi.org/10.1038/srep38378
http://dx.doi.org/10.1038/srep38378
http://dx.doi.org/10.3181/00379727-48-13332
http://dx.doi.org/10.1007/s10886-007-9262-9
http://dx.doi.org/10.1128/MCB.3.12.2232
http://dx.doi.org/10.1007/BF00484236
http://dx.doi.org/10.1007/BF01045611
http://dx.doi.org/10.3389/fevo.2015.00071
http://dx.doi.org/10.1016/0166-6851(86)90096-4
http://dx.doi.org/10.1016/j.anbehav.2004.05.014
http://dx.doi.org/10.1016/j.anbehav.2015.10.011
http://dx.doi.org/10.1098/rspb.2013.0101
http://dx.doi.org/10.1007/s10886-011-9966-8


www.nature.com/scientificreports/

1 2SCIENTIFIC REPORTS | (2019) 9:489 | DOI:10.1038/s41598-018-36887-y

 25. Enk, V. M. et al. Regulation of highly homologous major urinary proteins in house mice quantified with label-free proteomic 
methods. Mol. BioSystems 12, 3005–3016, https://doi.org/10.1039/C6MB00278A (2016).

 26. Desjardins, C., Maruniak, J. A. & Bronson, F. H. Social Rank in House Mice: Differentiation Revealed by Ultraviolet Visualization 
of Urinary Marking Patterns. Science 182, 939–941, https://doi.org/10.1126/science.182.4115.939 (1973).

 27. Lumley, L. A., Sipos, M. L., Charles, R. C., Charles, R. F. & Meyerhoff, J. L. Social Stress Effects on Territorial Marking and 
Ultrasonic Vocalizations in Mice. Physiol. Behav. 67, 769–775, https://doi.org/10.1016/S0031-9384(99)00131-6 (1999).

 28. Drickamer, L. C. Urine marking and social dominance in male house mice (Mus musculus domesticus). Behav. Proc. 53, 113–120, 
https://doi.org/10.1016/S0376-6357(00)00152-2 (2001).

 29. Hurst, J. L. Female recognition and assessment of males through scent. Behav. Brain Res. 200, 295–303, https://doi.org/10.1016/j.
bbr.2008.12.020 (2009).

 30. Baum, M. J. Contribution of pheromones processed by the main olfactory system to mate recognition in female mammals. Front. 
Neuroanat. 6, 20, https://doi.org/10.3389/fnana.2012.00020 (2012).

 31. Zala, S. M., Potts, W. K. & Penn, D. J. Scent-marking displays provide honest signals of health and infection. Behav. Ecol. 15, 
338–344, https://doi.org/10.1093/beheco/arh022 (2004).

 32. Jones, R. B. & Nowell, N. W. A comparison of the aversive and female attractant properties of urine from dominant and subordinate 
male mice. Anim. Learn. Behav. 2, 141–144, https://doi.org/10.3758/BF03199141 (1974).

 33. Drickamer, L. C. Oestrous female house mice discriminate dominant from subordinate males and sons of dominant from sons of 
subordinate males by odour cues. Anim. Behav. 43, 868–870, https://doi.org/10.1016/S0003-3472(05)80212-X (1992).

 34. Fang, Q., Zhang, Y.-H., Shi, Y.-L., Zhang, J.-H. & Zhang, J.-X. Individuality and Transgenerational Inheritance of Social Dominance 
and Sex Pheromones in Isogenic Male Mice. J Exp. Zool. B 326, 225–236, https://doi.org/10.1002/jez.b.22681 (2016).

 35. Veyrac, A., Wang, G., Baum, M. J. & Bakker, J. The main and accessory olfactory systems of female mice are activated differentially 
by dominant versus subordinate male urinary odors. Brain Res. 1402, 20–29, https://doi.org/10.1016/j.brainres.2011.05.035 (2011).

 36. Thonhauser, K. E., Raveh, S., Hettyey, A., Beissmann, H. & Penn, D. J. Scent marking increases male reproductive success in wild 
house mice. Anim. Behav. 86, 1013–1021, https://doi.org/10.1016/j.anbehav.2013.09.004 (2013).

 37. Koyama, S. Primer effects by conspecific odors in house mice: a new perspective in the study of primer effects on reproductive 
activities. Horm. Behav. 46, 303–310, https://doi.org/10.1016/j.yhbeh.2004.03.002 (2004).

 38. Lombardi, J. R. & Vandenbergh, J. G. Pheromonally induced sexual maturation in females: regulation by the social environment of 
the male. Science 196, 545–546, https://doi.org/10.1126/science.557838 (1977).

 39. Novotny, M., Harvey, S. & Jemiolo, B. Chemistry of male dominance in the house mouse. Mus domesticus. Experientia 46, 109–113, 
https://doi.org/10.1007/BF01955433 (1990).

 40. Jemiolo, B., Alberts, J., Sochinski-Wiggins, S., Harvey, S. & Novotny, M. Behavioral and endocrine responses of female mice to 
synthetic analogues of volatile compounds in male urine. Anim. Behav. 33, 1114–1118, https://doi.org/10.1016/S0003-
3472(85)80170-6 (1985).

 41. Flanagan, K. A., Webb, W. & Stowers, L. Analysis of Male Pheromones That Accelerate Female Reproductive Organ Development. 
PLoS ONE 6, e16660, https://doi.org/10.1371/journal.pone.0016660 (2011).

 42. Jouhanneau, M. et al. Peripubertal exposure to male chemosignals accelerates vaginal opening and induces male-directed odor 
preference in female mice. Front. Ecol. Evol. 3, 34, https://doi.org/10.3389/fevo.2015.00034 (2015).

 43. Guo, H., Fang, Q., Huo, Y., Zhang, Y. & Zhang, J. Social dominance-related major urinary proteins and the regulatory mechanism 
in mice. Integr. Zool. 10, 543–554, https://doi.org/10.1111/1749-4877.12165 (2015).

 44. Nelson, A. C., Cunningham, C. B., Ruff, J. S. & Potts, W. K. Protein pheromone expression levels predict and respond to the 
formation of social dominance networks. J Evol. Biol. 28, 1213–1224, https://doi.org/10.1111/jeb.12643 (2015).

 45. Lee, W., Khan, A. & Curley, J. P. Major urinary protein levels are associated with social status and context in mouse social 
hierarchies. Proc. R. Soc. B 284, 20171570, https://doi.org/10.1098/rspb.2017.1570 (2017).

 46. Harvey, S., Jemiolo, B. & Novotny, M. Pattern of volatile compounds in dominant and subordinate male mouse urine. J Chem. Ecol. 
15, 20612072, https://doi.org/10.1007/BF01207438 (1989).

 47. Crowcroft, P. Territoriality in Wild House Mice, Mus musculus L. J Mammal. 36, 299–301, https://doi.org/10.2307/1375908 (1955).
 48. DeFries, J. C. & McClearn, G. E. Social dominance and Darwinian fitness in the laboratory mouse. Am. Nat. 104, 408–411, https://

doi.org/10.2307/2459127 (1970).
 49. Meagher, S., Penn, D. J. & Potts, W. K. Male-male competition magnifies inbreeding depression in wild house mice. Proc. Natl. 

Acad. Sci. USA 97, 3324–3329, https://doi.org/10.1073/pnas.060284797 (2000).
 50. Guénet, J.-L. & Bonhomme, F. Wild mice: an ever-increasing contribution to a popular mammalian model. Trends Genet. 19, 

24–31, https://doi.org/10.1016/S0168-9525(02)00007-0 (2003).
 51. Wolff, J. O. Laboratory Studies with Rodents: Facts or Artifacts? BioSci. 53, 421–427, https://doi.org/10.1641/0006-

3568(2003)053[0421:lswrfo]2.0.co;2 (2003).
 52. Martin, B., Ji, S., Maudsley, S. & Mattson, M. P. “Control” laboratory rodents are metabolically morbid: Why it matters. Proc. Natl. 

Acad. Sci. USA 107, 6127–6133, https://doi.org/10.1073/pnas.0912955107 (2010).
 53. Ebert, P. D. Agonistic Behavior in Wild and Inbred Mus musculus. Behav. Biol. 18, 291–294, https://doi.org/10.1016/S0091-

6773(76)92214-8 (1976).
 54. Bisazza, A. Social organization and territorial behaviour in three strains of mice. Boll. Zool. 48, 157–167, https://doi.

org/10.1080/11250008109439329 (1981).
 55. Martinez, M., Calvo-Torrent, A. & Pico-Alfonso, M. A. Social defeat and subordination as models of social stress in laboratory 

rodents: a review. Aggress. Behav. 24, 241–256, https://doi.org/10.1002/(SICI)1098-2337(1998)24:4<241::AID-AB1>3.0.CO;2-M 
(1998).

 56. Blanchard, R. J., McKittrick, C. R. & Blanchard, D. C. Animal models of social stress: effects on behavior and brain neurochemical 
systems. Physiol. Behav. 73, 261–271, https://doi.org/10.1016/S0031-9384(01)00449-8 (2001).

 57. Hammels, C. et al. Defeat stress in rodents: From behavior to molecules. Neurosci. Biobehav. Rev. 59, 111–140, https://doi.
org/10.1016/j.neubiorev.2015.10.006 (2015).

 58. Yoshimura, H. & Kimura, N. Ethopharmacology of Copulatory Disorder Induced by Chronic Social Conflict in Male Mice. 
Neurosci. Biobehav. Rev. 15, 497–500, https://doi.org/10.1016/S0149-7634(05)80138-1 (1991).

 59. Beery, A. K. & Kaufer, D. Stress, social behavior, and resilience: insights from rodents. Neurobiol. Stress 1, 116–127, https://doi.
org/10.1016/j.ynstr.2014.10.004 (2015).

 60. Koolhaas, J. M., De Boer, S. F., Buwalda, B. & Meerlo, P. Social stress models in rodents: towards enhanced validity. Neurobiol. Stress 
6, 104–112, https://doi.org/10.1016/j.ynstr.2016.09.003 (2017).

 61. Redaelli, M., Orsetti, A., Zagotto, G., Cavaggioni, A. & Mucignat-Caretta, C. Airborne molecules released from male mouse urine 
affect female exploratory behavior. Front. Ecol. Evol. 2, 28, https://doi.org/10.3389/fevo.2014.00028 (2014).

 62. Stockley, P., Bottell, L. & Hurst, J. L. Wake up and smell the conflict: odour signals in female competition. Phil. Trans. R. Soc. Lond. 
B 368, 20130082, https://doi.org/10.1098/rstb.2013.0082 (2013).

 63. Kumar, V. et al. Sexual Attractiveness in Male Rats Is Associated with Greater Concentration of Major Urinary Proteins. Biol. 
Reprod. 91, 1–7, https://doi.org/10.1095/biolreprod.114.117903 (2014).

 64. Novotny, M. V. et al. A unique urinary constituent, 6-hydroxy-6-methyl-3-heptanone, is a pheromone that accelerates puberty in 
female mice. Chem. Biol. 6, 377–383, https://doi.org/10.1016/S1074-5521(99)80049-0 (1999).

http://dx.doi.org/10.1039/C6MB00278A
http://dx.doi.org/10.1126/science.182.4115.939
http://dx.doi.org/10.1016/S0031-9384(99)00131-6
http://dx.doi.org/10.1016/S0376-6357(00)00152-2
http://dx.doi.org/10.1016/j.bbr.2008.12.020
http://dx.doi.org/10.1016/j.bbr.2008.12.020
http://dx.doi.org/10.3389/fnana.2012.00020
http://dx.doi.org/10.1093/beheco/arh022
http://dx.doi.org/10.3758/BF03199141
http://dx.doi.org/10.1016/S0003-3472(05)80212-X
http://dx.doi.org/10.1002/jez.b.22681
http://dx.doi.org/10.1016/j.brainres.2011.05.035
http://dx.doi.org/10.1016/j.anbehav.2013.09.004
http://dx.doi.org/10.1016/j.yhbeh.2004.03.002
http://dx.doi.org/10.1126/science.557838
http://dx.doi.org/10.1007/BF01955433
http://dx.doi.org/10.1016/S0003-3472(85)80170-6
http://dx.doi.org/10.1016/S0003-3472(85)80170-6
http://dx.doi.org/10.1371/journal.pone.0016660
http://dx.doi.org/10.3389/fevo.2015.00034
http://dx.doi.org/10.1111/1749-4877.12165
http://dx.doi.org/10.1111/jeb.12643
http://dx.doi.org/10.1098/rspb.2017.1570
http://dx.doi.org/10.1007/BF01207438
http://dx.doi.org/10.2307/1375908
http://dx.doi.org/10.2307/2459127
http://dx.doi.org/10.2307/2459127
http://dx.doi.org/10.1073/pnas.060284797
http://dx.doi.org/10.1016/S0168-9525(02)00007-0
http://dx.doi.org/10.1641/0006-3568(2003)053[0421:lswrfo]2.0.co;2
http://dx.doi.org/10.1641/0006-3568(2003)053[0421:lswrfo]2.0.co;2
http://dx.doi.org/10.1073/pnas.0912955107
http://dx.doi.org/10.1016/S0091-6773(76)92214-8
http://dx.doi.org/10.1016/S0091-6773(76)92214-8
http://dx.doi.org/10.1080/11250008109439329
http://dx.doi.org/10.1080/11250008109439329
http://dx.doi.org/10.1016/S0031-9384(01)00449-8
http://dx.doi.org/10.1016/j.neubiorev.2015.10.006
http://dx.doi.org/10.1016/j.neubiorev.2015.10.006
http://dx.doi.org/10.1016/S0149-7634(05)80138-1
http://dx.doi.org/10.1016/j.ynstr.2014.10.004
http://dx.doi.org/10.1016/j.ynstr.2014.10.004
http://dx.doi.org/10.1016/j.ynstr.2016.09.003
http://dx.doi.org/10.3389/fevo.2014.00028
http://dx.doi.org/10.1098/rstb.2013.0082
http://dx.doi.org/10.1095/biolreprod.114.117903
http://dx.doi.org/10.1016/S1074-5521(99)80049-0


www.nature.com/scientificreports/

13SCIENTIFIC REPORTS | (2019) 9:489 | DOI:10.1038/s41598-018-36887-y

 65. Novotny, M. V., Ma, W., Žídek, L. & Daev, E. In Advances in Chemical Signals in Vertebrates Vol. 8 (eds Johnston, R. E., Müller-
Schwarze, D. & Sorenson, P.) Ch. 7, 99–116 (Kluwer Academic/Plenum Publishers, 1999).

 66. Roberts, S. A. et al. Darcin: a male pheromone that stimulates female memory and sexual attraction to an individual male’s odour. 
BMC Biol. 8, 21, https://doi.org/10.1186/1741-7007-8-75 (2010).

 67. Cole, S. W. Social Regulation of Human Gene Expression. Current Directions in Psychological Science 18, 132–137, https://doi.
org/10.1111/j.1467-8721.2009.01623.x (2009).

 68. Krackow, S. The Effect of Weaning Weight on Offspring Fitness in Wild House Mice (Mus musculus domesticus): A Preliminary 
Study. Ethology 95, 76–82, https://doi.org/10.1111/j.1439-0310.1993.tb00458.x (1993).

 69. Blanchard, R. J. & Blanchard, D. C. Antipredator Defensive Behaviors in a Visible Burrow System. J Comp. Psychol. 103, 70–82, 
https://doi.org/10.1037/0735-7036.103.1.70 (1989).

 70. Razzoli, M., Carboni, L., Andreoli, M., Ballottari, A. & Arban, R. Different susceptibility to social defeat stress of BalbC and 
C57BL6/J mice. Behav. Brain Res. 216, 100–108, https://doi.org/10.1016/j.bbr.2010.07.014 (2011).

 71. Hiadlovská, Z. et al. Shaking the myth: Body mass, aggression, steroid hormones, and social dominance in wild house mouse. Gen. 
Comp. Endocrinol. 223, 16–26, https://doi.org/10.1016/j.ygcen.2015.09.033 (2015).

 72. Garratt, M. et al. Is oxidative stress a physiological cost of reproduction? An experimental test in house mice. Proc. R. Soc. B 278, 
1098–1106, https://doi.org/10.1098/rspb.2010.1818 (2011).

 73. Mucignat-Caretta, C. & Caretta, A. Chemical signals in male house mice urine: Protein-bound molecules modulate interactions 
between sexes. Behaviour 136, 331–343, https://doi.org/10.1163/156853999501351 (1999).

 74. Norstedt, G. & Palmiter, R. Secretory Rhythm of Growth Hormone Regulates Sexual Differentiation of Mouse Liver. Cell 36, 
805–812, https://doi.org/10.1016/0092-8674(84)90030-8 (1984).

 75. Fuxjager, M. J. et al. Winning territorial disputes selectively enhances androgen sensitivity in neural pathways related to motivation 
and social aggression. Proc. Natl. Acad. Sci. USA 107, 12393–12398, https://doi.org/10.1073/pnas.1001394107 (2010).

 76. Kwak, J. et al. Changes in volatile compounds of mouse urine as it ages: Their interactions with water and urinary proteins. Physiol. 
Behav. 120, 211–219, https://doi.org/10.1016/j.physbeh.2013.08.011 (2013).

 77. Zhou, Y. J., Jiang, L. & Rui, L. Y. Identification of MUP1 as a Regulator for Glucose and Lipid Metabolism in Mice. J Biol. Chem. 284, 
11152–11159, https://doi.org/10.1074/jbc.M900754200 (2009).

 78. Stopková, R., Hladovcová, D., Kokavec, J., Vyoral, D. & Stopka, P. Multiple roles of secretory lipocalins (Mup, Obp) in mice. Folia 
Zool. 58, 29–40 (2009).

 79. Kwak, J. et al. Butylated Hydroxytoluene Is a Ligand of Urinary Proteins Derived from Female Mice. Chem. Senses 36, 443–452, 
https://doi.org/10.1093/chemse/bjr015 (2011).

 80. Kwak, J., Strasser, E., Luzynski, K., Thoß, M. & Penn, D. J. Are MUPs a Toxic Waste Disposal System? PLoS ONE 11, e0151474, 
https://doi.org/10.1371/journal.pone.0151474 (2016).

 81. Dey, S. et al. Cyclic Regulation of Sensory Perception by a Female Hormone Alters Behavior. Cell 161, 1334–1344, https://doi.
org/10.1016/j.cell.2015.04.052 (2015).

 82. Mucignat-Caretta, C. Modulation of exploratory behavior in female mice by protein-borne male urinary molecules. J Chem. Ecol. 
28, 1853–1863, https://doi.org/10.1023/A:1020521420271 (2002).

 83. Kaur, A. W. et al. Murine Pheromone Proteins Constitute a Context-Dependent Combinatorial Code Governing Multiple Social 
Behaviors. Cell 157, 676–688, https://doi.org/10.1016/j.cell.2014.02.025 (2014).

 84. Černá, M., Kuntová, B., Talacko, P., Stopková, R. & Stopka, P. Differential regulation of vaginal lipocalins (OBP, MUP) during the 
estrous cycle of the house mouse. Sci. Rep. 7, 11674, https://doi.org/10.1038/s41598-017-12021-2 (2017).

 85. Roberts, S. A., Davidson, A. J., McLean, L., Beynon, R. J. & Hurst, J. L. Pheromonal Induction of Spatial Learning in Mice. Science 
338, 1462–1465, https://doi.org/10.1126/science.1225638 (2012).

 86. Hoffman, E., Pickavance, L., Thippeswamy, T., Beynon, R. J. & Hurst, J. L. The male sex pheromone darcin stimulates hippocampal 
neurogenesis and cell proliferation in the subventricular zone in female mice. Front. Behav. Neurosci. 9, 106, https://doi.
org/10.3389/fnbeh.2015.00106 (2015).

 87. Martín-Sánchez, A. et al. From sexual attraction to maternal aggression: When pheromones change their behavioural significance. 
Horm. Behav. 68, 65–76, https://doi.org/10.1016/j.yhbeh.2014.08.007 (2015).

 88. Rohwer, S. Status signaling in Harris sparrows: some experiments in deception. Behaviour 61, 107–129, https://doi.
org/10.2307/4533813 (1977).

 89. Mucignat-Caretta, C. et al. Age and isolation influence steroids release and chemical signaling in male mice. Steroids 83, 10–16, 
https://doi.org/10.1016/j.steroids.2014.01.009 (2014).

 90. Kwak, J. Challenges in quantitative analyses for volatile organic compounds bound to lipocalins. J Sep. Sci. 35, 2929–2931, https://
doi.org/10.1002/jssc.201200438 (2012).

 91. Byers, S. L., Wiles, M. V., Dunn, S. L. & Taft, R. A. Mouse Estrous Cycle Identification Tool and Images. PLoS ONE 7, e35538, 
https://doi.org/10.1371/journal.pone.0035538 (2012).

 92. Westermeier, R. In Protein Purification Protocols Methods in Molecular Biology (ed. Paul Cutler) Ch. 24, 225–232 (Humana Press, 
2004).

 93. R Core Team. R: A Language and Environment for Statistical Computing, http://www.R-project.org/ (2014).
 94. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & and the R Core team. nlme: linear and nonlinear mixed effects models (R Package 

Version3.1–92) (2009).
 95. Hothorn, T., Bretz, F. & Westfall, P. Simultaneous Inference in General Parametric Models. Biometrical J 50, 346–363, https://doi.

org/10.1002/bimj.200810425 (2008).
 96. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting Linear Mixed-Effects Models Using lme4. J Stat. Softw. 67, 1–48, https://doi.

org/10.18637/jss.v067.i01 (2015).
 97. Bolker, B. M. et al. Generalized linear mixed models: a practical guide for ecology and evolution. Trends Ecol. Evol. 24, 127–135, 

https://doi.org/10.1016/j.tree.2008.10.008 (2009).
 98. Oksanen, J. et al. vegan: Community Ecology Package v. R package version 2.0-7, http://CRAN.R-project.org/package=vegan 

(2013)
 99. Chung, D. J. & Keles, S. Sparse Partial Least Squares Classification for High Dimensional Data. Stat. Appl. Genet. Mol. Biol. 9, 17, 

https://doi.org/10.2202/1544-6115.1492 (2010).
 100. Chung, D. J., Chun, H. & Keles, S. Package ‘spls’ v. 2018-03-21, https://CRAN.R-project.org/package = spls (2018).

Acknowledgements
We are grateful to T. Klaus, L. Hoelzl, D. Gliga, D. Krebber, C. Schüssele, and D. Reitschmidt for excellent support 
in conducting experiments. We thank A. Sasse and U. Madlsperger for animal care, and I Miller, K. Nöbauer, and 
K. Hummel for technical support. We thank E. Straßer and M. Hämmerle for assistance with GC-MS analyses, 
and T. Ruf for statistical advice. S. Zala, P. Stopka, and an anonymous reviewer provided helpful comments on 
the manuscript.

http://dx.doi.org/10.1186/1741-7007-8-75
http://dx.doi.org/10.1111/j.1467-8721.2009.01623.x
http://dx.doi.org/10.1111/j.1467-8721.2009.01623.x
http://dx.doi.org/10.1111/j.1439-0310.1993.tb00458.x
http://dx.doi.org/10.1037/0735-7036.103.1.70
http://dx.doi.org/10.1016/j.bbr.2010.07.014
http://dx.doi.org/10.1016/j.ygcen.2015.09.033
http://dx.doi.org/10.1098/rspb.2010.1818
http://dx.doi.org/10.1163/156853999501351
http://dx.doi.org/10.1016/0092-8674(84)90030-8
http://dx.doi.org/10.1073/pnas.1001394107
http://dx.doi.org/10.1016/j.physbeh.2013.08.011
http://dx.doi.org/10.1074/jbc.M900754200
http://dx.doi.org/10.1093/chemse/bjr015
http://dx.doi.org/10.1371/journal.pone.0151474
http://dx.doi.org/10.1016/j.cell.2015.04.052
http://dx.doi.org/10.1016/j.cell.2015.04.052
http://dx.doi.org/10.1023/A:1020521420271
http://dx.doi.org/10.1016/j.cell.2014.02.025
http://dx.doi.org/10.1038/s41598-017-12021-2
http://dx.doi.org/10.1126/science.1225638
http://dx.doi.org/10.3389/fnbeh.2015.00106
http://dx.doi.org/10.3389/fnbeh.2015.00106
http://dx.doi.org/10.1016/j.yhbeh.2014.08.007
http://dx.doi.org/10.2307/4533813
http://dx.doi.org/10.2307/4533813
http://dx.doi.org/10.1016/j.steroids.2014.01.009
http://dx.doi.org/10.1002/jssc.201200438
http://dx.doi.org/10.1002/jssc.201200438
http://dx.doi.org/10.1371/journal.pone.0035538
http://www.R-project.org/
http://dx.doi.org/10.1002/bimj.200810425
http://dx.doi.org/10.1002/bimj.200810425
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.2202/1544-6115.1492
https://CRAN.R-project.org/package


www.nature.com/scientificreports/

1 4SCIENTIFIC REPORTS | (2019) 9:489 | DOI:10.1038/s41598-018-36887-y

Author Contributions
M.T., K.C.L. and D.J.P. designed the experiments. M.T., V.M.E. and E.R.-F. conducted protein analyses. J.K. 
conducted GC-MS analyses. K.C.L. conducted olfactory assays. K.C.L., M.T. and I.O. conducted statistical 
analyses. M.T., K.C.L. and D.J.P. wrote the paper. M.T. and K.C.L. contributed equally as first authors of the paper. 
All authors read and approved the submitted version.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36887-y.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1038/s41598-018-36887-y
http://creativecommons.org/licenses/by/4.0/

	Regulation of volatile and non-volatile pheromone attractants depends upon male social status
	Results
	MUP regulation. 
	Total urinary protein excretion. 
	Creatinine excretion. 
	Body mass and social status. 
	Sex differences and housing conditions (enclosure v. caged control). 

	Olfactory discrimination. 
	Social status and specific MUPs (SWATH proteomic analysis). 
	Predicting social status from urinary protein before enclosure phase. 
	Effect of social status on urinary protein during enclosure phase. 
	Effect of housing conditions on urinary protein excretion. 
	Fold change in urinary protein production. 

	Social status and MUP-bound pheromones and other volatiles. 

	Discussion
	Conclusions
	Methods
	Trapping, housing and breeding animals. 
	Housing conditions: seminatural populations and caged controls. 
	Behavioral observations. 
	Urine sampling. 
	Olfactory discrimination assays. 
	Proteomic analyses. 
	Total and adjusted urinary protein excretion. 
	Protein identification and quantification using SWATH. 

	GC-MS analysis of volatile molecules. 
	Statistical analyses. 
	Urinary protein excretion. 
	Olfactory discrimination assays. 
	Multivariate analyses of urinary proteins and MUP-bound volatiles. 
	Patterns of chemical similarity. 
	Identification of differentiating compounds. 


	Acknowledgements
	Figure 1 Dominant males upregulate urinary protein excretion in seminatural conditions.
	Figure 2 Female urinary protein excretion increases over time.
	Figure 3 Female olfactory preferences measured by latency to investigate two different urinary stimuli in a Y-maze apparatus: (A) adult male urine versus water (N = 15) (B) adult male versus adult female urine (N = 10) (C) dominant versus subordinate male
	Figure 4 Volatile intensity is correlated with total urinary protein concentration.


