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SUMMARY
Dominance hierarchy is a fundamental social phenomenon in a wide range of mammalian species, critically
affecting fitness and health. Here, we investigate the role of pheromone signals in the control of social hier-
archies and individual personalities within groups of wild mice. For this purpose, we combine high-
throughput behavioral phenotyping with computational tools in freely interacting groups of wild house
mice, males and females, in an automated, semi-natural system. We show that wild mice form dominance
hierarchies in both sexes but use sex-specific strategies, displaying distinct male-typical and female-typical
behavioral personalities that were also associated with social ranking. Genetic disabling of VNO-mediated
pheromone detection generated opposite behavioral effects within groups, enhancing social interactions
in males and reducing them in females. Behavioral personalities in the mutated mice displayed mixtures of
male-typical and female-typical behaviors, thus blurring sex differences. In addition, rank-associated per-
sonalities were abolished despite the fact that both sexes of mutant mice formed stable hierarchies. These
findings suggest that group organization is governed by pheromone-mediated sex-specific neural circuits
and pave the way to investigate themechanisms underlying sexual dimorphism in dominance hierarchies un-
der naturalistic settings.
INTRODUCTION

Numerous species live in social groups, ranging from several in-

dividuals to even thousands.1–3 A basic feature of group dy-

namics is the formation of dominance hierarchies4,5 in which

the ranking position within the hierarchical structure can greatly

influence an individual’s physiology,6–9 disease susceptibil-

ity,8–11 reproductive success, and life span.9,10,12,13 In spite of

the pivotal role of dominance hierarchies in group social organi-

zation, the mechanisms governing formation and dynamics of

such hierarchies remain unclear.

Group dominance hierarchy, typically established by se-

quences of multiple competitive aggressive interactions, is natu-

rally occurring in both sexes across species.2,6,14 Wild female

house mice (Mus musculus) display robust conspecific aggres-

sive behavior in various contexts at a level similar to males,15–20

unlike domesticated lab female mice of most strains.16,18,21

Concomitantly, wild male and female mice are also territorial

and form structures of dominance hierarchy.20,22–30 Yet our

knowledge of the mechanisms underlying dominance hierar-

chies is based predominantly on studies in lab males,31–35 often

using standard lab settings restricted to dyadic interac-

tions.33,36–38 Therefore, little is known regarding the manner

by which dominance hierarchy is formed and maintained

under naturalistic conditions in wild mammalian species39,40
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and to what extent the governing mechanisms are sexually

dimorphic.7,41–43

Accordingly, we hypothesize that, by studying groups of wild

mice, we will gain new insights into the processes underlying

dominance hierarchies and behavioral ‘‘personalities’’44–46 unat-

tainable in standard laboratory mouse strains and conditions.

In this study, we tracked same-sex groups of individually

tagged wild house mice within large semi-natural enclosures,

over 6 days,47 and quantified dozens of individual behaviors,

pairwise interactions, and dynamic group organization. We per-

formed a comprehensive phenotypic characterization and

examined the potential sex differences and similarities in the dy-

namic construction of dominance hierarchies across same-sex

groups. Moreover, we set out to determine the role of phero-

mone signals in dominance hierarchy and behavioral personal-

ities. Signals from pheromones mediated through the vomero-

nasal organ (VNO) play an essential role in regulating various

social and reproductive behaviors in mice. Importantly, in

lab males, pheromone inputs were extensively shown to

drive conspecific pairwise aggression (reviewed in Beny and

Kimchi48). Similar findings were found in VNO-disabled wild

mice (i.e., wild-backcrossed TrpC2 mutated mice) in females.16

However, the role of pheromonal inputs in the control of group

organization and formation of dominance hierarchy, in either

sex, is unknown.
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We first show that domestication carries major effects on

dominance hierarchies and behavioral personalities, in groups

of both males and females. Wild mice were more anxious in ap-

proaching other individuals and were thus less engaged in social

interaction, compared with lab mice. We also find that a stable

dominance hierarchy is formed in lab males but not in lab fe-

males, whereas in wild mice, both sexes establish stable hierar-

chical structures. Next, using the Pareto task interface approach

for analyzing high-dimensional datasets,49–51 we describe three

sex-specific behavioral personalities (‘‘archetypes’’), as well as

archetypes associated with individual social ranks, in groups of

wild mice. Finally, we reveal that genetic disabling of VNO-medi-

ated pheromone detection in wild mice did not prevent the for-

mation of dominance hierarchies but produced opposite effects

on the behavioral repertoires of males and females, both in terms

of individual behaviors and dyadic social interactions within the

group. Moreover, genetic disabling of VNO-mediated phero-

mone detection completely shuffled behavioral repertoires

between sex-specific personalities and abolished any rank-

associated archetype.

RESULTS

Mice domestication hinders individual behaviors and
dyadic social interactions within groups in both sexes
Domesticated labmice were created through decades of artificial

selection and inbreeding of their ancestral wild mice, a process

which fundamentally altered numerousbehavioral traits, including

pairwise social interactionsandspecifically aggression.16,21Here,

weexamined theeffectsofdomesticationon thebehavioral reper-

toire of mice in the settings of a same-sex group.

We analyzed a set of >40 parameters composed of individual,

dyadic, and collective group behaviors using principal compo-

nent analysis (PCA) in male and female lab and wild mice (Fig-

ure 1; Table S1; Videos S1 and S2). The PCA produced three

components explaining 62% of the variance in the behavioral

data. Principal component 1 (PC1, 35% of the variance) was

mainly correlated with social behaviors, alongside movement

activity (e.g., running, distance-traveled, and together), and

showed significant effects of strain. That is, the levels of this

set of movement and pro-social related behaviors were signifi-

cantly lower in wild mice than in lab mice, in both sexes

(p < 0.001; Figure 1C; Table S1A). Principal component 2 (PC2,

15% of the variance) was mainly correlated with individual be-

haviors (e.g., walking, being static inside the arena). ANOVA

showed significant effects of mouse strain and sex in the scores

of PC2, such that lab females were significantly lower than all the

other groups (p < 0.001; Figure 1D; Table S1B). Namely, lab fe-

males spent significantly more time in the external cages and

less time active in the arena compared with the other three

groups. Principal component 3 (PC3, 12% of variance) was

mainly correlated with increased aggressive chasing (Video

S1), exploration, hiding, and eating, as well as reduced social

(Video S2) and individual behaviors, and showed significant ef-

fects of strain and sex. Specifically, males engaged in signifi-

cantly more agonistic and less pro-social behaviors compared

with females, in both lab and wild mice (p < 0.001; Figure 1E;

Table S1C). Also, lab males presented more of this behavioral

set compared with wild males (p < 0.05).
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Domestication induces robust impairments in the
formation of dominance hierarchies within groups of
female mice
We next analyzed the social dynamics within groups of lab and

wild mice of both sexes, using the Glicko rating algorithm.32,52,53

The algorithm extracts dynamic dominance rankings within the

group based on the outcome of aggressive chasing interactions,

with a higher Glicko score indicating a higher dominance rank

(Figures 2A–2D). In lab male mice, after only 1 day, the dominant

mouse, i.e., ‘‘alpha’’ was distinctive from the other mice, resulting

in a clear dominance hierarchy that remained stable throughout

the experiment (Figures 2A and S1A). Repeated-measures

ANOVA of daily Glicko ratings between ‘‘alpha’’ and all other indi-

viduals (i.e., ‘‘submissives’’) showed a significant interaction of

rank 3 day 3 sex (p < 0.001). Post-hoc analysis revealed signif-

icant differences between dominant and submissive male mice,

starting from day 2 up until the end of the experiment (Figure 2A).

Groups of lab females, in contrast to males, showed no differ-

ence between the alpha and submissives, nor were there any

differences between the ranks on any specific experimental

day (Figures 2B and S1B). A similar effect was observed by

calculating the David scores as an additional measure for social

dominance in which scores significantly differed between mice

of different ranks, but only for males (p < 0.001; Figure S1E,

left), and not for females (p = 0.17; Figure S1E, right).

On the other hand, in groups of wild mice, both males and fe-

males formed clear dominance hierarchies (rank3 day, p < 0.01;

Figures 2C, 2D, S1C, and S1D). However, the Glicko scores of

dominant wild males were significantly distinctive from the sub-

missive group as early as the 1st day of the experiment, whereas

dominant females displayed a clear separation starting on day 4

(Figures 2C and 2D). Analysis of David scores showed significant

differences between the ranks in both males (p < 0.001; Fig-

ure S1F, left) and females (p < 0.001; Figure S1F, right). Detailed

comparisons between all ranks in each sex of wild mice showed

main effects of rank for both males (p < 0.001; Figure 2C, right)

and females (p < 0.001; Figure 2D, right), with the alphamice dis-

playing significant differences in their Glicko score from all other

individual ranks in both sexes. The submissive mice were not

significantly different from their following ranking mice, suggest-

ing that a despotic form of hierarchy is established. Further ana-

lyses per day showed that in wild males, the alpha individuals

were significantly separated from beta mice on days 5–6

(p = 0.028), from delta mice on days 3–6 (p < 0.001), and from

gamma and epsilon mice on days 1–6 (p = 0.033). In the wild fe-

males, the alpha individuals were significantly separated from

gamma and delta mice on days 4–6 (p = 0.036), and from epsilon

mice on days 3–6 (p = 0.001). These findings indicate that wild

males and females both form dominance hierarchies, yet it is

sexually dimorphic in the temporal dynamics and strength.

We further analyzed group dynamics using parameters

developed for characterizing dominance hierarchies of whole

groups32 (STAR Methods), such that each cohort of mice

‘‘arena’’ constitutes an individual subject. We first applied flex-

ible discriminant analysis (FDA)54 on the four types of groups

(males-females, wild-lab) using hierarchy-related parameters

(STAR Methods; Figures 2E and S1G). The analysis revealed a

marked and clear separation in the distribution of parameters

between the lab groups and the wild groups. Furthermore, it
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Figure 1. Sexually dimorphic effects of domestication on behavioral repertoires in groups of mice

(A) Schematic illustration of the semi-natural enclosureswith 5 freelybehavingmice, individually taggedand trackedautomatically by fusionof videoandRFIDdata.

(B) Representative ethograms of selected individual (up) and social (bottom) behaviors extracted automatically from each experiment. Blue background re-

pesents all other behaviors.

(C–E) Principal component analysis (PCA) of >40 behavioral parameters explaining 62% of total variance in PC1 (C), PC2 (D), and PC3 (E) during the experimental

period. For each PC, ten representative parameters are presented with their correlation to the respective PC (full array of behavioral parameters used with their

respective correlations to each PC is presented in Table S1). Non-significant parameters are partly transparent. H, hiding box; F, food stand; W, water bottle; E,

external cage.nLabMales =40,nLab Females = 25, nWildMales =45, andnWild Females =45.Values aredisplayedasmedians±1.5 interquartile range. *p%0.05, ***p%0.001.

See also Table S1 and Videos S1 and S2.
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showed separation in the distribution of parameters between

males and females, in both strains of mice. Further analysis of

the specific hierarchy parameters between males and females

revealed significant differences only in lab mice, whereas wild

males and females showed similar levels in each hierarchy

parameter. Specifically, lab male mice showed higher levels of

stability of the alpha mouse (p < 0.05; Figure 2F), despotism

(i.e., the proportion of wins made by the alpha mouse,

p < 0.05; Figure 2G), number of chasing events (p < 0.01; Fig-

ure 2H), and the calculated delta of Glicko scores between alpha
and the submissive mice (p < 0.01; Figure 2I) compared with lab

females. Other hierarchical parameters, including steepness of

hierarchy, Phi, DC index, Landau’s h, triangle transitivity, and

stability of the epsilon mouse (STAR Methods), did not show

any significant difference between males and females in either

strain (Figures S1H–S1N).

Because lab males establish a clear dominance hierarchy,

and lab females fail to do so, whereas in wild mice both sexes

establish hierarchies, we further focused our experiments on

wild mice.
Current Biology 33, 1407–1420, April 24, 2023 1409
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Figure 2. Sexually dimorphic effects of domestication on dominance hierarchies in groups of mice

(A–D) Mean daily Glicko scores of dominant (alpha) versus submissive (beta, gamma, delta, and epsilon) mice during 6 days of experiment in the semi-natural

enclosures in groups of male (A and C) and female (B and D), lab (A and B) and wild (C and D) mice. Venn diagram to the right of each panel depicts statistical

separation between all ranks.

(E) Flexible discriminant analysis (FDA) of various hierarchy parameters in lab andwildmice of both sexes. Each individual data point represents a single group of 5

mice (arena). For legibility of the entire plot, the arrows were plotted with 1.5 multiplication of the original (x, y) coordinates and only the relevant parameters are

labeled. A full list of parameters with their loading coefficient for functions 1, 2, and 3 is presented in Figure S1G.

(F–I) Comparison of specific hierarchy parameters betweenmales and females in lab andwildmice. (F andG) Stability (F) and despotism (G) of the dominant alpha

mouse.

(H) Number of aggressive chasing events per arena of 5 mice.

(I) Delta between the Glicko scores of the dominant alpha mouse and its respective submissive mice, per arena of 5 mice. nLab Males = 40, nLab Females = 25,

nWild Males = 45, nWild Females = 45.

Values are displayed as mean ± SEM (A–D) or as medians ±1.5 interquartile range (F–I).

(A–D) Parameters were calculated per mouse.

(E–I) Parameters were calculated per group of mice (arena). #p = 0.08, *p % 0.05, **p % 0.01, and ***p % 0.001.

See also Figure S1.
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Wild mice in groups show distinct behavioral
personalities associated with sex and social ranking
In order to assess and define unique behavioral individualities

within groups of males and females, we performed Pareto

task interface analysis.49,50,55–57 Unlike standard clustering

methods that split data points into groups, the Pareto approach

predicts phenotypes, which combine the behavioral parame-

ters into ‘‘archetypes’’ (i.e., behavioral ‘‘personalities’’) located

at the vertices of low dimension polytopes, which confine the

data.31,51,55,58,59
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In groups of male and female wild mice, themodel recommen-

ded by the algorithm, which significantly enclosed the dataset,

was a tetrahedron with 4 distinguished vertices (i.e., archetypes)

(p = 0.01; Figures 3A–3C and S2A; Table S2A), which can be

viewed using 3 principal components. Alternative models with

3 or 2 vertices produced non-significant results (p = 0.11 and

p = 0.63, respectively), i.e., the data could not be explained

well with only 2 or 3 vertices. For each of the 4 archetypes reflect-

ing a distinguished ‘‘behavioral personality,’’ we analyzed the set

of behavioral parameters, which are enhanced near the specific
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archetype and depleted near the other archetypes (i.e., fold

enhancement; STAR Methods). Behavioral enrichments for

each archetype were plotted as a function of normalized dis-

tance from the archetype51,56 (Figures 3C and 3D). Archetype

A (i.e., aggressive) was enriched by parameters associated

with agonistic behavior, including ‘‘high velocity run,’’ ‘‘chasing

and being-chased,’’ and ‘‘chasing’’ (p = 0.037). Archetype B

(i.e., social abstinence) was marginally enriched by parameters

associated with evasion of social interactions, including ‘‘hid-

ing,’’ and ‘‘center time alone’’ (p = 0.055). Archetype I (i.e., inac-

tive archetype) was enriched by parameters associated with

passive behaviors such as spending time in the external cage

(p = 0.037). Archetype P (i.e., pro-social) was enriched by param-

eters associated with non-aggressive social interactions,

including ‘‘together,’’ ‘‘approaching and being-approached,’’

and ‘‘contact snout-head’’ (p = 0.023).

Comparing males to females as a function of their distance

from each archetype, we found thatmales are significantly closer

to archetype A and to archetype B, whereas females are closer

to archetype P (Figures 3E and S2B). Archetype I did not show

any sex bias (Figures S2B and S2C). We also examined whether

social ranking is related to any specific archetype. First, we

divided the mice into 2 equal-sized groups of the highest and

lowest ranks and compared their accumulation relative to

each archetype using a receiver operating characteristic (ROC)

classifier curve (Figures 3F and S2D–S2G). The more dominant

individuals were significantly closer to archetype A, whereas

submissive individuals were marginally closer to archetype B.

Accordingly, the Glicko score of each mouse (i.e., all ranks) at

the last day of the experiment was negatively correlated with

the distance from archetype A (p = 0.0096; Figure 3G) and posi-

tively correlated with the distance from archetype B (p = 0.031;

Figure 3H). In contrast, archetypes I and P were not significantly

close to either rank and their distances did not show any corre-

lation to the Glicko score of the mice (Figure S2H).

Genetic disabling of the VNO produces a sexually
dimorphic effect on the formation of dominance
hierarchies in wild mice
We next examined the role of VNO-mediated pheromones in

social interactions within groups of males and females and in
Figure 3. Personality space analysis reveals sex and rank-typical arch

Pareto optimality analysis of individual male and female wild mice.

(A) A 3D representation of personality space, forming a tetrahedron of four distin

(B) Representative heatmaps for together (top) and chasing and being-chased (bo

chosen based on the correlation with proximity to archetypes P and A, respectiv

(C) Characterization of each archetype according to its enriched behavioral para

(D) For each archetype-typical set of behaviors described in (C), the fold enhance

different archetypes. High fold-enhancement near an archetypemeans that the ar

depleted.

(E) A 3D representation of the personality space, displaying male (blue) and fem

archetype, for the three archetypes with significant differences between the sex

closer to archetype P.

(F) A classifier ROC curve describing the accumulation of most dominant (alpha a

(G and H) Correlation of the last day Glicko score and the distance from archetype

(alpha and beta) mice, which are closer to archetype A (G), and submissive (gam

demonstration, the 3D tetrahedrons enclosing the data points were rotated in sp

**p % 0.01, and ***p % 0.001.

See also Figure S2 and Table S2.
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the formation of dominance hierarchies (Figures 4, S3, and S4)

using groups of wild-backcrossed TrpC2�/� mutant mice

(STARMethods).16 Thesemice harbor a genetic mutation, which

disables VNO-mediated pheromone detection.60–64 First, we

analyzed specific behavioral parameters of male and female

TrpC2�/� mice relative to their respective control groups. Amaz-

ingly, the effects of the mutation were robustly sexually dimor-

phic, displaying opposite patterns between males and females

in almost all of the parameters measured, and specifically

enhancing social interactions in males, whereas reducing them

in females (Figures 4A and 4B). Analysis of group organization

showed that, unexpectedly, the wild-backcrossed TrpC2�/�

mutant groups formed clear dominance hierarchies within the

1st day, resembling those presented by the groups of wild-back-

crossed (hereafter ‘‘control’’) mice, in both males and females

(rankmain effect, p < 0.001; Figures 4C and 4D). Further analysis

showed that in the male groups, VNO deficiency did not affect

the formation of a stable social hierarchy comparedwith the con-

trol groups (Figure 4C). However, in the females, VNO deficiency

promoted the formation of a stable social hierarchy. The wild-

backcrossed TrpC2�/� dominant females showed significant

separation from their submissive counterparts as early as the

1st day (Figure 4D), compared with the 4th day in the wild control

mice (Figure 2D).

Using FDA, we analyzed the set of hierarchy-related parame-

ters in the wild-backcrossed groups (TrpC2�/� mutants and con-

trols, males and females; Figure S3B). The FDA classified the four

experimental groups correctly with 3 discriminant functions. The

first two functions explained 64% and 92% of the classification

accuracy, cumulatively. In males, hierarchy of the Trpc2�/�

groupswasmostly drivenby the ‘‘phi’’ parameter,which indicates

the exclusiveness of aggression by the dominant individuals, and

by the number of chasing events, compared with the control

males which were mainly driven by the ‘‘steepness’’ of hierarchy,

and the difference (i.e., ‘‘delta’’) between alpha and beta mice. In

contrast, thehierarchyofmutant femalegroupswasmostly driven

by the delta between the alpha and the epsilon mouse, whereas

the control females were mainly driven by the DC index, which

represents the directionality of agonistic interactions.

Further detailed analysis revealed that wild-backcrossed

TrpC2�/� mutant females engaged in significantly fewer chasing
etypes, describing distinct behavioral individualities within a group

guished behavioral archetypes (termed A, B, I, and P).

ttom) behaviors, depicting the level of behavior for eachmouse. Behaviors were

ely. Ellipsoids represent the error of each archetype (STAR Methods).

meters (i.e., behaviors most correlated).

ment (STAR Methods) for each mouse is plotted against its distance from the

chetype is enriched with this set of behaviors, whereas the other archetypes are

ale (orange) mice, with accumulation curves as a function of distance from

es. Males are significantly closer to archetypes A and B, whereas females are

nd beta) versus most submissive (delta and epsilon) mice, for each archetype.

s A (G) and B (H), presented for of all the mice. Upper insets highlight dominant

ma, delta, and epsilon) mice, which are closer to archetype B (H). For optimal

ace to demonstrate the relevant archetypes in relation to the data. *p % 0.05,
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Figure 4. TrpC2–/– wild mice establish dominance hierarchy, with a sexually dimorphic effect of gene disabling

(A and B) Behavioral repertoires of TrpC2�/�wild-backcrossedmale and female mice, relative to their respective control groups. For each social (A) and individual

(B) normalized behavioral parameter, the color of the circle represents the direction (green—reduced levels compared with controls, purple—increased levels

compared with controls), and the size represents the magnitude of change (i.e., D) from female or male controls.

(C and D) Mean daily Glicko scores of dominant (alpha) versus submissives (beta, gamma, delta, and epsilon) during 6 days in the semi-natural enclosures, in

groups of male (C) and female (D) TrpC2�/� wild mice. Venn diagram to the right of each panel depicts statistical separation between all ranks.

(E) Specific hierarchy parameters in groups of TrpC2�/� female/male wild mice, presented as a percentage of their respective wild control group.

nWild TrpC2
�/�

Males = 15, nWild TrpC2
�/�

Females = 30. Results are displayed as mean ± SEM.

(A–D) Parameters were calculated per mouse.

(E) Parameters were calculated per group of mice (arena). *p % 0.05, **p % 0.01, and ***p % 0.001.

See also Figures S3 and S4.
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interactions (p<0.01; Figure 4E) than thecontrol females. In addi-

tion, despotismof the dominantmousewas higher in themutants

compared with the control wild female groups (p < 0.05; Fig-

ure 4E), similarly there was greater stability of both alpha

(p<0.05; Figure 4E) andepsilon (p <0.05; Figure 4E) in themutant

female mice than the controls. In wild-backcrossed males, no

differences were found between TrpC2�/� and control groups

(Figures 4E and S3C). In lab mice, TrpC2 mutation delayed hier-

archy formation in males by 1 day and had no significant effect

on the dynamics of hierarchy formation in females (Figure S3D).

To examine the behavioral mechanisms underlying differ-

ences in hierarchy formation, we analyzed patterns of social

interactions, including chasing and being chased, and ap-

proaching and being approached, throughout the experimental

period (Figures S3E–S3H). We found high differences in the

levels and dynamics of all tested interactions, with significant

interactions of genotype 3 day with sex (chasing/being chased:

p < 0.001; Figures S3E and S3F; approaching/being ap-

proached: p < 0.001; Figures S3G and S3H), and with type

(i.e., lab versus wild, chasing/being chased, p < 0.001; ap-

proaching/being approached, p < 0.05).

To elucidate the nature of chasing behavior among TrpC2 mu-

tants in the semi-natural arena, we manually analyzed chasing

events in a separate cohort of lab males during the 1st day of

the experiment. We monitored the behavior to determine

whether chasing events resulted in an aggressive attack or in

pro-social behavior (e.g., social investigation or sexual pursuit).

Interestingly, although the vast majority of chasing events in

control mice led to aggressive attacks (75.6%), most chases

in TrpC2�/� mice were followed by playful/sexual mounts

(59.2%, U = 0, p = 0.012). In addition, we used the open field

assay on a separate cohort of mice to measure social-indepen-

dent exploration features in our mice groups (Figure S4A). We

found that wild mice show reduced locomotion, visit the center

of the open field less frequently, and spend more time rearing

compared with lab mice. TrpC2�/� females showed similar

exploration behaviors compared with controls in lab and wild

mice (Figure S4A). Finally, we quantified initial olfactory

investigation within the semi-natural environment between all

experimental groups during the first day of the experiment. Our

results show that lab mice display significantly more olfactory in-

vestigations compared with wild mice, in both sexes; however,

the effect is more robust in males (Figure S4B).

Genetic disabling of the VNO blurs sex differences and
abolishes rank-related personalities in groups of males
and females
We used the Pareto task interface analysis to examine the role of

VNO-mediated pheromones in shaping behavioral personalities

of wild mice within a group.

Unlike the control groups, the best model enclosing the data-

set of the wild-backcrossed TrpC2�/� mutant mice was a trian-

gle with 3 distinguished archetypes (p < 0.001), which can be

viewed using 2 principal components (Figures 5A, 5B, S5A,

and S5B; Table S2B). Next, we analyzed the enriched behaviors

for each of the three archetypes. Archetype AP was enriched by

parameters associated with aggression alongside pro-sociality,

including ‘‘chasing and being-chased,’’ ‘‘high velocity run,’’

and ‘‘together’’ (p = 0.0079); archetype ST was enriched by
1414 Current Biology 33, 1407–1420, April 24, 2023
parameters associated with social ranking stability, including

‘‘last day stability,’’ ‘‘overall stability,’’ and ‘‘stay at external

cage’’ (p = 0.0159); and archetype SE was enriched by parame-

ters associated with sociality and exploration, including ‘‘static,’’

‘‘walking,’’ ‘‘arena time,’’ and ‘‘distance pairs’’ (p = 0.0079).

Upon characterizing the mice closest to each archetype,

we found that the mutant males were significantly closer

to archetype AP, whereas the mutant females were closer to

archetype ST (Figure 5C). Unlike in the control wild mice, we

did not find any rank-related archetype in the TrpC2�/� groups

(Figures S5C–S5F).

Notably, archetype ST, which was closest to females, mani-

fested a behavioral repertoire that was opposite to the one pre-

sented by the control females (i.e., fewer social interactions,

increased ranking stability). On the other hand, archetype AP,

which was closest to the mutant males, was correlated with

agonistic chasing behaviors (similar to male controls) and with

pro-social behaviors (i.e. together). Thus, although the arche-

types of TrpC2�/� mice showed clear geometric differentiation

between males and females, the archetypes themselves con-

tained a mixture of female-typical and male-typical behaviors

(as defined in the control mice).

DISCUSSION

House mice reside in various types of habitats, ranging from

huge feral islands to high-density commensal populations.65,66

In nature, both male and female mice are driven to seek social

contact, and in commensal populations, these various social in-

teractions often result in stable hierarchical groups.2,67 Yet the

majority of studies on social hierarchy have focused on lab

males,32,33,54,68–70 and very little is known regarding hierarchy

formation in females,7,41,71 or in wild mice in general. In addition,

several studies examined the mechanisms underlying social

dominance using pairwise encounters in the classic ‘‘tube

test,’’33,38,72–74 or in similar pairwise short assays.75,76 Such as-

says have produced valuable insights into the underlying neural

mechanisms of dyadic social relationships (i.e. ‘‘winner’’/

’’loser’’).70,75,77–79 However, only a sparse number of studies at-

tempted to employ ethologically relevant approaches in which

the behavior of several mice in a group is analyzed over extended

periods of time in a complex environment (reviewed in Milewski

et al., Zilkha et al., and Peters et al.6,21,80).

We found that domestication has produced a sexually dimor-

phic effect on construction of dominance hierarchy, specifically

impairing hierarchy formation in freely behaving groups of fe-

males. Although both wild and lab males establish clear hierar-

chies, only wild females, but not lab females, establish a stable

hierarchical structure in which an alpha individual is clearly domi-

nating the other four mice in the group. Yet even in wild mice, we

identify a quantitative sexual dimorphism in which female hierar-

chies take more time to stabilize. These results are consistent

with previous studies, which showed robust naturalistic aggres-

sive behavior in wild female mice, but at a lower level compared

with wild males.16,18,22,81–86 Our results are also in line with pre-

vious studies, which introduced outbred male and female CD1

mice into semi-natural enclosures. These studies have shown

that outbred lab females establish dominance hierarchies in

groups of same-sex mice, similar to males; however, their
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Figure 5. Personality space analysis of TrpC2–/– wild mice shows blurring of sex differences in behaviors within a group

Pareto optimality analysis of individual male and female wild TrpC2�/� mice, distinguishing three separate archetypes.

(A) Characterization of each archetype according to its enriched behavioral parameters (i.e., behaviors most correlated). Behaviors are shuffled within the ar-

chetypes, containing mixtures of male-typical and female-typical behaviors.

(B) For each archetype-typical cluster of behaviors described in (A), the fold enhancement (STARMethods) of each mouse is plotted against its distance from the

different archetypes. High fold-enhancement near an archetypemeans that the archetype is enrichedwith this set of behaviors, whereas the other archetypes are

depleted.

(C) A 2D representation of the personality space, displaying male (blue) and female (orange) mice, with accumulation curves as a function of distance from

archetype, for each of the three archetypes. Males are significantly closer to archetype AP, whereas females are closer to ST.

*p % 0.05, **p % 0.01, and ***p % 0.001.

See also Figure S5 and Table S2.
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hierarchies were substantially weaker than those of the male

groups.7,41

Beyond the effects of mouse domestication, our results indi-

cate robust sexual dimorphism in patterns of social interactions

and social organization within groups. Notably, we show for the

first time that in a group setting, despite the fact that wild males

and females both formed clear dominance hierarchies, there are

compelling sex differences in the dynamics and strength of the

hierarchy. Formation of social hierarchy in the male groups

occurred faster and was better organized than in the female

groups, as often seen in nature.3,87

Interestingly, males and females harness sex-specific behav-

ioral strategies to establish a stable hierarchy within groups. Wild

females are characterized by more ‘‘pro-social’’ behavioral

traits, whereas wild males seem to be characterized by agonistic

behaviors, social abstinence, and hiding. Notably, these sex dif-

ferences are found even though both sexes establish clear domi-

nance hierarchies, mainly through agonistic chasing/being-

chased interactions. These findings are well in line with previous

knowledge from pairwise behavioral assays in which females

engage in more social interactions and find them more

rewarding.88–91 Our current results extend these past findings
into the context of a group and show that sex differences in so-

cial motivation, including greater sociability in females, are main-

tained in complex social structures under naturalistic settings.

Similarly, extensive sex differences in the dynamics and behav-

ioral strategies undertaken to form hierarchies were also found in

other mammalian species, including hyenas,87,92 foxes,93 rhesus

monkeys,94 baboons,95,96 and even humans.97

Despite the extensive sex differences between behavioral per-

sonalities of males and females in groups, there were sex similar-

ities in the traits characterizing the social rank of individuals. In

both males and females, the higher-ranked (dominant) mice

were clustered closer to archetype A, and the dominance score

was correlated with the proximity to the archetype. This arche-

type includes enhancement of agonistic chasing behaviors, as

well as defensive being-chased behaviors and locomotive

running, alongside depletion of pro-social together interactions

and of being-approached. In contrast, the lower-ranked (subor-

dinate) mice were characterized by traits of social abstinence,

i.e., hiding and time alone, alongside depletion of approaching

behaviors. Indeed, previous studies in various mammalian spe-

cies have shown that dominant individuals show increased

aggression,2,98–105 greater exploratory behavior,41,106,107 and
Current Biology 33, 1407–1420, April 24, 2023 1415
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lower anxiety,108,109 whereas subordinates tend to avoid social

interactions,79,98,104,107,110 show greater fear responses,99 and

have increased susceptibility to stress factors.3,111,112

Complex social organization requires social communication

and the ability to identify specific social traits in other individ-

uals.54 In most rodents, social information is primarily conveyed

by chemosensory stimuli detected by the vomeronasal sys-

tem,113–115 whereas non-social olfactory stimuli are primarily

detected through the main olfactory system.116,117 We have pre-

viously shown that genetic disabling of VNO-mediated phero-

mone detection in wild-backcrossed TrpC2�/� mice substan-

tially impaired dyadic social interactions, specifically

aggression, in both males and females.16 Thus, it was reason-

able to assume that obstruction of such a critical pathway for so-

cial communication60,118–120 might severely impair the formation

of dominance relationships. To our surprise, wild-backcrossed

TrpC2�/� mutant mice of both sexes were able to establish a

solid dominance hierarchy, resembling the control wild groups.

These findings suggest that social dominance and ranking infor-

mation might also be conveyed in a TrpC2 independent

manner,121 likely via main olfactory signals.48,113,115,121–124

The hypothesis that social discrimination is not entirely depen-

dent on VNO-mediated signals is supported by previous

findings, which showed that TrpC2�/� lab males are capable of

distinguishing males from females despite presenting no sex

preference.64,123

However, we observed a sexually dimorphic effect for the ge-

netic disabling of the VNO, which produced opposite behavioral

effects within groups, in both social and individual behaviors.

Specifically, mutating the TrpC2 gene enhanced social interac-

tions and general locomotion in males and reduced them in fe-

males. Moreover, male groups showed no effect on hierarchy

construction in TrpC2�/� mice, whereas females displayed

enhancement of hierarchy formation in the TrpC2�/� groups.

This effect might imply sex differences in the role of VNO-medi-

ated pheromones in conspecific social communication. Indeed,

the social organization formed in male mice is mostly dependent

on their degree of aggression.125–128 In contrast, social organiza-

tion formed in female mice seems to depend more on social fac-

tors such as familiarity22,81,84 and physiological factors.125,129

Because detection of TrpC2-mediated pheromones is also

crucial for social recognition and familiarity,130,131 their absence

in TrpC2�/� females might increase dominance formation.

Behavioral personality analysis in groups of wild-backcrossed

TrpC2�/�males and females revealed major sex differences and

a clear geometric differentiation between archetypes of males

and females. However, the archetypes themselves contained a

mixture of female-typical and male-typical behaviors (as defined

in the control mice). Specifically, TrpC2�/� males became more

pro-social (alongside agonistic behavior), thus presenting a fe-

male-typical shift compared with the control males. Likewise,

TrpC2�/� females became more stable in their hierarchies and

less social, thus presenting a male-typical shift compared with

the control females. This conclusion is also supported by previ-

ous findings in lab61,64,123,132 and wild16 TrpC2�/� mice, indi-

cating that VNO-mediated signals repress the neural circuits

governing social behavior typical of the opposite sex (i.e.,

male-typical behaviors in females and female-typical behaviors

in males). Overall, these findings indicate that VNO-mediated
1416 Current Biology 33, 1407–1420, April 24, 2023
pheromones are a crucial factor in determining social status

and in shaping individualities within the group, in both sexes. In

addition, our results in males might imply that the increase in

chasing interactions seen in our TrpC2 mutants stems from

null events, which are not necessarily aggressive but rather

more related to social investigation/sexual behavior. This notion

is supported by the fact that there is no difference in chasing in-

teractions between TrpC2�/� andWTmales after the 1st day and

by the fact that dominant TrpC2�/�males did not differ from their

submissive counterparts in the full personality analysis. Our re-

sults are summarized by a suggested model, showing that

evenwithin the complex settings of group organization, sex-spe-

cific neural circuits drive behavioral repertoires typical to males

and females. Yet both sexes retain the neural circuits driving be-

haviors typical of the opposite sex, which are dormant. In the

absence of VNO-mediated pheromones, the repression of neural

circuits governing behaviors of the opposite-sex is released,

thus attenuating overall sex differences. That is, males present

pro-social behaviors alongside aggressive chasing, whereas fe-

males display reduced sociality and enhanced hierarchical sta-

bility (Figures S5G and S5H).

In summary, we were able to show for the first time that in

wild mice both sexes are capable of establishing clear and sta-

ble dominance hierarchies, emphasizing the crucial role of this

behavioral trait to both females and males in nature. Yet pro-

found sex differences remain between complex social struc-

tures of males and females and between individual personal-

ities of males and females within a group. This indicates that

the neuronal circuits governing group organization might be

sex specific and might serve different ecologically relevant

functions.

We place our findings as a critical reference point for future

studies on the neural mechanisms underlying ethologically rele-

vant repertoires of social behaviors. This should lead to a better

understanding of neural mechanisms underlying complex social

behaviors and formation of social groups in nature.
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d All original code has been deposited at Github and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Sexually naive adult mice of both sexes were used in all experiments, according to the following details: (1) C57BL/6Jx129sv inbred

lab mice ("lab mice"), (2) wild mice, derived from wild house mice trapped in the fields near livestock barns (Idaho, USA), and served

as an outbred stock of pathogen-free wild mice ("wild-derived mice").133 In both lab and wild mice, we tested either backcrossed

TrpC2-/- mutant mice or TrpC2+/+ control mice.16 Wild-backcrossed TrpC2-/- is a mouse line that we have previously generated

by repeated breeding of the lab TrpC2 knockout mouse strain to wild mice. This breeding process yields a knockout mouse line car-

rying a wild genetic background and presenting a wild behavioral and physiological phenotype. To maintain high genetic and pheno-

typic diversity in all of our wild-derived groups, we avoided inbreeding by preventing crosses between siblings or between parents

and offspring. Mice were housed in groups of 4-5 in standard mouse cages under SPF conditions, with food and water ad libitum.

Mice were maintained on a reversed 12/12 hours light/dark cycle. All experimental procedures were approved by the Institutional

Animal Care and Use Committee of the Weizmann Institute of Science.
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METHOD DETAILS

Animal tagging
Three weeks prior to their introduction into the semi-natural enclosures, mice were anesthetized with a 1:1 solution of ketamine

(100mg/kg) and xylazine (23mg/kg). After validation of complete anesthesia, they were subcutaneously implanted with two radio-fre-

quency identification (RFID) microchips (ID-100, operating frequency 125–135kHz; Trovan), as previously detailed.47 Following chip

implantation, mice were allowed to recover in single cages until the beginning of the experiment. Implantation of microchips did not

interfere with the health or typical behavior of the mice.47

Experimental procedure and the semi-natural set-up
Themice were allowed 4-5 hours habituation to the experimental room prior to initiation of the experiment. Each arena was occupied

by 5 unfamiliar adult mice of the same type (lab or wild-derived), sex, and genotype (TrpC2-/- or TrpC2+/+) for 6 days. Total recording

time for each experimental day consisted of 4 hours in accumulation out of the 12 hours comprising the dark period of the day. As

previously described,47 the semi-natural enclosure contained a large central exploratory arena (LxWxH, 119.2x119.2x80 cm) sur-

rounded by 8 standard mouse cages that served as external chambers that were connected with short Perspex tubes to the central

arena. The central arena was videotaped from the ceiling by infrared-sensitive cameras, and the floor contained RFID antennas con-

nected to a central computer. Themice were allowed to freely roam the arena and the external cages throughout the experiment. The

arena floor was covered with bedding and equipped with transparent hiding shelter boxes, bridges, a free-access feeder (containing

standard chow) and a water container (Videos S1 and S2). In the experiments of female groups (wild and lab), two males enclosed in

small, perforated cages were placed in opposite sides of the arena in order to increase territoriality among the mice.

Automatic mice tracking
The tracking system consisted of time-synchronized video andRFID data sets, as previously described.47 Mouse trajectories, as well

as behavioral parameters described below, were detected automatically offline based on our previously published algorithm,47 which

was upgraded and improved using a custom-designed MATLAB algorithm (R2020b, MathWorks, Natick, MA, USA). Briefly, the

detection algorithm integrated data of video segments with the 10-digit number of the detected RFID microchips to produce the

full trajectory of each mouse. First, for each video frame, a video-based mouse segmentation was extracted. Then the extracted po-

sitions were assigned tomice identities bymatching their position with the closest detecting RFID antenna. If the RFID detection fails,

the positions/orientations are predicted from the adjacent frames andmatchedwith the positions found by the segmentation. In order

to optimize the position assignment of each mouse, we also applied the Munkres–Hungarian assignment algorithm.134

Classification of behaviors
A basic set of individual and social pairwise behaviors was extracted from the tracked trajectory as previously described.47 These, as

well as additional behaviors, were characterized as follows:

Individual behaviors

Running: whenmouse velocity is between 40-100cm/sec. High velocity run: whenmouse velocity is higher than 100cm/sec.Walking:

when mouse velocity is between 0.5-40cm/sec. Static: when mouse velocity is lower than 0.5cm/sec. Movement: when mouse ve-

locity is between 0.5-100cm/sec. External cage: when themouse is in one of the external chambers outside the central arena. Eating:

when the mouse is positioned within the area of the food stand, with velocity <5cm/sec. Drinking: when the mouse is in a 4cm radius

around the drinking bottle tip, with velocity <5cm/sec. Hiding: when the mouse stays in a shelter box inside the central arena. Arena

time: when the mouse is not in one of the external cages or hiding shelters. Alone: when the mouse is not in one of the external cages

or hiding shelters (i.e. ’arena time’), and there are no othermice inside the arena. Peripheral / center arena:when themouse is outside /

inside the central part of the arena (as defined by the four hiding boxes, see Videos S1 and S2), respectively. Speed: median speed

(cm/sec) during time spent in the central part of the arena. Acceleration: median acceleration (cm/sec^2) during time spent in the cen-

tral part of the arena. Distance-traveled: total distance (m) during time spent in the central part of the arena. Angular velocity: The rate

of change in the mouse’s direction (radians/sec). ROI exploration (bits/hour): entropy in selecting regions of interest inside the arena

(i.e. shelter boxes, bridges, feeder, and water container), as previously described.135

Social pairwise behaviors

Foraging correlation: correlation of time spent inside the central arena with the other mice. Together: when a specific mouse is less

than 10cm apart from another mouse, while both are not in either the external cages or shelter boxes. Chasing / being chased:Mouse

A, running after Mouse B, was defined as the ‘chasing’ mouse, while Mouse B was defined as the ‘being chased’ mouse. Behavior

was classified as chasing when two mice were moving forward in the same direction and time, the two interacting mice traveled at

least 60cm, the distance between the two mice was shorter than 30cm, and the trajectory correlation between the interacting mice

was higher than 0.7. Distance pairs (cm): The mean distance between a specific mouse and each of the other mice. Approaching /

being approached: when amousemoves towards another mouse that is in the central arena and their final distance is <5cmwhile the

velocity of the approaching mouse is >10cm/sec and the velocity of the approached mouse is <1cm/sec. Avoiding / being avoided:

when Mouse A approaches Mouse B, and Mouse B changes velocity and direction. Mouse A is defined as the ‘being avoided’, while

Mouse B is defined as the ‘avoiding’ mouse. Behavior was classified as avoidance if the velocity of the avoiding mouse increases

to >10 cm/sec and its angular direction changes by >50 degrees. Contact snout-head: when twomice are less than 2cm apart inside
e2 Current Biology 33, 1407–1420.e1–e4, April 24, 2023
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the central arena, facing head-to-head. Contact snout-rear: when two mice are less than 2cm apart inside the central arena, facing

head-to-tail. Additional group social parameters are detailed below ("Characterization and quantification of dominance hierarchy").

Principal component analysis
Principal component analysis (PCA) was employed to explore the sources of variance in our multi-dimensional behavioral dataset.

Specifically, we performed PCA using the Z scores of the different individual, pairwise, and group behavioral parameters extracted

from our tracking data in lab and wild mice of both sexes (see Table S1 for the full array of behavioral parameters introduced into the

PCA). The principal components (PCs) obtained were ranked by the total amount of variance explained. The top 3 PCs, namely PC1,

PC2, and PC3, contained most of the variance in our dataset and were thus used to investigate the effects of sex and type (wild vs.

lab). The relation between behavioral parameters and each PC was calculated using Spearman’s correlation with Bonferroni correc-

tion for multiple comparisons.

In addition, Z scores of individual and social behaviors were compared between wild TrpC2-/- mice of both sexes and their respec-

tive controls, and the difference (’delta’) for each parameter was plotted as bubbles with varying sizes representing the relative

change.

Pareto task interface (ParTI)
In order to characterize and distinguish different behavioral archetypeswithin our datasets of wildmice, the Pareto optimality analysis

was employed as previously described.49–51,57 Briefly, normalized individual parameters of either WT (control) or TrpC2-/- mice were

analyzed using the ParTI software49 on aMatlab platform. The software performs dimensionality reduction using PCA and fits a poly-

tope which best confines the data within the geometric space of the PCA. Each vertex of the polytope constitutes an ’archetype’, i.e.

distinguished behavioral personality. The Pareto algorithm recommends the number of archetypes and their distribution to produce

the most reliable and significant model. The error for each archetype was calculated by repeated shuffling of the dataset and plotted

as ellipsoids/ellipses at the respective vertices of the polytopes.

Then the correlation was calculated between each original parameter and the normalized proximity to each archetype (i.e. the ad-

ditive inverse of the normalized distance) such that parameters with the highest positive correlation are enhanced near the respective

archetype (Tables S2A and S2B). For each archetype, the set of parameters which are significantly enhanced by the specific arche-

type and depleted by the other archetypes were examined by calculating their fold enhancement. This was defined for each mouse

for parameter/s X as (Xi-Xminimum)/Xminimum and plotted as a function of the normalized distance from each archetype in bins of 5mice

each. Thus, the significance level for fold enhancement in each archetypewas calculated for the first bin. Then for each archetype, the

cumulative percentage of mice from each group (males vs. females, dominants vs. submissives) were plotted as a function of the

normalized distance from the archetype or by a receiver operating characteristic (ROC) classifier curve.136 This allowed identifying

the individuals that are near each behavioral archetype, and therefore show enhanced levels of a unique phenotype.

Characterization and quantification of dominance hierarchy
Formation of hierarchy for each group ofmicewas calculated using theGlicko rating system.32,52,53 This rating system is amethod for

calculating the relative skill level of players in competitor-versus-competitor games such as chess52 and it was successfully applied

to evaluate dominance relationships within groups of mice living under semi-natural conditions.7,32,53 Glicko rating was calculated

based on pairwise chasing/being-chased interactions, continuously updating the ratings following each event. After every event,

the winner (the chasing mouse) takes points from the loser (being-chasedmouse). The number of points gained depends on the prior

social ranking of both interactingmice. For each experimental group of 5mice, the dominantmouse (alpha), as well as the other ranks

(i.e. beta, gamma, delta & epsilon), were determined based on their Glicko rating at the end of the experiment (i.e. day 6). A set of

experiments was performed to verify social ranking by the Glicko approach in a separate cohort of control lab male mice in which

two female intruders were introduced following termination of the experiment (Figure S4C). Analysis of the mice behavior showed

that the dominant male indeed exhibits substantially higher aggression compared to submissives, spends more time with the fe-

males, and is generally more active. Similar effects were seen in TrpC2-/- lab male mice. In addition, we validated our hierarchy find-

ings in comparison to the standard laboratory tube test, where we showed that control lab males, like TrpC2-/- lab males, establish

clear winner-looser relations in pairs, while lab females do not (Figure S4D).

Additional parameters for evaluating the power and type of dominance hierarchy within each group of mice were calculated using

functions made available in the R package ‘compete’ as previously described.32 These included the directional consistency (DC) in-

dex, phi, despotism, Landau’s h, triangle transitivity, steepness, and other parameters as previously described.32 Briefly, the DC in-

dex measures how many of the total agonistic interactions between each pair within a group are directed from the more dominant

individual to the subordinate individual. Phi indicates the degree by which the dominant male is exclusively aggressive. Despotism is

the proportion of wins made by the alpha mouse. Landau’s h evaluates the level of linearity within the hierarchy, i.e. the alpha mouse

dominates all the others, beta dominates all but alpha, and so on. Triangle transitivity measures the proportion of all mice triads that

are transitive (i.e. if mouse A dominates mouse B and mouse B dominates mouse C, then mouse A also dominates mouse C). The

steepness of hierarchy represents the magnitude of difference in ratings between each 2 adjacent ranks. We also calculated the dif-

ference (i.e. ’delta’) between the last day Glicko scores of alphamice, to the beta, epsilon, and average of submissives as parameters
Current Biology 33, 1407–1420.e1–e4, April 24, 2023 e3
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of hierarchy. All hierarchy parameters were employed in the flexible discriminant analysis (FDA) as previously described,54 to further

examine the differences in hierarchy characteristics between our experimental groups. In addition, David scores were calculated for

each mouse, as previously described.137,138

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of Glicko values per day for each experimental group in lab andwildmicewas performed using two-way repeated-measures

ANOVA with sex as the independent variable and with rank and day as dependent variables. Analysis of PCA was performed using

factorial ANOVA with sex and type as independent variables. Each ANOVA was followed by post-hoc Tukey’s test. Analysis of David

scores was performed using non-parametric Friedman’s ANOVA for dependent samples with post-hoc pairwise signed-ranks tests.

Correlations of Glicko scores with proximity/distance from Pareto archetypes were analyzed using non-parametric Spearman’s cor-

relation. Analysis of group parameters such as no. of chasing events, delta between dominant and submissives, and stability, as well

as hierarchy parameters in the ‘compete’ package, was performed using the non-parametric Mann-Whitney test betweenmales and

females or between TrpC2-/- mice and their respective wild control groups. Comparisons of fold enhancement between different ar-

chetypes were performed using the Mann-Whitney test followed by Benjamini-Hochberg correction for multiple comparisons. The

cumulative distances from archetypes were analyzed using the Kolmogorov-Smirnov test for analysis of distributions. The difference

between male and female TrpC2-/- and control mice in the set of social and individual parameters (i.e. bubble plots) was calculated

using the Wilcoxon signed-rank test. The classifier ROC curves comparing accumulation of different groups of mice with respect to

each archetype were analyzed using repeated randomized shuffling. Full information with all statistical values is detailed in Table S3.

A p-value % 0.05 was considered statistically significant. Analyses were performed using Statistica_14 software (TIBCO Software

Inc., Palo-Alto, USA), MATLAB (R2020b, MathWorks, Natick, MA, USA), or R version 4.2.
e4 Current Biology 33, 1407–1420.e1–e4, April 24, 2023
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Figure S1: Hierarchy parameters in groups of control lab and wild mice. Related to Figure 2. 

(A-D) Daily Glicko scores of each experimental group of 5 mice ('arena'), in male (A, C) and female 

(B, D), lab (A-B) and wild (C-D) mice. (E-F) David's scores in groups of lab (A) and wild (B) mice, 

males and females. Parameters were calculated per mouse. (G) A list of parameters with their loading 

coefficients for each function in the FDA, as plotted in figure 2E for lab and wild mice, males and 

females. (H-N) Comparison of single hierarchy parameters between groups of female/male, wild/lab 

mice. Results are displayed as medians ±1.5 interquartile range. Parameters were calculated per 

group of mice ('arena'). * p≤0.05. 
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Figure S2: Personality space analysis in control wild mice. Related to figure 3. 

(A) Representative heat-maps for "ROI exploration" (left) and "staying in external cages" (right) 

behaviors, depicting the level of behavior for each mouse. Behaviors were chosen based on the 

correlation with archetypes B and I, respectively. Ellipsoids represent the error of each archetype 

(see 'methods').  (B) A classifier ROC curve describing the accumulation of female vs. male mice, 

for each archetype. (C) An accumulation curve of males and females as a function of distance from 

archetype I. (D,F) 3D representations of the personality space, displaying dominant ('alpha'), sub-

dominant ('beta') and submissive ('gamma', 'delta', 'epsilon') mice separately for males (D) and 

females (F). For optimal demonstration, the 3D tetrahedrons enclosing the data points were rotated 

in space to highlight the relevant archetypes in relation to the data. (E,G) Classifier ROC curves 

describing the accumulation of most dominant ('alpha' and 'beta') vs. most submissive ('delta' and 

'epsilon') mice, for each archetype, in males (E) and females (G). (H) Correlation of the last day 

Glicko score and the distance from archetypes I and P. #p=0.069, *** p≤0.001. 
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Figure S3: Behavioral patterns and hierarchy parameters in TrpC2-/- mice. Related to Figure 4.  

(A) An ethogram of active social behaviors (chasing & being chased, approaching & being 

approached, avoiding & being avoided) in wild-backcrossed mice, TrpC2-/- and control, of both sexes, 

throughout the 6 days of experiment. Each column represents number of events per 1 hour of testing. 

(B) Flexible discriminant analysis (FDA) of various hierarchy parameters in male and female wild 

mice of both genotypes (left), and a list of parameters with their loading coefficient for functions 1, 2 

and 3 (right). For legibility of the entire plot, the arrows were plotted with 1.5 multiplication of the 

original (x, y) coordinates, and only the relevant parameters were labeled. (C) Specific hierarchy 

parameters in groups of TrpC2-/- female/male wild-backcrossed mice, presented as percentage of their 

respective control group. (D) Mean daily Glicko scores of dominant ('alpha') vs. submissives ('beta', 

'gamma', 'delta' & 'epsilon') during six days in the semi-natural enclosures, in groups of male (left) and 

female (right) TrpC2-/- lab mice. nLab TrpC2
-/-

Males=40, nLab TrpC2
-/- 

Females=20. (E-H) Mean total daily 

durations (sec) of chasing & being chased (E-F), and approaching & being approached (G-H), in male 

(E,G) and female (F,H), lab and wild mice of both genotypes. Parameters were calculated either per 

group of mice ('arena') (B-C), or per mouse (D-H). Results are displayed as mean±SEM. ** p≤0.01, 

*** p≤0.001. 
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Figure S4: Exploration, olfactory investigation and validation of hierarchy in control and 

TrpC2-/- mice. Related to Figure 4 and STAR methods. 

(A) Open field assay. Quantification of total distance traveled, number of visits to the central part of 

the apparatus, and number of rearings, in lab and wild mice of both sexes (up), and in control and 

TrpC2-/- females, lab and wild (down). (B) Quantification of olfactory investigation events during 

day 1 of the semi-natural experiment. (C) Validation of hierarchy: Following 6 days of hierarchy 

establishment by a group of 5 male mice, two female mice were introduced into the semi-natural 

arena for an additional 24 hours. During 24 hours of the intruders assay, various male-male, male-

female, and locomotion behaviors were compared between mice of different ranking within the 

dominance hierarchy. Displayed are experimental timeline, alongside daily Glicko scores, 

quantification of aggressive chasing, duration with females, and total distance traveled in a group of 

control and a group of TrpC2-/- mice. (D) Comparison of tube test and semi-natural setup results in 

control lab males, TrpC2-/- lab males, and control lab female mice. (A, B, D) Results are displayed 

as mean±SEM. ** p≤0.01, *** p≤0.001. 
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Figure S5: Personality space analysis in TrpC2-/- wild mice. Related to Figure 5. 

(A) A 2D representation of personality space, forming a triangle of three distinguished behavioral 

archetypes (termed AP, ST & SE). Ellipses represent the error of each archetype (see 'methods'). (B) 

Representative heat-maps for "distance traveled" (left), "external cage time" (middle) and "static" 

(right) behaviors, depicting the level of behavior for each mouse. Behaviors were chosen based on 

the correlation with archetypes AP, ST and SE, respectively. (C) A classifier ROC curve describing 

the accumulation of dominant ('alpha' and 'beta') vs. submissive ('delta' and 'epsilon') mice, for each 

archetype, in wild-backcrossed TrpC2-/- mice. (D-E) 2D representations of the personality space, 

displaying dominant ('alpha'), sub-dominant ('beta') and submissive ('gamma', 'delta', 'epsilon') mice 

separately for males (D) and females (E). (F) Correlation of the last day Glicko score and the distance 

from archetypes AP, ST and SE. (G-H) Suggested model summarizing behavioral individuality 

within groups. (G) Illustration of sex-typical behaviors in groups of wild control mice, driven by sex-

specific neural circuits. Males are characterized by aggressive chasing behaviors, alongside social 

abstinence, while females are characterized by pro-social approaching and together interactions. (H) 

Illustration of typical social behaviors in groups of male and female TrpC2-/- mice. In the absence of 

VNO-mediated pheromone signaling, the distinction between male-typical and female-typical 

phenotypes is reduced, as the repression of neural circuits driving behaviors typical of the opposite 

sex is released. H= hiding box, F=food stand, W=water bottle. 
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