
Smith ScholarWorks Smith ScholarWorks 

Psychology: Faculty Publications Psychology 

4-28-2022 

Naked Mole-Rat Social Phenotypes Vary in Investigative and Naked Mole-Rat Social Phenotypes Vary in Investigative and 

Aggressive Behavior in a Laboratory Partner Preference Paradigm Aggressive Behavior in a Laboratory Partner Preference Paradigm 

Ilapreet Toor 
University of Toronto 

Rashoun Maynard 
University of Toronto 

Xinye Peng 
University of Toronto 

Annaliese K. Beery 
University of California, Berkeley, abeery@smith.edu 

Melissa M. Holmes 
University of Toronto 

Follow this and additional works at: https://scholarworks.smith.edu/psy_facpubs 

 Part of the Psychology Commons 

Recommended Citation Recommended Citation 
Toor I, Maynard R, Peng X, Beery AK and Holmes MM (2022) Naked Mole-Rat Social Phenotypes Vary in 
Investigative and Aggressive Behavior in a Laboratory Partner Preference Paradigm. Front. Ecol. Evol. 
10:860885. doi: 10.3389/fevo.2022.860885 

This Article has been accepted for inclusion in Psychology: Faculty Publications by an authorized administrator of 
Smith ScholarWorks. For more information, please contact scholarworks@smith.edu 

http://www.smith.edu/
http://www.smith.edu/
https://scholarworks.smith.edu/
https://scholarworks.smith.edu/psy_facpubs
https://scholarworks.smith.edu/psy
https://scholarworks.smith.edu/psy_facpubs?utm_source=scholarworks.smith.edu%2Fpsy_facpubs%2F143&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/404?utm_source=scholarworks.smith.edu%2Fpsy_facpubs%2F143&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@smith.edu


fevo-10-860885 April 22, 2022 Time: 13:55 # 1

BRIEF RESEARCH REPORT
published: 28 April 2022

doi: 10.3389/fevo.2022.860885

Edited by:
Stan Braude,

Washington University in St. Louis,
United States

Reviewed by:
Gary R. Lewin,

Max Delbrück Center for Molecular
Medicine, Helmholtz Association

of German Research Centers (HZ),
Germany

Martha Ann Delaney,
University of Illinois

at Urbana-Champaign, United States
Alison Barker,

Max Planck Institute for Brain
Research, Germany

*Correspondence:
Melissa M. Holmes

melissa.holmes@utoronto.ca

Specialty section:
This article was submitted to

Behavioral and Evolutionary Ecology,
a section of the journal

Frontiers in Ecology and Evolution

Received: 23 January 2022
Accepted: 04 April 2022
Published: 28 April 2022

Citation:
Toor I, Maynard R, Peng X,

Beery AK and Holmes MM (2022)
Naked Mole-Rat Social Phenotypes
Vary in Investigative and Aggressive

Behavior in a Laboratory Partner
Preference Paradigm.

Front. Ecol. Evol. 10:860885.
doi: 10.3389/fevo.2022.860885

Naked Mole-Rat Social Phenotypes
Vary in Investigative and Aggressive
Behavior in a Laboratory Partner
Preference Paradigm
Ilapreet Toor1, Rashoun Maynard2, Xinye Peng2, Annaliese K. Beery3 and
Melissa M. Holmes1,2,4*

1 Department of Ecology and Evolutionary Biology, University of Toronto, Toronto, ON, Canada, 2 Department of Psychology,
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Here we employed the partner preference test (PPT) to examine how naked mole-
rat non-breeding individuals of different behavioral phenotypes make social decisions.
Naked mole-rats from six colonies were classified into three behavioral phenotypes
(soldiers, dispersers, and workers) using a battery of behavioral tests. They then
participated in a 3 h long PPT, where they could freely interact with a tethered familiar
or tethered unfamiliar conspecific. By comparing the three behavioral phenotypes,
we tested the hypothesis that the PPT can be used to interrogate social decision-
making in this species, revealing individual differences in behavior that are consistent
with discrete social phenotypes. We also tested whether a shorter, 10 min version of
the paradigm is sufficient to capture group differences in behavior. Overall, soldiers
had higher aggression scores toward unfamiliar conspecifics than both workers and
dispersers at the 10 min and 3 h comparison times. At the 10 min comparison time,
workers showed a stronger preference for the familiar animal’s chamber, as well as
for investigating the familiar conspecific, compared to both dispersers and soldiers. At
the 3 h time point, no phenotype differences were seen with chamber or investigation
preference scores. Overall, all phenotypes spent more time in chambers with another
animal vs. being alone. Use of the PPT in a comparative context has demonstrated that
the test identifies species and group differences in affiliative and aggressive behavior
toward familiar and unfamiliar animals, revealing individual differences in social decision-
making and, importantly, capturing aspects of species-specific social organization seen
in nature.

Keywords: affiliation, aggression, behavioral phenotype, eusocial, naked mole-rat, partner preference

INTRODUCTION

Animals show significant variation in social behavior, both within and between species, including
selectiveness for interactions with familiar or novel conspecifics. In rodents, some species live
in small social groups and show a preference for interactions with familiar group members. For
example, prairie voles (Microtus ochrogaster) are socially monogamous, tending to live in mate pairs
or small groups with extended family (Carter and Getz, 1993; Getz et al., 1993). Once a pair bond is
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established, both female (Williams et al., 1992; Carter and
Getz, 1993) and male (Blocker and Ophir, 2016) prairie voles
prefer their partner to an opposite-sex stranger and show
increased aggression toward unfamiliar conspecifics as a form
of territorial or mate defense behavior (Carter and Getz, 1993;
Young et al., 2011). Other species live in larger, more dynamic
groups that vary based on environmental conditions, leading
to greater interaction with out-group members (Berdoy and
Drickamer, 2007; Ebensperger et al., 2012). For example, degus
(Octodon degus) are highly social with significant female peer
affiliation, where females have greater fitness in large same-
sex groups (Ebensperger et al., 2016; Insel et al., 2020). Due
to breeding limitations and environmental risks like predation,
these groups will readily accept strangers because breeding
females benefit from greater access to mates and communal
breeding (Ebensperger et al., 2012; Insel et al., 2020). Thus, how
animals make decisions about which individuals to approach vs.
avoid and whether to be affiliative vs. aggressive is intimately
intertwined with the evolution of their species-specific social
organization and also has implications for individual differences
in social behavior.

Within rodents, the African mole-rats (family Bathyergidae)
provide an excellent opportunity to compare different social
structures within closely related species. Among the 30+ species
in the family, there are examples of eusocial, social, and solitary
living (Faulkes and Bennett, 2021). Our study species is the naked
mole-rat (Heterocephalus glaber), which is a eusocial member
of the family. Naked mole-rats reside in expansive subterranean
colonies with a reproductively active breeder caste consisting
of a single queen and 1–3 male consorts, and a non-breeding
subordinate caste (Jarvis, 1981; Brett, 1991; Jarvis et al., 1994).
Most naked mole-rats exhibit lifelong philopatry by remaining
in their natal colony, rarely interacting with foreign conspecifics
(Burda et al., 2000). They are xenophobic and sensitive to foreign
colony scent, so if an interaction with unfamiliar animals does
occur, aggression is common and may result in the intruder’s
death (Lacey and Sherman, 1991; O’Riain and Jarvis, 1997).
Rapid social decisions during acute interactions are essential and
commonplace within a naked mole-rat colony. When meeting in
a tunnel, naked mole-rats will make quick decisions for which
animal will pass over the other, which is directly related to their
social hierarchy (Clarke and Faulkes, 1997, 1999; Toor et al.,
2015). Behavioral phenotypes have been described within the
non-breeding subordinates, although whether they are discrete
phenotypes or continuous traits is still being explored (Mooney
et al., 2015; Gilbert et al., 2020; Holmes and Goldman, 2021).
In the present study, we classified naked mole-rat subordinates
as one of three behavioral phenotypes based on their aggression
and motivation to explore. Soldiers were categorized by their high
aggression toward novel animals in a one-on-one interaction,
dispersers were categorized by their curiosity and willingness
to leave the colony as reported previously using the dispersal
paradigm, and workers were categorized as non-aggressive and
non-exploratory individuals (Lacey and Sherman, 1991; O’Riain
et al., 1996; Toor et al., 2020).

Here we employed the partner preference test (PPT) to
examine how naked mole-rat non-breeding individuals of

different behavioral phenotypes make social decisions. The PPT
(Figure 1) is a standardized laboratory social choice paradigm
where the experimental animal is placed in a 3 chamber
apparatus and has 3 h to explore and interact with a familiar
conspecific (e.g., mating partner or sibling) in one chamber
and an unfamiliar conspecific in the other (Williams et al.,
1992; Beery, 2021). Since naked mole-rats are potentially at risk
of losing their colony scent and becoming unrecognizable to
colony-mates over time (O’Riain and Jarvis, 1997), we were also
interested in investigating if a shorter time in the PPT would
be consistent with the full 3 h test. The PPT has commonly
been used to study opposite-sex mate preferences in prairie
voles but also to test for same-sex alliances in prairie voles,
meadow voles (Microtus pennsylvanicus), and degus (DeVries
et al., 1997; Beery et al., 2008; Insel et al., 2020). Generally
speaking, animals that form selective social relationships with
a specific mate or non-mate peers such as prairie voles and
meadow voles spend more time with familiar vs. unfamiliar
conspecifics (DeVries et al., 1997; Beery et al., 2018; Lee et al.,
2019). In contrast, degus—which form flexible, non-kin based
social groups—spend more time in social chambers vs. alone,
but do not show a preference for familiar or novel conspecifics
(Insel et al., 2020). Gregarious species such as rats, mice, and
spiny mice show a lack of familiarity preferences and sometimes
even show novelty preferences (Moy et al., 2004; Smith et al.,
2015; Beery and Shambaugh, 2021; Fricker et al., 2022). By
comparing soldier, disperser, and worker naked mole-rats in this
paradigm, we tested the hypothesis that the PPT can be used
to interrogate social decision-making in this species, revealing
individual differences in behavior that are consistent with discrete
social phenotypes.

MATERIALS AND METHODS

Animals
Six captive naked mole-rat colonies (a total of 178 animals)
maintained in the University of Toronto Mississauga vivarium
were used in this study. Experimental animals ranged from
12 months to 156 months of age. Considering that naked
mole-rats reach adulthood within approximately 1 year and
can live for over 30 years, all experimental animals were
relatively young adults (Buffenstein and Craft, 2021). Each colony
was housed in polycarbonate caging comprised of a medium
(46 cm× 24 cm× 15 cm high) and small (30 cm× 18 cm× 13 cm
high) cage connected via polycarbonate tubing, lined with
corncob bedding, crinkle paper, and added tubing within the
caging. The habitat size was kept constant for the duration of the
study. Animal housing rooms were kept between 27 and 28◦C
with 50% humidity, and were on a 12 h light:dark cycle with lights
on at 7:00 a.m. Animals were fed hydrated sweet potato daily and
wet Teklad mouse chow three times a week. At 6 months of age,
all animals were implanted with a subcutaneous microchip (Avid,
Cat. No. 2,125, 12 mm) for individual identification. Animals
were uniquely marked with a permanent marker for every testing
session to allow visualization on video recordings. All testing
took place between 12:00 P.M. and 5:00 P.M., and all work was
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FIGURE 1 | The partner preference test chamber with two tethered stimulus naked mole-rats. One side of the chamber contains the familiar conspecific and the
other end contains the unfamiliar conspecific. Tethered animals are blurred in the image because they rarely, if ever, remain still.

approved by the University Animal Care Committee (protocol
numbers 20011632 and 20011695). All behavioral scoring (see
below) was performed by an experimenter blind to the familiarity
status of stimulus animals as well as sex and phenotype, but not
colony, of the experimental animals.

Behavioral Phenotype Categorization
A battery of behavioral paradigms was conducted to categorize
the phenotypes of all individuals within each colony. First,
animals were tested using the dispersal paradigm. This testing
procedure was adapted from O’Riain et al. (1996) and Toor et al.
(2020). Animals were fed hydrated sweet potato approximately
2 h before testing to minimize hunger as motivation to leave
the colony. A single hole was opened on the side of the larger
cage, and a plastic platform (22.86 cm x 30.48 cm) was placed
directly under the hole so that animals could easily explore the
opening and its surrounding area. When an animal fully exited,
its identification was recorded, and it was immediately returned
to its colony in the cage farthest from the hole. Each trial lasted
30 min, and 3 dispersal trials (one per day for three consecutive
days) were performed. Animals who exited 3 or more times
during the entire disperser test (combined score across the 3
trials) were considered dispersers unless they showed aggression
during the out-pairing test (see below).

Next, an out-pairing test was administered to determine each
individual’s aggressive phenotype. The experimental animal was
paired for 10 min with an unfamiliar opposite-sex animal from a
different colony with similar or less weight. The out-pairing was
conducted in a 46 cm× 24 cm× 15 cm high cage (medium size).
Interactions in which the focal animal punctured the stimulus
animal’s skin were immediately stopped. In rare cases when the
stimulus animal was aggressive to the focal animal, the trial
was immediately stopped and then repeated with a different

stimulus animal on the same day after completing all other
remaining trials.

Soldiers were defined as any animal exhibiting aggression in
the out-pairing test. Dispersers were defined as any animal who
exited a cumulative of three or more times across three trials of
the disperser test and was not aggressive during the out-pairing.
Individuals who neither exited the colony during the disperser
test nor exhibited aggression during the out-pairing test were
considered workers. It is important to note that workers were
not classified based on working type behaviors but rather the
absence of aggression or dispersal-like behavior since working
differentiation between phenotypes remains elusive (Gilbert et al.,
2020; Toor et al., 2020).

Partner Preference Test
The PPT was conducted to study whether different phenotypes
preferentially affiliate with familiar or unfamiliar animals.
A 76 cm × 21 cm × 30 cm height cage divided into three equal-
sized chambers (21 cm × 25 cm × 30 cm high) lined with
corncob bedding was used (see Figure 1). A stimulus subordinate
naked mole-rat was tethered using a soft shoelace and a spring
stop toggle to either side of the testing apparatus; one stimulus
animal came from the same colony as the experimental animal
and the other from an unfamiliar colony. Both tethered animals
were of the same sex and similar or smaller in size (if possible)
to the experimental animal. The tethered stimulus animals were
only used once as either a “familiar” or “unfamiliar” individual
during the experiment. The stimulus animals were habituated
to tethering in the chamber, while the experimental animal
was habituated in a separate, empty chamber for 10 min. The
experimental animal was then released into the center chamber of
the apparatus, and was recorded for 180 min (3 h) using a GoPro
Hero 3 camera. At the end of each trial, the corncob bedding
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was changed, and the apparatus and shoelaces were disinfected.
Experimental animals and stimulus animals are generally active
for the entire 3 h and never huddle. Therefore, the following
behaviors were scored: time spent in each chamber, time spent
investigating each stimulus animal, and time spent aggressive
toward each stimulus animal. A total of 20 soldiers (9 male, 11
female), 17 workers (10 male, 7 female), and 16 dispersers (8 male,
8 female) were used in this paradigm. Animals that exhibited
aggression causing skin punctures were immediately removed,
and the trial was ended (3 female soldiers, 4 male soldiers)
(Table 1).

Statistical Analysis
Statistical analyses were conducted using SPSS (SPSS Statistics
for Windows, v.21.0, I.B.M. Corp., Armonk, NY, United States).
Preference scores were calculated as: [(time with familiar) –
(time with unfamiliar)]/(total time spent interacting). Preference
scores were calculated separately for (1) total time spent
within a familiar or unfamiliar individual’s chamber, (2)
direct investigative interactions, and (3) aggressive interactions.
Changes in behavior across time were investigated by comparing
the 0–10 min, 10–30 min, 30 min–1 h, and 1–3 h intervals. For
each preference score, a separate Repeated Measures ANCOVA
was used to interrogate changes in preference across time
with sex and phenotype as the independent variables and with
colony as a covariate, using only the individuals who completed
the entire session (i.e., were not removed due to aggression;
n = 46).

Differences in behavior between phenotype groups were
investigated separately at the 10 min and 3 h time points. As
behavior was not being compared across time and preference
scores represent a proportion of time calculated relative to each
individual, we included those animals that had been removed due
to aggression prior to test completion (therefore n = 53). For each
preference score, a MANCOVA was conducted between the sexes
and the three phenotypes with colony as a covariate. Main effects
were explored using pairwise comparisons with LSD confidence
interval adjustment for between-phenotype comparisons.

Finally, we explored whether (a) naked mole-rats prefer to
spend more time in a chamber with a conspecific or alone (neutral

TABLE 1 | Summary of all individuals used for PPT.

Colony Soldiers Dispersers Workers

F M F M F M

L (n = 27) 1 0 0 0 0 1

I (n = 27) 3 2 2 1 1 2

M (n = 34) 2 2 2 2 1 2

F (n = 24) 1 3 2 2 0 2

X (n = 25) 3 2 1 1 2 2

E (n = 41) 1 0 1 2 2 2

Not all colonies had male and/or female representatives from each phenotype.
Conversely, some colonies had additional individuals that met our phenotyping
requirements but were not used in order to facilitate balance within and between
colonies. Only those individuals that were used in the PPT are listed here. n = total
number of animals in colony, including breeders.

chamber) and (b) if there was a general partner preference
as revealed by spending more time in either the familiar or
unfamiliar animal’s chamber compared to the other animal’s
chamber. To do this, we used a separate Repeated Measures
ANCOVA for each phenotype as well as for all animals together,
followed by pairwise comparisons with LSD confidence interval
adjustment for between-chamber comparisons. These analyses
were done separately for the 10 min time point and the
entire 3 h test.

RESULTS

When exploring changes in behavior across time, no significant
effects of time interval [F(3, 37) = 0.394, p = 0.758, Wilks’
3 = 0.969], time interval× phenotype [F(6, 74) = 1.741, p= 0.123,
Wilks’ 3 = 0.768], time interval× sex [F(3, 37) = 1.119, p = 0.354,
Wilks’ 3 = 0.917], or time interval × phenotype × sex [F(6,
74) = 0.906, p = 0.495, Wilks’ 3 = 0.868] were found on
the preference scores for time spent in chamber (Figure 2A).
Similarly, no significant effects of time interval [F(3, 37) = 1.762,
p = 0.171, Wilks’ 3 = 0.875], time interval × phenotype [F(6,
74) = 1.031, p = 0.412, Wilks’ 3 = 0.852], time interval × sex
[F(3, 37) = 0.024, p = 0.995, Wilks’ 3 = 0.998], or time interval×
phenotype × sex [F(6, 74) = 0.387, p = 0.885, Wilks’ 3 = 0.940]
were detected on investigative preference scores (Figure 2B).
Finally, the same holds true for aggressive preference scores,
where no significant effects of time interval [F(3, 37) = 0.513,
p = 0.676, Wilks’ 3 = 0.960], time interval × phenotype [F(6,
74) = 1.205, p = 0.313, Wilks’ 3 = 0.830], time interval × sex
[F(3, 37) = 0.897, p = 0.452, Wilks’ 3 = 0.932], or time interval×
phenotype × sex [F(6, 74) = 0.447, p = 0.845, Wilks’ 3 = 0.931]
were detected (Figure 2C).

When testing for differences in behavior across phenotype
groups, significant effects of phenotype on the chamber,
investigative, and aggressive preference scores were detected
at the 10 min time point. Phenotype significantly influenced
chamber preference score [F(2, 46) = 8.583, p = 0.001], where
workers had significantly higher preference scores than soldiers
and dispersers (MW = 0.397 ± 0.119, MS = −0.156 ± 0.108,
p = 0.001; MD = −0.237 ± 0.119, p < 0.0005) (Figure 3A).
Phenotype also influenced investigative preference scores [F(2,
46) = 3.79, p = 0.03], where workers had higher preference
scores than soldiers and dispersers (MW = 0.1 ± 0.137,
MS =−0.280± 0.125, p = 0.048; MD =−0.415± 0.138, p = 0.011)
(Figure 3C). Furthermore, phenotype influenced aggressive
preference scores [F(2, 46) = 7.804, p = 0.001], where soldiers
had lower aggressive preference scores than did workers and
dispersers (the negative value indicating preference for aggression
toward unfamiliar conspecifics) (MS = −0.596 ± 0.112,
MW = 0.054 ± 0.123, p < 0.0005; MD = −0.191 ± 0.124,
p = 0.019) (Figure 3E). No significant effects of sex were found
for chamber preference score [F(1, 46) = 1.995, p = 0.165],
investigative preference score [F(1, 46) = 1.231, p = 0.273],
or aggressive preference score [F(1, 46) = 0.749, p = 0.391].
Phenotype effects were reduced following the full 3 h test. No
significant effects of phenotype [F(2, 46) = 0.648, p = 0.528] or sex
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FIGURE 2 | Mean chamber, investigative, and aggressive preference scores
over four time intervals in the partner preference test. (A) Mean chamber
preference score (positive score indicates preference for time spent in the
familiar animal’s chamber). No significant differences were found. (B) Mean
investigation preference score (positive score indicates preference for time
spent investigating the familiar animal). No significant differences were found.
(C) Mean aggression preference score (positive score indicates preference for
time spent being aggressive toward the familiar animal). No significant
differences were found. n = 17 workers; n = 16 dispersers; n = 13 soldiers
and only includes individuals who completed the full 3 h session.

[F(1, 46) = 0.404, p = 0.528] were detected for chamber preference
score (Figure 3B). Similarly, no significant effects of phenotype
[F(2, 46) = 0.443, p = 0.645] or sex [F(1, 46) = 2.282, p = 0.138]
were detected for investigative preference score (Figure 3D).
Phenotype marginally influenced aggressive preference scores
in the full 3 h test [F(2, 46) = 3.110, p = 0.054], where
soldiers showed a greater preference for aggression toward
unfamiliar animals than did workers (MS = −0.568 ± 0.155,
MW = 0.01± 0.17, p = 0.017) (Figure 3F). No significant effect of
sex on aggressive preference score was detected [F(1, 46) = 1.402,
p = 0.243].

For time spent in each type of chamber at the 10 min
time point, a marginal effect of chamber type was detected
for all animals combined [F(2, 50) = 2.702, p = 0.077, Wilks’
3 = 0.902]. Significant pairwise effects revealed that animals
spent significantly more time in the familiar animal’s chamber
than alone in the neutral chamber (MF = 210.039 ± 19.072,
MN = 134.230 ± 10.207, p < 0.0005) and also significantly more
time in the familiar animal’s chamber than the unfamiliar animal’s
chamber (MU = 145.036 ± 13.813, p = 0.015) (Figure 4A).
A similar pattern was observed for workers where, although
no significant main effect of chamber type was detected [F(2,
14) = 2.314, p = 0.135, Wilks’ 3 = 0.752], significant pairwise
effects were found: workers spent significantly more time in the
familiar animal’s chamber than alone in the neutral chamber
(MF = 306.476 ± 26.694, MN = 158.522 ± 14.749, p = 0.001)
and also significantly more time in the familiar animal’s chamber
than the unfamiliar animal’s chamber (MU = 134.998 ± 24.565,
p = 0.003) (Figure 4C). For dispersers, no significant effect of
chamber type was detected [F(2, 13) = 1.468, p = 0.266, Wilks’
3 = 0.816] though significant pairwise tests revealed dispersers
spent significantly more time in the unfamiliar animal’s chamber
than in the familiar animal’s chamber (MU = 291.262 ± 32.341,
MF = 170.006 ± 23.507, p = 0.045) and alone in the neutral
chamber (MN = 138.731 ± 12.821, p = 0.003) (Figure 4E). No
significant effect of chamber type was detected for soldiers [F(2,
17) = 0.408, p = 0.671, Wilks’ 3 = 0.954], nor were there any
significant pairwise comparisons (Figure 4G).

For time spent in each type of chamber for the full 3 h
test, a significant effect of chamber type was detected for all
animals combined [F(2, 50) = 16.609, p < 0.000005, Wilks’
3 = 0.601] where animals spent more time in the familiar
and unfamiliar animal’s chamber than alone in the neutral
chamber (MF = 4042.328 ± 328.715, MN = 1666.747 ± 121.301,
p < 0.000001; MU = 3307.923 ± 316.385, p < 0.000001)
(Figure 4B). For workers, a significant effect of chamber type
was detected [F(2, 14) = 14.830, p < 0.0005, Wilks’ 3 = 0.321],
where workers spent significantly more time in the familiar
and unfamiliar animal’s chamber than in the neutral chamber
alone (MF = 4995.890 ± 472.222, MN = 2057.136 ± 127.765,
p < 0.00005; MU = 3654.394 ± 464.352, p = 0.007)
(Figure 4D). Likewise, a significant effect of chamber type
was detected for dispersers [F(2, 13) = 12.718, p = 0.001,
Wilks’ 3 = 0.338], where dispersers spent significantly more
time in the familiar and unfamiliar animal’s chamber than
in the neutral chamber alone (MF = 4136.554 ± 438.357,
MN = 2154.663 ± 145.426, p = 0.001; MU = 4277.147 ± 462.692,
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FIGURE 3 | Mean time in chamber, investigative behavior, and aggressive behavior preference scores (± SEM) for the first 10 min (A,C,E) and full 3 h (B,D,F) of the
partner preference test. Workers had significantly higher chamber preference scores (positive score indicates preference for time spent in the familiar animal’s
chamber) than did dispersers and soldiers at the 10 min time point (A), but not at 3 h (B). Workers (n = 17) had significantly higher investigation preference scores
(positive score indicates preference for investigating the familiar animal) than dispersers (n = 16) and soldiers (n = 20) at 10 min (C), but not at 3 h (D). Soldiers had
significantly lower aggression preference scores (a negative score indicates preference for aggression toward the unfamiliar animal) than did workers and dispersers
at the 10 min time point (E) and following the full 3 h test (F). n.s. = not significant, *p < 0.05, ***p < 0.001 for pairwise comparisons.

p = 0.001) (Figure 4F). Although no significant effect of
chamber type was detected for soldiers [F(2, 17) = 0.461,
p = 0.639, Wilks’ 3 = 0.949], significant pairwise effects were
found, where soldiers spent significantly more time in the

familiar chamber and unfamiliar conspecific’s chamber than
alone in the neutral chamber (MF = 3156.419 ± 644.195,
MN = 944.583± 193.839, p < 0.0005; MU = 2503.045± 624.624,
p = 0.017) (Figure 4H).
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FIGURE 4 | Mean time spent in a chamber (± SEM) with either a familiar animal, unfamiliar animal, or alone in the neutral chamber by all experimental animals (A,B),
workers only (n = 17; C,D), dispersers only (n = 16; E,F), and soldiers only (n = 20; G,H). Data are plotted for the 10 min time point (A,C,E,G) and the full 3 h test
(B,D,F,H). All animals and all three behavioral phenotypes spent significantly more time in a chamber with another animal vs. being alone in the center chamber for
the full 3 h test. At the 10 min time point, dispersers spent more time in the chamber with an unfamiliar animal vs. a familiar animal (E) and workers spent more time
in the chamber with a familiar animal vs. an unfamiliar animal (C, also seen for all animals together in A). n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, ******p < 0.000001 for pairwise comparisons.

DISCUSSION

These data reveal that performance on the PPT is influenced
by behavioral phenotype in non-breeding naked mole-rats.

Compared to workers, soldiers had higher preference scores for
aggression toward unfamiliar conspecifics at the 10 min and 3 h
comparison times (Figure 3). At the 10 min comparison time,
workers showed a stronger chamber preference score, as well
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as investigative preference score—both indicating a preference
for familiar animals—compared to both dispersers and soldiers.
At the 3 h time point, no phenotype differences were seen
with chamber or investigative preference scores. Overall, all
phenotypes spent more time in chambers with another animal
vs. being alone (Figure 4). At the 10 min time point, workers
spent more time in the chamber with the familiar animal whereas
dispersers spent more time in the chamber with the unfamiliar
animal (Figure 4). These phenotype specific patterns of time
spent in each chamber were no longer present at the end
of the 3 h test.

It is not necessarily surprising that soldiers had higher
aggressive scores toward unfamiliar animals given they were
indeed categorized as soldiers because they showed aggression
in the out-pairing paradigm. However, these results do
confirm the stability of this trait across the different testing
paradigms. Importantly, in the out-pairing paradigm used
for phenotyping, animals do not have the opportunity to
escape the chamber and thus have reduced opportunity
for social decisions. Alternatively, in the PPT, animals have
three choices to make: (1) whether to be alone in the
center chamber vs. with another animal, (2) whether to
be with the familiar animal or the unfamiliar animal, and
(3) whether to be affiliative or aggressive. The current
data reveal that soldiers actively chose to be aggressive to
the unfamiliar animal and they did this more than their
worker/disperser siblings. Conversely, after 10 min in the
PPT apparatus, worker animals spent more time in the
chamber with the familiar animal and had significantly higher
chamber and investigative preference scores for the familiar
animal than both soldiers and dispersers. Animals classified
as dispersers are somewhat intermediate in that they spent
more time in the chamber with the unfamiliar animal at
the 10 min time point, and had a significantly negative
preference score for time in chamber and investigative behavior,
indicating a preference for the unfamiliar animal but not as
targets of aggression.

The stability of phenotype differences across the 3 h test varied
according to behavior. For aggression, the greater preference
for unfamiliar animals displayed by soldiers was significant at
both 10 min and the end of the 3 h test. For investigative
behavior, the greater preference for familiar animals displayed
by workers was only significant at the 10 min time point; group
differences were no longer significant at the end of the test.
Given that naked mole-rats spend the majority of their time
in the PPT doing non-social behaviors like digging (mean of
total duration: 87.5%), it is possible that social investigation
gets overshadowed by general activity after the initial period of
investigation. From studies assessing the formation of opposite-
and same-sex preferences in prairie voles (Williams et al., 1992;
DeVries et al., 1997; Beery et al., 2018; Lee et al., 2019),
a 3-h duration allows exploration and habituation to occur
and promotes the emergence of huddling behavior toward
the latter half of the study period (Beery, 2021). Although
naked mole-rats do exhibit huddling behavior with colony
members in the wild and laboratory (Withers and Jarvis, 1980;
Sherman et al., 1992; Mooney et al., 2014), social contact in

the form of huddling was not displayed within the current
study. The animals remained active throughout the entire
period, never huddling with either stimulus animal. While
animals were habituated to the apparatus, it is possible they
will not huddle due to the presence of an unfamiliar animal
(which would normally disrupt the entire colony). Similarly,
the stimulus animals themselves may remain agitated due to
the tethering process, preventing them from settling down.
Thus, the lack of sustained preferences in naked mole-rats
may reflect their agitated state in the apparatus. Furthermore,
vocalizations made by the familiar or unfamiliar conspecific
might also influence the focal animal’s behavior. Naked mole-
rats utilize antiphonal communication and their vocalizations
can provide information on animal body size (Yosida et al.,
2007; Yosida and Okanoya, 2009). They also produce different
vocalizations in prosocial or aggressive interactions (see Barker
et al., 2021a for review) and recent evidence reveals colony
specific variation in vocalizations, similar to dialects (Barker
et al., 2021b). It is therefore likely that vocalizations influence
performance, including agitation/general activity, in the partner
preference test as the focal animal gains information about
familiar vs. unfamiliar and aggressive vs. prosocial individuals.
Regardless, the PPT allows insight into the investigative and
aggressive behavior of naked mole-rats as they relate to familiar
and unfamiliar conspecifics, even if it does not capture huddling,
per se.

The current data add to a growing body of work examining
same-sex peer relationships using the PPT in rodent species
with diverse social organizations. Prairie voles are socially
monogamous and will cohabitate with a mate but may also
form stable social groups that include extended family members
(Carter and Getz, 1993). The formation of stable social groups
contributes both to the selectiveness for familiar peers as well
as the aggression toward unfamiliar conspecifics, especially
following mating (Carter and Getz, 1993; Lee et al., 2019).
While there are subtle sex differences in partner preference
development, both male and female prairie voles show strong
selectivity in their interactions by spending more time with
familiar rather than unfamiliar same-sex conspecifics (Brusman
et al., 2022). Prairie voles are also often aggressive toward
unfamiliar same-sex individuals (Lee et al., 2019; Beery et al.,
2021; Vahaba et al., 2021). In meadow voles, a congener species
with a promiscuous mating system, animals will form social
groups only during the winter season (Madison et al., 1984;
Madison and McShea, 1987; Beery, 2019). Meadow voles are
selective in their aggression toward strangers in that female
voles will exhibit territorial behavior during summer breeding
seasons but display more affiliative behavior and engage in social
nesting with unfamiliar conspecifics during winter (Madison
et al., 1984; Madison and McShea, 1987). In the laboratory, female
meadow voles exhibit partner preference for familiar females
in the PPT when housed in winter-like short photoperiods
(Parker and Lee, 2003; Beery et al., 2009). Finally, in degus,
communal nesting occurs in nature with closely related kin and
unrelated female conspecifics coming together to form social
groups (Ebensperger et al., 2004; Quirici et al., 2011; Davis et al.,
2016). The social groups often change in composition across
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years due to mortality and emigration, but a higher number
of females in relatively stable groups confers greater fitness
benefits to female degus (Ebensperger et al., 2009, 2016). In the
PPT, female degus show minimal aggression toward unfamiliar
same-sex conspecifics and predominantly engage in affiliative
behaviors, though selective preferences are not formed based on
familiarity (Insel et al., 2020). Rats and mice also do not form
same-sex familiarity preferences consistent with their gregarious
social structure (Beery and Shambaugh, 2021). Similar to naked
mole-rats, they do not huddle with either familiar or unfamiliar
conspecifics in the PPT. Use of the PPT in a comparative context
has demonstrated that the test identifies species and group
differences in affiliative and aggressive behavior toward familiar
and unfamiliar animals, thus revealing individual differences in
social decision-making, as well as capturing aspects of species-
specific social organization seen in nature.

Here, we report phenotype differences in social decision-
making in non-breeding, subordinate naked mole-rats. Using
the PPT, we found that soldiers show a higher preference for
aggression toward unfamiliar animals and a reduced preference
for investigation of familiar animals compared to workers.
Disperser animals were somewhat intermediate with a preference
for unfamiliar animals compared to workers but reduced
aggression compared to soldiers. These data are consistent
with, but not confirmation of, discrete social phenotypes in the
non-breeding caste of this eusocial species. Future work will
need to examine the stability of these behavioral preferences
across weeks and months in addition to tracking the dynamic
vocal communication during dyadic/triadic interactions. Also,
using the PPT to examine social decision-making in other
Bathyergid species will help reveal how performance varies
across closely related species with different social organization.
This is important beyond the comparative PPT work done to
date as it will help reveal effects due to habitat and ecology
(e.g., African mole-rats are subterranean) that may be distinct
from social organization, per se. While it is essential to study
behavior in its natural context and by using ecologically relevant
paradigms, using standardized laboratory paradigms across
diverse species is an important complementary approach. Doing

so will reveal how animals make social decisions and allow
more rigorous comparison and translation across species, which
will ultimately help us understand the evolution of sociality in
mammals.
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