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Pathogen virulence is highly variable within populations, and although many factors contributing to

virulence differences are known, there is still much variation left unexplained. Identifying and charac-
terizing environmental conditions associated with different virulence levels is therefore an important
undertaking in infectious disease research. One factor considered to be a major determinant of overall
health and susceptibility to disease in social animals is social status. Health differences associated with
social status are thought to be caused by different levels of chronic stress in higher- versus lower-status
individuals. There is considerable evidence that these effects extend to the standing immune profile and
that social status directly influences susceptibility to pathogens. Here we examined the association be-
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KeyWOTdSJ tween dominance status in male wild-derived house mice, Mus musculus, and susceptibility to Friend
E“‘“m““_‘e“tal effect virus complex in the context of seminatural populations with intense male—male competition and no
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predation. Due to an interruption in our facility's heating system, we were unexpectedly presented with
the opportunity to assess how reduced ambient temperature influences the association of host social
status and pathogen virulence. Environmental temperature has been implicated as a contributor to
pathogen virulence, giving us a unique chance to examine its role in a previously unexamined pathogen
system, while the added context of social status can expand our understanding of how the interaction of
different environmental conditions affects virulence. We found that pathogen virulence and replication
were lower in socially dominant hosts compared to nondominant hosts. When temperature was reduced,
cool enclosure-housed dominant males were more susceptible to infection than their warm enclosure-
housed counterparts. The mechanistic underpinnings that link infectious disease and social status
remain difficult to disentangle from their associated factors, but this study opens the door for future
experiments using a novel approach in the most well-studied mammalian model available.

© 2022 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
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Pathogen virulence is broadly defined as the harm a pathogen
does to its host. Understanding the factors that contribute to viru-
lence is vital to human and veterinary medicine, and to under-
standing host—parasite interactions across the living world. In
evolutionary terms, virulence can be regarded as the reduction in
host fitness caused by a pathogen. Since there are numerous path-
ogens collectively causing substantial health and fitness declines for
host species, virulence factors are thought to be a major driver of
host evolution (Hamilton et al., 1990; Hamilton & Zuk, 1982; Van
Valen, 1973). There has been extensive study on such virulence
factors, and the majority investigate host genetics, pathogen ge-
netics and transmission dynamics such as the mode and route of
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transmission (Anderson & May, 1982; Cornwall et al., 2018;
Doumayrou et al., 2013; Kubinak et al., 2012; McClelland et al., 2003;
Reynolds et al., 2006). However, there is a broad array of additional
factors that must be considered to fully understand the variation in
virulence that remains unexplained. These involve environmental
parameters such as temperature and, for social animals, various
aspects of the social environment (e.g. social status).
Environmental conditions, such as temperature, can have a
direct impact on the health and fitness of organisms, in part by
directly affecting host susceptibility to infection and the trans-
missibility of infectious diseases. Environmental temperature can
directly affect host immunity, as seen in domesticated pigs and
cattle that show altered immune responses to simulated infections
using lipopolysaccharide (LPS), under heat and cold stress (Carroll
et al, 2012). Mouse airway cells mount a weaker antiviral
response when incubated at low temperature versus high
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temperature in response to rhinovirus infection (Foxman et al.,
2015). Alternatively, environmental temperature may also have
indirect effects on pathogenic infection through changes in host
sociality and behaviour, as seen in a fish (Bartolini et al., 2015).

In social animal models that allow for manipulation of social
status, relative social position itself has been shown to cause changes
in immunological traits. In female rhesus macaques, Macaca mulatta,
social status is associated with differing immune profiles, with high-
status individuals interpreted as having a stronger antiviral immune
profile and low-status individuals displaying a more antibacterial
profile. Importantly, these differences can be reversed by altering
individual social status, suggesting a causal relationship (Snyder-
Mackler et al., 2016). The rhesus macaque system has also revealed
that changes in social status cause regulatory changes in many genes
in peripheral mononuclear blood cells, particularly those involved in
interleukin signalling, T-cell activation and inflammation (Tung
et al,, 2012). It is worth noting that these studies do not involve
experimental infections, instead examining standing immunity and
ex vivo assays of the response to LPS. In mice, monitoring and
manipulating male social status has been recently explored and
found to have profound direct regulatory effects (Nelson, Cauceglia,
et al., 2013; Nelson, Colson, et al., 2013; Nelson et al., 2015) and is
reversibly associated with changes in offspring growth rate and
metabolic gene expression (Cauceglia et al, 2020). Despite the
extensive literature establishing the effects of low social status
leading to poorer health and higher infectious disease susceptibility
in social animals (Cohen et al., 2007, 1997; Hawley et al., 2007;
Schmidt et al.,, 2008), experimental systems capable of directly
examining the mechanistic links are few. Utilizing seminatural en-
closures of house mice, Mus musculus, allows for both the careful
monitoring and manipulation of the social environment along with
the use of live, well-characterized pathogens. Such a system may
provide the needed capabilities for experimenters to rigorously
conduct such investigations.

Here, we tested the hypothesis that social status is associated
with infectious disease outcome. We expected that dominant males
would better withstand infection, either reflecting greater vigour
required to maintain dominance, or a causal influence of social
status on immune function. We establish the association between
social status and infectious disease outcomes in a scientific work
horse, the house mouse, recapitulating the pattern seen in other
social species and confirming our prediction that dominant male
mice have less virulent infections associated with reduced path-
ogen replication. This was achieved by using seminatural enclo-
sures of mice infected with a mouse-specific retrovirus (Friend
virus complex, FVC), which has previously been used to study
antiviral immunity and pathogen evolution (Cornwall et al., 2018;
Hasenkrug & Chesebro, 1997; Kubinak & Potts, 2013; Kubinak et al.,
2013, 2012). Seminatural mouse populations have been used to
successfully answer diverse questions (e.g. Gaukler et al., 2016;
Morris et al., 2017; Ruff et al., 2013; Schmid-Holmes et al., 2001;
Schradin et al., 2009), with recent investigations exploring their
broad utility in understanding environmental effects on immune
function and behaviour (Cope et al., 2019; Leung et al., 2018; Lin
et al.,, 2020; Lopes et al., 2016). The seminatural enclosures used
here allow for the delineation of male mouse social status by
measuring the ability of males to control a territory by excluding
competitors. Males that control territories are thus considered to be
socially ‘dominant’ (Meagher et al., 2000; Ruff et al., 2013). An
unexpected disruption of enclosure temperature during these ex-
periments allowed us to test the hypothesis that environmental
temperature influences FVC virulence and replication and to un-
cover potential interactions with social status effects. Because of
previously observed associations of low temperature with more
virulent infections, a similar pattern in this study was predicted.

Indeed, the association between social status and virulence was lost
in cooled enclosures, while dominant males showed increased FVC
replication in cooled enclosures. The association between social
status and susceptibility to infection reported here, combined with
the ability to manipulate social status in seminatural mouse en-
closures recently reported (Cauceglia et al, 2020), will enable
future experiments to elucidate the underlying mechanisms be-
tween social status and infectious disease. Furthermore, it may lead
to novel interventions in infectious disease mitigation and treat-
ment in diverse settings including captive animal populations,
natural ecological systems and human societies.

METHODS
Animals

Animals were kept under a 12:12 h light:dark cycle and pro-
vided with ad libitum food (Teklad rodent chow, Envigo catalogue
no. 2018) and water throughout. In order for dominance hierarchies
to be established in seminatural enclosures, it was necessary to
utilize wild-derived mice (M. musculus), as standard inbred mouse
lines do not exhibit normal behaviours required to compete and
defend territories (Nelson, Cauceglia, et al., 2013; Nelson, Colson,
et al, 2013). Animals in this study were from the 19th and 20th
generations of the outbred colony previously described (Meagher
et al.,, 2000). This colony was maintained and outbred in standard
laboratory breeding cages, with pedigree data available for all lit-
ters. Standard cages were 19.56 x 30.91 x 13.34 cm and contained
a maximum of five mice per cage. Each cage was furnished with
paper chip bedding, with shredded paper provided as a nesting
material for enrichment. Rooms that housed mice were kept within
approved temperature and humidity ranges (68—79 °F or
~20—-26 °C, and 30—70% humidity, respectively). Mice were chosen
from 47 litters born from 45 breeding cages (60 males and 60 fe-
males total). Litters were chosen based on below criteria, with up to
two brothers and two sisters randomly selected therein. Same-sex
siblings were then separated to populate three pairs of concurrent
replicate enclosures (6 enclosures, 10 males and 10 females each).
Assignments maximized the number of unique grandparents
(minimize cousin level relatedness) and balanced degree of relat-
edness overall. Litters were also chosen to minimize postpuberty
age variation at their release into enclosures (mean =+ -
SD = 14.6 + 4.4 weeks). All of this was assisted by the spread of our
replicate enclosures occurring in pairs over two generations.

Seminatural Enclosures

Seminatural enclosures were approximately 30 m?, divided into
six subsections by hardware cloth that mice could climb and patrol.
Four of these subsections, deemed ‘optimal’, contained nestboxes
enclosed in an opaque box containing an ad libitum food source.
The two remaining ‘suboptimal’ subsections contain light-exposed
nestboxes separated from the subsections' own ad libitum food
sources. Optimal subsections are preferred nesting areas for fe-
males, and males will fight to acquire and maintain control of such
territories (Fig. 1b, territories 1—4) or be relegated to the subopti-
mal territories (Fig. 1b, territories 5 and 6). Each of the six enclo-
sures was founded by 10 male and 10 female mice, reflecting
population densities found in natural human architecture-
associated populations (Bronson, 1979). An unexpected disruption
of the building's heating system resulted in temperatures falling
below approved housing conditions (‘warm enclosures’ = 68—79 °F
or ~20—26 °C) in the facility while two of the six enclosures were
being conducted. Unsuccessful attempts were made to correct
this problem by University maintenance teams, and lower
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Figure 1. Graphical design summary and male dominance outcomes from one of six replicate enclosures. (a) On day 1, 10 males and 10 females were PIT-tagged and released into
large enclosures divided into six territories of two types: ‘optimal’ (1—4), which included dark and easily defendable nestboxes; ‘suboptimal’ (5, 6), which were more exposed. Each
food source (black cylinder) was continuously monitored by a PIT tag reader. On day 13, all mice were briefly captured, infected via IP injection with Friend virus complex (FVC) and
returned to the same enclosure for another 12 days. On day 25 all mice were again captured and euthanized for sample collection. (b) Territoriality, as measured by the daily
percentage of male PIT tag reads, was acquired for each male (M-01—M-10) in each of the six territories, arranged to reflect enclosure layout. A male was considered ‘dominant’ if he
retained >80% of the PIT tag reads prior to infection (dotted red line). Male M-08 was dominant in both territories 1 and 2, male M-01 was dominant in territory 3 and male M-10
was dominant in territory 4. All other males co-inhabited suboptimal territories 5 and 6 but invaded and challenged dominant males frequently.

temperatures (‘cool enclosures’ = ~60—68 °F or ~16.5—20 °C) per-
sisted for the duration of two replicates. These temperature ranges
were recorded from a single stationary thermometer and humidity
meter.

Study Design

All mice were released into seminatural enclosures and allowed
to acclimate to the more natural social competition conditions, and
for males to establish dominance hierarchies (Fig. 1a, b; day 1). On
the 13th day after initial release, all mice were captured and

individually housed in standard cages for less than 1 h. Mice were
then infected with Friend virus complex and re-released into their
original enclosures and all previously established territoriality
quickly returned (Fig. 1b). Mice were recaptured 12 full days
postinfection and euthanized for sample collection and virulence
measurement (Fig. 1a; day 25). In all cases, dual-method euthanasia
was performed by CO, asphyxiation followed by cervical disloca-
tion. Seminatural enclosures were checked daily for animal health
and food and water levels. Any mouse observed to be exhibiting
distress (e.g. excessive wounding or bleeding, immobility or
hunching) during the experiment was removed from the enclosure,
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euthanized for humane considerations and assessed for spleen
rupture. Mice that failed to survive the 12-day infection were
censored from spleen mass and viral replication analysis. As a
control, one enclosure was established as described above, except
instead of being infected with FVC on day 13, mice were sham-
infected with phosphate buffered saline.

Male Social Status

All animals were ‘chipped’ subcutaneously in the dorsal neck
region (i.e. the scruff) with passive integrated transponder tags (PIT
tags) (APT12, BioMark, Boise, ID, U.S.A.) 1 week before release into
seminatural enclosures. PIT tags were implanted using a beveled
needle (N125, BioMark) inserted into the scruff. Implantation
without anaesthesia was performed quickly by experienced re-
searchers to minimize handling time and stress on the mice. PIT
tags are cylindrical, measuring 12.5 mm in length and 2.03 mm in
diameter, and weighing 106 mg. At entry into seminatural enclo-
sures, mice weighed an average of 17.04 g (range 10.06—34.52 g);
thus, PIT tags as a percentage of body mass ranged from 0.31% to
1.05%, with an average of 0.62%. All mice were monitored after
implantation and none showed changes in mobility or signs of
discomfort (e.g. scratching/grooming the area).

PIT tag readers (FS2001F-ISO, BioMark) were placed above the
food source in each subsection of seminatural enclosures. Standard
rodent chow pellets were available to gnaw at through 1cm
hardware cloth, to prevent caching and require periodic visits. With
each food source visit, PIT tag ID, time and reader location data
were streamed to a computer and recorded with data-logging
software (Minimon, Culver City, CA, U.S.A.). A male's social status
was considered ‘dominant’ if his implanted PIT tag ID represented
>80% of male PIT tag reads in any one territory (specifically before
infection), achieved by excluding all other males from optimal
territories (Fig. 1b). All other males were considered ‘nondominant’
and typically cohabitated in suboptimal territories with relatively
few nesting females. Males began competing for optimal territories
immediately upon release and stable territoriality was typically
reached in less than 2 weeks. In this experiment, stable dominance
was achieved in all optimal territories within 8 days. Males main-
tain dominance through direct physical aggression (e.g. grappling
and chasing) and posturing (e.g. rearing up and tail rattling) to-
wards invading males as well as indirectly by scent marking with
major urinary proteins (MUPs) (Hiadlovska et al., 2015; Hurst &
Beynon, 2004; Nelson, Cauceglia, et al., 2013; Nelson, Colson,
et al.,, 2013). Under normal conditions, male—male bouts occurred
numerous times per 24 h, mostly at night, for each dominant male
(W. K. Potts, personal observation). Female mice do form complex
and influential social structures and were also chipped, but those
social structures are more difficult to interpret with PIT tag data
alone (Auclair et al., 2014; Ferrari et al., 2019; Manning et al., 1995).

Friend Virus Complex (FVC)

The mouse-specific retrovirus used in this study, FVC, is
composed of two viral genomes, Friend murine leukemia virus
(FMuLV) and spleen focus-forming virus (SFFV), which synergis-
tically cause disease in mice (Clark & Mak, 1983; Friend, 1957).
FMulLV is a replication-competent gammaretrovirus, while SFFV, a
related virus, is replication incompetent (reviewed in Hasenkrug
& Chesebro, 1997). They must coinfect the same cell to be pack-
aged into virions composed of FMulV-encoded structural pro-
teins. Horizontal transmission of FVC has been reported in wild-
derived mice and primarily transmits between males (Cornwall
et al., 2021). Virus used for infections was originally sourced
from a biologically cloned virus (bioclone), grown using mono-

cell culture previously described (Kubinak et al., 2012). Viral
stock for this experiment was produced as follows: bioclone was
used to infect 42 mice (males and females) of an inbred strain of
house mice (DBA/2, The Jackson Laboratory, Bar Harbor, ME,
U.S.A.) for an unrelated experiment, and virus-laden supernatant
from homogenized spleens was collected. This supernatant was
then pooled and aliquoted to abate freeze—thaw-associated
degradation. We used 100 pul of this pooled stock to infect each
mouse by intraperitoneal (IP) injection at the study's midpoint
(Fig. 1a, day 13). The bioclone stock virus itself was not used for
infections because such infections in wild-derived mice result in
low virulence and variation (Cornwall et al., 2021). Passage
through DBA/2 mice increases FVC replication and virulence due
to the susceptibility of this strain, leading to rapid viral adapta-
tion (Kubinak et al., 2013, 2015).

FVC Virulence

The replication of FVC leads to dysregulated proliferation and
differentiation of erythroblasts, specifically due to binding of the
erythropoietin receptor by the truncated ENV gene product
(GP55) of SFFV (Zhang et al., 2006). These erythroblasts then
proliferate in and are sequestered by the spleen, leading to spleen
enlargement (i.e. splenomegaly) and occasionally spleen rupture.
As erythroblasts are the primary target cell for FMulV, the un-
controlled proliferation of cells caused by SFFV increases the
probability of obligate co-infection by both SFFV and FMuLlV
(Kosmider & Moreau-Gachelin, 2006; Ruscetti, 1999). Virulence
was primarily quantified by measuring spleen mass of infected
animals to the nearest 0.01 g. We also assessed spleen mass
corrected for body mass (i.e. relative spleen mass), which yielded
nearly identical results, but effect sizes that are reported as
relative spleen mass (i.e. grams of spleen per gram of body) are
more difficult to interpret. Because these animals had similar
body masses, and there was low variation in uninfected spleen
mass, we report absolute spleen mass here. A soft and variable
upper limit on this measure of virulence is inherent due to an
increased risk of spleen rupture as spleen mass increases,
censoring infected spleen mass and proviral load for animals that
died prior to day 12. However, we included these animals in the
survivorship analysis.

FVC Replication: Proviral Load of FMuLV and SFFV

We estimated FMulLV replication by quantifying the proportion
of retroviral genome integrations per host genome (i.e. proviral
load) from DNA extracted from homogenized whole spleens of
infected animals using a qPCR system previously described
(Kubinak et al., 2012) on the BioRad CFX96 platform. Briefly, we
used primers specific for the FMuLV genome to quantify proviral
insertions relative to the mouse housekeeping gene GAPDH. Pro-
viral load was favoured as our measure of viral replication because
it represents a discrete completion of the retroviral lifecycle:
transmission, adhesion, injection, migration, reverse transcription
and finally integration. Although defective viral particles are
capable of host—genome integration, there are relatively fewer
than would be quantified via RNA assessments. Presence or absence
of SFFV was determined using the qPCR system described above. A
melt-curve peak of 75.0°C indicates the presence of integrated
SFFV provirus. However, SFFV could only be confidently assessed
for infection status (positive/negative) because of the high level of
similar endogenous DNA and expressed RNA in wild-derived mice,
which amplify in competition with SFFV during qPCR (Cornwall
et al,, 2021).
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Ethical Note

We carried out our experiments involving live animals in
accordance with all applicable federal and state laws and institu-
tional guidelines. All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Utah
under protocol no. 17-07021. Because our research questions
involve the interaction of complex social behaviour and the effects
of pathogen infection, we required the use of live animals in a social
species. Mus musculus is an ideal model system for this investiga-
tion because of the wealth of knowledge available on the biology
and social behaviour of this species, which ensures that we could
gain the maximum amount of insight possible from our results. For
this study specifically, we could not use standard inbred laboratory
strains of mice, as they lack normal behaviours required for our
seminatural enclosures (Nelson, Cauceglia, et al., 2013; Nelson,
Colson, et al., 2013). Thus, we used mice from an outbred wild-
derived colony that exhibit these necessary behaviours. Because
these wild-derived mice are less well suited to living in captivity,
we have modified the standard mouse care procedures to reduce
the amount of disturbance experienced by mice in our colony.
Specifically, cage changes are done every 2 weeks, rather than
weekly, to reduce handling time and minimize the amount of
calorically expensive scent marking that wild-derived mice exhibit.
We sought to minimize the number of individuals used in this
study in two ways: first, we conducted a pilot experiment
comparing the effect of various housing conditions on FV virulence,
specifically individually housed mice, mice paired in a standard
breeding cage (1 male and 1 female) and mice housed in semi-
natural enclosures. The greatest variation in virulence was found
among mice in seminatural enclosures, particularly between
dominant and nondominant mice. This prompted us to continue
experiments in seminatural enclosures comparing FV virulence in
dominant versus nondominant males. Second, we used our expe-
rience with previous seminatural enclosure experiments to esti-
mate how many enclosures would be required to generate enough
dominant and nondominant males needed for our statistical ana-
lyses. A power analyses indicates that ~20 dominant males are
required to detect a 20% effect, assuming the mean and variation in
spleen size typically observed. Previous experience with semi-
natural enclosures estimated that at least six replicate seminatural
enclosures (populated by 60 males) would be required to produce
enough dominant males (18—24) to interrogate the effect observed
in the pilot experiment. We also used statistical modelling ap-
proaches that allowed us to query and/or control for the multiple
factors present in our study.

All procedures performed on mice were designed to minimize
harm and stress to the mice while allowing us to gather the data we
required. PIT tag implantation was performed without anaesthesia
to minimize recovery time, and by experienced researchers to
minimize handling time and stress on the mice. All mice were
closely monitored after PIT tag implantation to ensure mice
retained normal vigour and mobility. Mice were housed with no
more than five individuals per cage. After PIT tag implantation, all
mice were transferred to the room where seminatural enclosures
are located and allowed to acclimate for 1 week prior to release into
the seminatural enclosures. During this time, males were individ-
ually housed for two reasons. (1) Males in the colony are housed
with brothers from their litter, and our experimental design re-
quires that males are not in the same seminatural enclosure with
close relatives. Thus, males are separated from their cagemates to
facilitate release into seminatural enclosures. (2) Male social status
is a key component of this study, and single housing helps
standardize male experience immediately prior to release into
enclosures.

Seminatural enclosures are designed to reflect natural popula-
tion densities of mice in the wild, with each enclosure containing
20 mice (10 males and 10 females) in ~30 m? enclosures (Bronson,
1979). Previous experiments using seminatural enclosures have
used higher ratios of females to males, however for this experiment
we felt it was scientifically appropriate to reduce the number of
females, helping us bring down the total number of animals used.
Seminatural enclosures contain ad libitum access to food and water,
and access to nesting materials. Intraspecific aggression within
seminatural enclosures, particularly between males, is a necessary
feature of our experimental design. Male mice compete for control
of territories, and this includes physical confrontations (e.g. biting,
grappling and chasing). This can cause injuries to the mice, and
those that are found to be severely injured during daily inspections
of the enclosures are humanely euthanized (see below). This was an
uncommon occurrence.

Mice in seminatural enclosures were captured by hand by re-
searchers at the midpoint and end of the experiment and placed in
standard cages for up to 2 h to allow for experimental procedures.
At the midpoint of the experiment, mice were infected with Friend
virus complex (FV) via intraperitoneal (IP) injection and immedi-
ately returned to their enclosures. Infection with FV can cause some
distress due to spleen enlargement, but severe distress only occurs
in cases of spleen rupture, which can lead to death. Outward signs
of health decline associated with pending spleen rupture include
cachexia and immobility in mice, which is readily observable by
researchers during daily inspections, and any mouse exhibiting
such signs is immediately removed from the enclosure and hu-
manely euthanized.

Euthanasia was performed using carbon dioxide asphyxiation,
using a displacement rate of 50% of the chamber volume per
minute, which is followed by cervical dislocation. These primary
and secondary methods together ensure a rapid loss of conscious-
ness, followed by the timely arrest of respiratory and brain function.
These are among the preferred primary and secondary methods of
euthanasia for small adult rodents by the University of Utah's
[IACUC per American Veterinary Medical Association (AVMA)
guidelines (Leary et al., 2020). Sampling of spleens for assessment
of FV virulence and replication requires mice to be euthanized at
the end point of the experiment.

Statistical Methods

We assessed differences in spleen mass of FVC-infected males
compared to uninfected males, and the correlation between spleen
mass and FVC proviral load using simple linear regressions (Im).
Spleen mass and proviral load of infected males were assessed as
separate response variables using the best-supported (lowest AICc)
linear mixed-effect regression (Imer) models from the ‘lme4’
package in R (Bates et al., 2015; R Core Team, 2016). The full model
included the independent fixed effects of social status (two factors,
dominant or nondominant), enclosure temperature (two factors,
warm or cool) and their interaction (social statussenclosure tem-
perature), along with random effects to control for relatedness
between individuals (45 breeding cage identities) and co-
habitation of competitors (six replicate enclosures). The full
model predicting infected spleen mass was tied for the lowest AICc
with the three other models that varied random effect structure,
while maintaining both fixed effects and their interaction. The
interpretation of the other models was consistent. The full model
predicting FMuLV proviral load was lowest by more than 2 AlCc,
overall. Thus, infected spleen mass and proviral load effects re-
ported are from the full model.

We assessed risk of mortality between groups with the ‘survival’
package in R (Therneau & Mayo Foundation, 1999) using Fisher's
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exact test and the best-supported accelerated time failure (ATF)
model. First, ATF models competed for lowest AlCc against alter-
natively distributed models (i.e. exponential, Gaussian, Weibull,
logistic, log-logistic and lognormal); this indicated a lognormal
distribution as the best-fit distribution. Then, the four possible
alternatively structured models competed for lowest AICc. The ATF
model that included the direct effects of social status and enclosure
temperature (but not their interaction) and the model that included
only the direct effect of social status were tied for lowest AICc (best
supported). The full model and the model that included only the
direct effect of enclosure temperature lost by more than 2 AICc. The
best-supported models showed an identical effect of social status
on survival duration, which is reported below.

Two males died prior to infection and were censored from all
analyses. Animals that did not complete a 12-day infection were
censored from spleen mass and proviral load analysis. Three males
that survived the 12-day infection were below the limit of detection
for SFFV amplification.

RESULTS

Spleens of males housed in seminatural conditions and infected
with FVC weighed, on average (+ SEM), 0.74 + 0.18 g, while those of
similarly housed uninfected males weighed about 1/12th that size,
0.06 + 0.02 g (Im: spleen mass ~ FVC: T= —3.75, P=0.001). When
mortality occurred post infection (15 of 58 males), it was most often
a result of spleen rupture (confirmed for nine of 15 animals). In the
uninfected enclosure, one nondominant male died on the last day
of competition from wounding. Despite that limitation, the heaviest
infected spleen observed in this study was 2.24 g (~37 times the
average uninfected spleen mass). The lightest spleen of an infected
animal was 0.04 g (infection confirmed with detectable proviral
loads). This range illustrates the extensive variation in virulence
observed with these FVC infections, which we sought to better
explain. Viral replication of FMuLV was positively correlated with
virulence as measured by spleen mass of infected animals (Im:

spleen mass ~ FMulV proviral load: T=2.50, P=0.016; Fig. 2).
Notably, the modest R? of the correlation (0.12) also highlights the
need to better explain the observed variation in virulence.

We found that, under normal warm conditions, FVC-infected
nondominant males had spleens that were an average of twice
the size of spleens of FVC-infected dominant males.

Specifically, upon dissection after surviving a 12-day infection,
mean (+ SEM) spleen mass was 0.44 + 0.18 g for dominant males
(N =10) and 0.98 + 0.13 g for nondominant males (N = 17) (Imer:
T=2.50, P=0.017; Fig. 3).

Differences in FVC virulence among infected males were abol-
ished in cool enclosures due to nondominant males having rela-
tively less severe FVC outcomes than their warm-enclosure
counterparts as measured by spleen mass. Specifically, spleens of
infected nondominant males in warm conditions (N = 17) weighed,
on average (+ SD), 0.98 + 0.13 g and those of nondominant males in
cool conditions (N = 11) weighed 0.56 + 0.16 g (Imer: T = —2.00,
P=0.052); thus, infected dominant and nondominant males
housed in cool enclosures experienced similar virulence levels
(Fig. 3). Virulence of FVC infection for dominant males was similar
across temperature conditions (Imer: T = 1.121, NS).

Regarding mortality in warm and cool enclosures combined (i.e.
overall), nondominance was associated with a higher risk of mor-
tality following infection (Fig. 4). In particular, 13 out of 41
nondominant males did not survive the full duration, compared to
one out of 17 dominant males (Fisher's exact test: two-tailed
P=0.046). The best-supported ATF model suggested that
nondominant males survived 65% as long as dominant males
following FVC infection (ATF: T = —1.95, P = 0.051).

Dominant males in warm enclosures had significantly lower
FMulV replication than similarly housed nondominant males
(Imer: P=0.016) and significantly lower FMuLV replication than
dominant males in cool enclosures (Imer: P = 0.035), while the
interaction effect tended to be lower for nondominant males in cool
enclosures (Imer: cool enclosurexnondominant status: P = 0.091;
Fig. 5, Appendix, Fig. A1). This reveals a relative increase in viral
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Figure 2. Relationship between virulence of Friend virus complex (FVC), as measured by spleen mass of 12-day infected males, and proviral load of Friend murine leukemia virus

(FMuLV). Points are infected males; the solid grey line is the overall regression.
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replication efficiency and/or an inability of hosts to slow viral
replication associated with nondominance and cool conditions. The
SFFV component of FVC was detected in all but three males that
survived the 12-day infection. Of the males with no detectable
SFFV, one was dominant and two were nondominant. All SFFV-
negative males were in different enclosures, one of which (a
nondominant male) was in a cool enclosure and the others were in
warm enclosures.

DISCUSSION

We hypothesized that dominant mice would have less severe
FVC infections, both in terms of virulence as well as viral
reproduction. Our results show that dominant male mice have
significantly less virulent infections as measured by spleen mass
and mortality of infected animals compared to nondominant
males. Despite censoring due to spleen ruptures when measuring
FVC virulence as spleen size, the biased mortality pattern lends
added confidence to the differential virulence results. This dif-
ference in virulence was associated with reduced viral repro-
duction of FMuLV in dominant animals. We found no association
of SFFV presence with social status, as only three males, divided
between both social status conditions, lacked detectable SFFV by
qPCR.

Our results support the possibility that high-status (i.e. domi-
nant) animals mount a stronger antiviral immune response than
low-status animals, consistent with findings in rhesus macaques
(Snyder-Mackler et al., 2016). In seminatural enclosure systems,
males maintain dominance through both direct physical aggression
and posturing towards invading males and indirect competition by
heavily investing in calorically expensive scent marking, with an
expanded profile of major urinary proteins (Hurst & Beynon, 2004;
Nelson, Cauceglia, et al., 2013; Nelson, Colson, et al., 2013). Because
direct and indirect systems of aggression are thought to be asso-
ciated with differing levels of chronic stress for lower-status

individuals (Sapolsky, 2005), experimentally modifying the relative
importance and frequency of each type of aggression in a species
that uses both could be enlightening.

Differences in disease and health due to position and transition
on the social landscape are thought to be largely mediated by ste-
roid hormone regulation, most notably the glucocorticoid stress
response (Sapolsky, 2005). High glucocorticoid levels can be
adaptive during acute stress by diverting resources away from long-
term functions to maximize an animal's ability to respond to the
immediate stressor (Sapolsky, 2004). However, in prolonged or
frequently repeated stress conditions (i.e. chronic stress),
glucocorticoid-associated regulatory changes can lead to plausibly
nonadaptive immunosuppression and other deleterious effects
(Sapolsky, 2004, 2005), although this effect may be limited to
humans and captive or domesticated animals (Beehner & Bergman,
2017). The relative level of chronic stress can be higher in either
low- or high-status individuals depending on how social status is
established and maintained. These differential outcomes can
depend on species, sex (Lea et al., 2018) and possibly other envi-
ronmental conditions as postulated here. Regulation of sex steroids,
especially testosterone, has also been implicated in social status
and social transitions (Schradin et al., 2009; Terburg & Van Honk,
2013), which are also influential in immune system regulation
(Trigunaite et al., 2015).

During this study, the temperature of two replicate enclosures,
experienced substantially lower temperatures than the other four
replicates. This presented us with an opportunity to assess the effect
of temperature, if any, on FVC virulence and replication. We found
that temperature did associate with differential FVC infection out-
comes, albeit in an unexpected and largely mysterious way. Cool
enclosures appeared to abolish the pattern of higher virulence in
nondominant males observed in warm enclosures, with infected
males in cooled enclosures having similar spleen mass regardless of
social status. This comparison could plausibly be confounded by
variable spleen enlargement limits, exemplified by the heaviest
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infected spleen observed in cool enclosures being 83% the size of the
largest in warm enclosures (1.85 g compared to 2.24 g in males of
similar body mass). However, there were no significant differences
in mortality between warm and cool enclosures, nor any relative
change in mortality of nondominant males compared to dominant
males (Fig. 4). For dominant males, cooled enclosures were also
associated with an increase in FMuLV proviral load (Fig. 5). More
experiments are required to verify whether the interaction effect of
temperature abolished the pattern of status-dependent infection
severity, or in fact, reversed it. The complex interaction observed

between social status and enclosure temperature is difficult to
interpret with the current data from this unplanned manipulation.

Changes in temperature could directly affect pathogen virulence,
as seen in some in vitro studies of rhinovirus infection in mouse
airway cells (Foxman et al., 2015) and/or indirectly by changing the
importance and intensity of competition in mice (Welden &
Slauson, 1986). Cooler environments may lower the intensity of
competition (i.e. the strain induced by competition) by increasing
the relative importance of other sources of strain, such as thermo-
regulation and nest maintenance (Phifer-Rixey & Nachman, 2015).
Thus, changes in temperature may impact behaviour and endocrine
changes associated with social status and, in turn, indirectly influ-
ence the associated disease susceptibility. Future experiments that
manipulate and monitor social status in seminatural enclosures
must ensure precise and frequent temperature monitoring and
direct observations of male social behaviours (e.g. bout frequency
and severity and time spend patrolling territories) (Meagher et al.,
2000; Potts et al., 1991). Although intentional manipulation of
enclosure temperature in an HVAC-controlled facility is difficult,
especially when simultaneous warm controls need to be main-
tained, further exploration is worthy of pursuit.

Our findings further demonstrate that health differences asso-
ciated with social status extend to infectious disease and that
mitigating these effects through modifying environmental context
is plausibly effective. We show that modifying environmental fac-
tors, such as temperature, may be profoundly useful in under-
standing the factors that impact virulence, and that associations of
social status and virulence, even within one sex of a single species,
may be context dependent. This emphasizes the importance of
considering abiotic environmental factors in combination with bi-
otic influences on pathogen virulence and overall health. A more
integrated understanding of these factors, and how they interact
with each other, is necessary for improving models of virulence and
virulence evolution. This exciting — yet unexpected — discovery
provides new potential methods for manipulating the intensity of
competition and social conflict in the most economic and well-
studied mammalian model available to science.

One must remember that our data showed correlations between
social status and pathogen virulence. Consequently, causation is
impossible to determine. Social status could cause or simply predict
differences in susceptibility to FVC linked with accrued or predis-
posed status-associated physiological attributes (e.g. wounding or
genetics). It has been previously demonstrated that social status
can be experimentally manipulated by using several rounds of
monitored competition and a ‘winners—losers’ bracket design,
where like-status males compete with novel competitors after
status is initially established (Cauceglia et al., 2020). This design
ensures that some previously nondominant animals become
dominant, and vice versa, while an unpredictable subset maintains
their previous status. Ideally, infection severity would be measured
before and after social status transitions in the same individual and
compared to when status is maintained. Unfortunately, FVC in-
fections frequently become chronic and, even when cleared, can
result in experimental design complications associated with
adaptive immunity, namely immunological memory, which make
repeat measures of virulence at times of different social status
unavailable. Other experimental designs in this system, utilizing
other pathogens, do allow necessary repeated measures of viru-
lence from the same individual through time (e.g. malaria and its
associated anemia; Lin et al., 2017) and after changes in social status
(Cauceglia et al., 2020).

Moving forward, we can now conduct powerful experiments that
could causally link social status and infectious disease severity in
mice and investigate the mechanistic underpinnings of such effects
more broadly. It will be important in future studies to link infection
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outcomes to host immune system regulation to build mechanistic
models of how social status and the environmental context affect
virulence. Such studies should examine immunological variables
such as leukocyte populations, cytokine expression and antibody
levels during infection. Measures of glucocorticoid levels such as
cortisol in the context of infection could also provide mechanistic
insight into how such immunological differences are established in
the first place. Moreover, new methods of manipulating environ-
mental context (e.g. temperature) to plausibly modify the intensity
and importance of competition and perceived social differences
create new possibilities for investigating the mechanistic un-
derpinnings of health and disease disparities associated with more
and less equal social environments (Pickett & Wilkinson, 2015;
Sapolsky, 2004; Welden & Slauson, 1986). Future investigations that
include more robust behavioural monitoring of competition and the
associated endocrinology and immunology are being proposed to
validate this system of environmental context manipulation. We aim
to help determine the causative factors underlying the correlation
between subjective social status and susceptibility to infection
observed in this study and in many human societies.

Data Availability

Any persons interested in using the data associated with this
manuscript are welcome to access our data deposit (Dryad: https://
doi.org/10.5061/dryad.tht76hdxx). To better understand and
accurately utilize these data, we welcome anyone interested to
contact the co-first authors. The deposited data set includes all the
data and descriptions for used or excluded factors in the infected
male analysis. https://datadryad.org/stash/share/DaTp83ewf3mQ
GqWH7DpsMNmwhSO1uNnWpv9p3RqpqnYy.

Author Contributions

Derek L. Stark: Conceptualization; Data curation; Formal anal-
ysis; Funding acquisition; Investigation; Methodology; Project

administration; Resources; Supervision; Visualization; Roles/
Writing — original draft; Writing — review & editing. Joseph W.
Cauceglia: Conceptualization; Data curation; Formal analysis;
Funding acquisition; Investigation; Methodology; Project admin-
istration; Resources; Supervision; Visualization; Roles/Writing —
original draft; Writing — review & editing. Victoria N. Sitzman:
Investigation; Methodology; Writing — review & editing. Mayra C.
Repetto: Investigation; Methodology; Writing — review & editing.
Jacob M. Tadje: Investigation; Methodology; Writing — review &
editing. Wayne K. Potts: Conceptualization; Funding acquisition;
Investigation; Methodology; Project administration; Resources;
Supervision; Writing — review & editing.

Conflicts of Interest

None.

Acknowledgments

We are grateful to James Ruff and Linda Morrison for assistance
developing early conceptual, methodological and analytical details,
to Justin Kelleher for assistance in the investigation and to Kendra
Autumn, Rodrigo Costa, Amara Finch, Earl Middlebrook and Anna
Grace Tribble for improvements to the manuscript. We are also
grateful to the animals of science. This study was supported by the
U.S. National Institutes of Health grant (R01-GM109500) and grant
supplement (R01-GM109500-02S1). V.S. and M.C.R. were sup-
ported by the U.S. National Science Foundation (NSF) funded
Western Alliance to Expand Student Opportunities: J.M.T. was
supported by the Undergraduate Research Opportunities Program
at the University of Utah.

References

Anderson, R. M., & May, R. M. (1982). Coevolution of hosts and parasites. Parasi-
tology, 85(2), 411. https://doi.org/10.1017/S0031182000055360


https://doi.org/10.5061/dryad.tht76hdxx
https://doi.org/10.5061/dryad.tht76hdxx
https://datadryad.org/stash/share/DaTp83ewf3mQGqWH7DpsMNmwhSO1uNnWpv9p3RqpqnY
https://datadryad.org/stash/share/DaTp83ewf3mQGqWH7DpsMNmwhSO1uNnWpv9p3RqpqnY
https://doi.org/10.1017/S0031182000055360

230 D. L. Stark et al. / Animal Behaviour 187 (2022) 221231

Auclair, Y., Konig, B., & Lindholm, A. K. (2014). Socially mediated polyandry: A new
benefit of communal nesting in mammals. Behavioral Ecology, 25(6), 1467—1473.
https://doi.org/10.1093/beheco/aru143

Bartolini, T., Butail, S., & Porfiri, M. (2015). Temperature influences sociality and
activity of freshwater fish. Environmental Biology of Fishes, 98(3), 825—832.
https://doi.org/10.1007/s10641-014-0318-8

Bates, D., Machler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear mixed-
effects models using Ime4. Journal of Statistical Software, 67(1), 1-48. https://
doi.org/10.18637/jss.v067.i01

Beehner, J. C., & Bergman, T. . (2017). The next step for stress research in primates:
To identify relationships between glucocorticoid secretion and fitness. Hor-
mones and Behavior, 91, 68—83.

Bronson, F. H. (1979). The reproductive ecology of the house mouse. Quarterly Re-
view of Biology, 54(3), 265—299. https://doi.org/10.1086/411295

Carroll, J. A., Burdick, N. C, Chase, C. C,, Coleman, S. W., & Spiers, D. E. (2012). In-
fluence of environmental temperature on the physiological, endocrine, and
immune responses in livestock exposed to a provocative immune challenge.
Domestic Animal Endocrinology, 43(2), 146—153. https://doi.org/10.1016/j.
domaniend.2011.12.008

Cauceglia, J. W, Nelson, A. C., Rubinstein, N. D., Kukreja, S., Sasso, L. N., Beaufort, J. A.,
Rando, 0. J., & Potts, W. K. (2020). Transitions in paternal social status predict
patterns of offspring growth and metabolic transcription. Molecular Ecology,
29(3), 624—638. https://doi.org/10.1111/mec.15346

Clark, S. P., & Mak, T. W. (1983). Complete nucleotide sequence of an infectious clone
of Friend spleen focus-forming provirus: gp55 is an envelope fusion glyco-
protein. Proceedings of the National Academy of Sciences of the United States of
America, 80(16), 5037—5041. https://doi.org/10.1073/pnas.80.16.5037

Cohen, S., Janicki-Deverts, D., & Miller, G. E. (2007). Psychological stress and disease.
Journal of the American Medical Association, 298(14), 1685—1687. https://doi.org/
10.1001/jama.298.14.1685

Cohen, S., Line, S., Manuck, S. B., Rabin, B. S., Heise, E. R., & Kaplan, J. R. (1997).
Chronic social stress, social status, and susceptibility to upper respiratory in-
fections in nonhuman primates. Psychosomatic Medicine, 59(3), 213—223.
https://doi.org/10.1097/00006842-199705000-00001

Cope, E. C, Opendak, M., Lamarca, E. A, Murthy, S., Park, C. Y., Olson, L. B,
Martinez, S., Leung, J. M., Graham, A. L., & Gould, E. (2019). The effects of living
in an outdoor enclosure on hippocampal plasticity and anxiety-like behavior in
response to nematode infection. Hippocampus, 29(4), 366—377. https://doi.org/
10.1002/hipo.23033

Cornwall, D. H., Kubinak, J. L., Zachary, E., Stark, D. L., Seipel, D., & Potts, W. K. (2018).
Experimental manipulation of population level MHC diversity controls path-
ogen virulence evolution in Mus musculus. Journal of Evolutionary Biology, 31(2),
314—322. https://doi.org/10.1111/jeb.13225

Cornwall, D. H,, Ruff, ]. S., Zachary, E. R,, Young, C. P., Maguire, K. M., Painter, R. ].,
Trujillo, S. M., & Potts, W. K. (2021). Horizontal transmission of a murine
retrovirus is driven by males within semi-natural enclosures. Functional Ecol-
0gy, 35(4), 884—893. https://doi.org/10.1111/1365-2435.13766

Doumayrou, J., Avellan, A, Froissart, R., & Michalakis, Y. (2013). An experimental test
of the transmission—virulence trade-off hypothesis in a plant virus. Evolution,
67(2), 477—486. https://doi.org/10.1111/j.1558-5646.2012.01780.x

Ferrari, M., Lindholm, A. K., & Konig, B. (2019). Fitness consequences of female
alternative reproductive tactics in house mice (Mus musculus domesticus).
American Naturalist, 193(1), 106—124. https://doi.org/10.1086/700567

Foxman, E. F, Storer, J. A, Fitzgerald, M. E., Wasik, B. R., Hou, L., Zhao, H., Turner, P. E.,
Pyle, A. M., & Iwasaki, A. (2015). Temperature-dependent innate defense against
the common cold virus limits viral replication at warm temperature in mouse
airway cells. Proceedings of the National Academy of Sciences of the United States
of America, 112(3), 827—832. https://doi.org/10.1073/pnas.1411030112

Friend, C. (1957). Cell-free transmission in adult swiss mice of a disease having the
character of a leukemia. Journal of Experimental Medicine, 105(4), 307—318.

Gaukler, S. M., Ruff, J. S., Galland, T., Underwood, T. K., Kandaris, K. A., Liu, N. M.,
Morrison, L. C.,, Veranth, J. M., & Potts, W. K. (2016). Quantification of cer-
ivastatin toxicity supports organismal performance assays as an effective tool
during pharmaceutical safety assessment. Evolutionary Applications, 9(5),
685—696. https://doi.org/10.1111/eva.12365

Hamilton, W. D., Axelrod, R., & Tanese, R. (1990). Sexual reproduction as an adap-
tation to resist parasites (a review). Proceedings of the National Academy of
Sciences of the United States of America, 87(9), 3566—3573. https://doi.org/
10.1073/pnas.87.9.3566

Hamilton, W. D., & Zuk, M. (1982). Heritable true fitness and bright birds: A role for
parasites? Science, 218(4570), 384—387. https://doi.org/10.1126/science.7123238

Hasenkrug, K. J., & Chesebro, B. (1997). Immunity to retroviral infection: The friend
virus model. Proceedings of the National Academy of Sciences of the United States
of America, 94(15), 7811—7816. https://doi.org/10.1073/pnas.94.15.7811

Hawley, D. M,, Jennelle, C. S., Sydenstricker, K. V., & Dhondt, A. A. (2007). Pathogen
resistance and immunocompetence covary with social status in house finches
(Carpodacus mexicanus). Functional Ecology, 21(3), 520—527. https://doi.org/
10.1111/j.1365-2435.2007.01254.x

Hiadlovska, Z., Mikula, O., Macholdn, M., Hamplov4, P., Voslajerova Bimova, B., &
Daniszovd, K. (2015). Shaking the myth: Body mass, aggression, steroid hor-
mones, and social dominance in wild house mouse. General and Comparative
Endocrinology, 223, 16—26. https://doi.org/10.1016/j.ygcen.2015.09.033

Hurst, J. L., & Beynon, R. J. (2004). Scent wars: The chemobiology of competitive
signalling in mice. BioEssays, 26(12), 1288—1298. https://doi.org/10.1002/
bies.20147

Kosmider, O., & Moreau-Gachelin, F. (2006). From mice to human: The ‘two-hit
model’ of leukemogenesis. Cell Cycle, 5(6), 569—570. https://doi.org/10.4161/
cc.5.6.2577

Kubinak, J. L., Cornwall, D. H., Hasenkrug, K. J., Adler, F. R., & Potts, W. K. (2015).
Serial infection of diverse host (Mus) genotypes rapidly impedes pathogen
fitness and virulence. Proceedings of the Royal Society B: Biological Sciences,
282(1798), 20141568. https://doi.org/10.1098/rspb.2014.1568

Kubinak, J. L., & Potts, W. K. (2013). Host resistance influences patterns of experi-
mental viral adaptation and virulence evolution. Virulence, 4(5), 410—418.
https://doi.org/10.4161/viru.24724

Kubinak, J. L., Ruff, J. S., Cornwall, D. H., Middlebrook, E. A., Hasenkrug, K. J., &
Potts, W. K. (2013). Experimental viral evolution reveals major histocompati-
bility complex polymorphisms as the primary host factors controlling pathogen
adaptation and virulence. Genes and Immunity, 14(6), 365—372. https://doi.org/
10.1038/gene.2013.27

Kubinak, J. L., Ruff, ]. S., Hyzer, C. W,, Slev, P. R., & Potts, W. K. (2012). Experimental
viral evolution to specific host MHC genotypes reveals fitness and virulence
trade-offs in alternative MHC types. Proceedings of the National Academy of
Sciences of the United States of America, 109(9), 3422—3427. https://doi.org/
10.1073/pnas.1112633109

Lea, A. J., Akinyi, M. Y., Nyakundi, R., Mareri, P., Nyundo, F,, Kariuki, T., Alberts, S. C.,
Archie, E. A., & Tung, ]. (2018). Dominance rank-associated gene expression is
widespread, sex-specific, and a precursor to high social status in wild male
baboons. Proceedings of the National Academy of Sciences of the United States of
America, 115(52), E12163—E12171. https://doi.org/10.1073/pnas.1811967115

Leary, S., Underwood, W., Anthony, R., Cartner, S., Grandin, T., Greenacre, C.,
Gwaltney-Brant, S., McCrackin, M. A., Meyer, R., Miller, D., Shearer, J., Turner, T.,
Yanong, R, Johnson, C. L., & Patterson-Kane, E. (2020). AVYMA Guidelines for the
Euthanasia of Animals: 2020 Edition. Schaumburg, IL: American Veterinary
Medical Association.

Leung, ]. M., Budischak, S. A., Chung The, H., Hansen, C., Bowcutt, R., Neill, R,
Shellman, M., Loke, P., & Graham, A. L. (2018). Rapid environmental effects on
gut nematode susceptibility in rewilded mice. PLoS Biology, 16(3), 1-28. https://
doi.org/10.1371/journal.pbio.2004108

Lin, J. D., Devlin, ]. C,, Yeung, F, McCauley, C., Leung, J. M., Chen, Y. H., Cronkite, A.,
Hansen, C., Drake-Dunn, C., Ruggles, K. V., Cadwell, K., Graham, A. L., & Loke, P.
(2020). Rewilding Nod2 and Atg16l1 mutant mice uncovers genetic and envi-
ronmental contributions to microbial responses and immune cell composi-
tion. Cell Host & Microbe, 27(5). https://doi.org/10.1016/j.chom.2020.03.001,
830—840.e4.

Lin, J.-w., Sodenkamp, J., Cunningham, D., Deroost, K., Tshitenge, T. C., Mclaughlin, S.,
Lamb, T. J., Spencer-Dene, B., Hosking, C., Ramesar, J., Janse, C. J., Graham, C,,
Garra, A. O., & Langhorne, J. (2017). Signatures of malaria- associated pathology
revealed by high-resolution whole-blood transcriptomics in a rodent model of
malaria. Scientific Reports, 7, 41722. https://doi.org/10.1038/srep41722

Lopes, P. C., Block, P, & Konig, B. (2016). Infection-induced behavioural changes
reduce connectivity and the potential for disease spread in wild mice contact
networks. Scientific Reports, 6, 31790. https://doi.org/10.1038/srep31790

Manning, J. C., Dewsbury, D. A., Wakeland, E. K., & Potts, W. K. (1995). Communal
nesting and communal nursing in house mice, Mus musculus domesticus. Animal
Behaviour, 50(3), 741-751. https://doi.org/10.1016/0003-3472(95)80134-0

McClelland, E. E., Granger, D. L, & Potts, W. K. (2003). Major histocompatibility
complex-dependent susceptibility to Cryptococcus neoformans in mice. Society,
71(8), 4815—4817. https://doi.org/10.1128/IA1.71.8.4815

Meagher, S., Penn, D. J., & Potts, W. K. (2000). Male—male competition magnifies
inbreeding depression in wild house mice. Proceedings of the National Academy
of Sciences of the United States of America, 97, 3324—3329. https://doi.org/
10.1073/pnas.97.7.3324

Morris, J. S., Ruff, J. S., Potts, W. K., & Carrier, D. R. (2017). A disparity between lo-
comotor economy and territory-holding ability in male house mice. Journal of
Experimental Biology, 220(14), 2521—2528. https://doi.org/10.1242/jeb.154823

Nelson, A. C., Cauceglia, ]. W., Merkley, S. D., Youngson, N. A, Oler, A. J., Nelson, R. J.,
Cairns, B. R., Whitelaw, E., & Potts, W. K. (2013). Reintroducing domesticated
wild mice to sociality induces adaptive transgenerational effects on MUP
expression. Proceedings of the National Academy of Sciences of the United States of
America, 110(49), 19848—19853. https://doi.org/10.1073/pnas.1310427110

Nelson, A. C., Colson, K. E., Harmon, S., & Potts, W. K. (2013). Rapid adaptation to
mammalian sociality via sexually selected traits. BVIC Evolutionary Biology, 13,
81. https://doi.org/10.1186/1471-2148-13-81

Nelson, A. C., Cunningham, C. B., Ruff, J. S., & Potts, W. K. (2015). Protein pheromone
expression levels predict and respond to the formation of social dominance
networks. Journal of Evolutionary Biology, 28(6), 1213—1224. https://doi.org/
10.1111/jeb.12643

Phifer-Rixey, M., & Nachman, M. W. (2015). Insights into mammalian biology from
the wild house mouse Mus musculus. elife, 2015(4), 1—13. https://doi.org/
10.7554/eLife.05959

Pickett, K. E., & Wilkinson, R. G. (2015). Income inequality and health: A causal
review. Social Science & Medicine, 128, 316—326. https://doi.org/10.1016/
j.socscimed.2014.12.031


https://doi.org/10.1093/beheco/aru143
https://doi.org/10.1007/s10641-014-0318-8
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref5
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref5
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref5
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref5
https://doi.org/10.1086/411295
https://doi.org/10.1016/j.domaniend.2011.12.008
https://doi.org/10.1016/j.domaniend.2011.12.008
https://doi.org/10.1111/mec.15346
https://doi.org/10.1073/pnas.80.16.5037
https://doi.org/10.1001/jama.298.14.1685
https://doi.org/10.1001/jama.298.14.1685
https://doi.org/10.1097/00006842-199705000-00001
https://doi.org/10.1002/hipo.23033
https://doi.org/10.1002/hipo.23033
https://doi.org/10.1111/jeb.13225
https://doi.org/10.1111/1365-2435.13766
https://doi.org/10.1111/j.1558-5646.2012.01780.x
https://doi.org/10.1086/700567
https://doi.org/10.1073/pnas.1411030112
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref18
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref18
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref18
https://doi.org/10.1111/eva.12365
https://doi.org/10.1073/pnas.87.9.3566
https://doi.org/10.1073/pnas.87.9.3566
https://doi.org/10.1126/science.7123238
https://doi.org/10.1073/pnas.94.15.7811
https://doi.org/10.1111/j.1365-2435.2007.01254.x
https://doi.org/10.1111/j.1365-2435.2007.01254.x
https://doi.org/10.1016/j.ygcen.2015.09.033
https://doi.org/10.1002/bies.20147
https://doi.org/10.1002/bies.20147
https://doi.org/10.4161/cc.5.6.2577
https://doi.org/10.4161/cc.5.6.2577
https://doi.org/10.1098/rspb.2014.1568
https://doi.org/10.4161/viru.24724
https://doi.org/10.1038/gene.2013.27
https://doi.org/10.1038/gene.2013.27
https://doi.org/10.1073/pnas.1112633109
https://doi.org/10.1073/pnas.1112633109
https://doi.org/10.1073/pnas.1811967115
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref32
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref32
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref32
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref32
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref32
https://doi.org/10.1371/journal.pbio.2004108
https://doi.org/10.1371/journal.pbio.2004108
https://doi.org/10.1016/j.chom.2020.03.001
https://doi.org/10.1038/srep41722
https://doi.org/10.1038/srep31790
https://doi.org/10.1016/0003-3472(95)80134-0
https://doi.org/10.1128/IAI.71.8.4815
https://doi.org/10.1073/pnas.97.7.3324
https://doi.org/10.1073/pnas.97.7.3324
https://doi.org/10.1242/jeb.154823
https://doi.org/10.1073/pnas.1310427110
https://doi.org/10.1186/1471-2148-13-81
https://doi.org/10.1111/jeb.12643
https://doi.org/10.1111/jeb.12643
https://doi.org/10.7554/eLife.05959
https://doi.org/10.7554/eLife.05959
https://doi.org/10.1016/j.socscimed.2014.12.031
https://doi.org/10.1016/j.socscimed.2014.12.031

D. L. Stark et al. / Animal Behaviour 187 (2022) 221-231 231

Potts, W. K., Manning, C. ]., & Wakeland, E. K. (1991). Mating patterns in seminatural
populations of mice influenced by MHC genotype. Nature, 352(6336), 619—621.
https://doi.org/10.1038/352619a0

R Core Team. (2016). R: A language and environment for statistical computing. Vienna:
R Foundation for Statistical Computing. http://www.r-project.org/.

Reynolds, M. G., Yorita, K. L, Kuehnert, M. ], Davidson, W. B., Huhn, G. D.,
Holman, R. C., & Damon, I. K. (2006). Clinical manifestations of human mon-
keypox influenced by route of infection. Journal of Infectious Diseases, 194(6),
773—780. https://doi.org/10.1086/505880

Ruff, J. S., Suchy, A. K., Hugentobler, S. A., Sosa, M. M., Schwartz, B. L., Morrison, L. C.,
Gieng, S. H., Shigenaga, M. K., & Potts, W. K. (2013). Human-relevant levels of
added sugar consumption increase female mortality and lower male fitness in
mice. Nature Communications, 4, 2245. https://doi.org/10.1038/ncomms3245

Ruscetti, S. K. (1999). Deregulation of erythropoiesis by the friend spleen focus-
forming virus. International Journal of Biochemistry & Cell Biology, 31(10),
1089—1109. https://doi.org/10.1016/S1357-2725(99)00074-6

Sapolsky, R. M. (2004). Social status and health in humans and other animals.
Annual Review of Anthropology, 33, 393—418. https://doi.org/10.1146/annurev.
anthro.33.070203.144000

Sapolsky, R. M. (2005). The influence of social hierarchy on primate health. Science,
308(5722), 648—652. https://doi.org/10.1126/science.1106477

Schmid-Holmes, S., Drickamer, L. C., Robinson, A. S., & Gullie, L. L. (2001). Burrows
and burrow-cleaning behavior of house mice (Mus musculus domesticus).
American Midland Naturalist, 146(1), 53—62. https://doi.org/10.1674/0003-
0031(2001)146[0053:BABCB0]2.0.CO;2

Schmidt, M. V., Sterlemann, V., & Miiller, M. B. (2008). Chronic stress and individual
vulnerability. Annals of the New York Academy of Sciences, 1148, 174—183. https://
doi.org/10.1196/annals.1410.017

Schradin, C., Scantlebury, M., Pillay, N., & Konig, B. (2009). Testosterone levels in
dominant sociable males are lower than in solitary roamers: Physiological
differences between three male reproductive tactics in a sociably flexible
mammal. American Naturalist, 173(3), 376—388. https://doi.org/10.1086/
596535

Snyder-Mackler, N., Sanz, J., Kohn, J. N., Brinkworth, ]. F, Morrow, S., Shaver, A. O.,
Grenier, J.-C., Pique-Regi, R., Johnson, Z. P., Wilson, M. E., Barreiro, L. B., & Tung, ].
(2016). Social status alters immune regulation and response to infection in
macaques. Science, 354(6315), 1041—-1045. https://doi.org/10.1126/science.aah
3580

Terburg, D., & Van Honk, ]. (2013). Approach—avoidance versus domi-
nance—submissiveness: A multilevel neural framework on how testosterone
promotes social status. Emotion Review, 5(3), 296—302. https://doi.org/10.1177/
1754073913477510

Therneau, T. M., & Mayo Foundation. (1999). A package for survival analysis in S
Version 2.38. https://[www.mayo.edu/research/documents/tr53pdf/doc-1002
7379.

Trigunaite, A., Dimo, J., & Jorgensen, T. N. (2015). Suppressive effects of androgens
on the immune system. Cellular Immunology, 294(2), 87—94. https://doi.org/
10.1016/j.cellimm.2015.02.004

Tung, J., Barreiro, L. B., Johnson, Z. P,, Hansen, K. D., Michopoulos, V., Toufexis, D.,
Michelini, K., Wilson, M. E., & Gilad, Y. (2012). Social environment is associated
with gene regulatory variation in the rhesus macaque immune system. Pro-
ceedings of the National Academy of Sciences of the United States of America,
109(17), 6490—6495. https://doi.org/10.1073/pnas.1202734109

Van Valen, L. (1973). A new evolutionary law. Evolutionary Theory, 1, 1-30.

Welden, C. W,, & Slauson, W. L. (1986). The intensity of competition versus its
importance: An overlooked distinction and some implications. Quarterly Review
of Biology, 61(1), 23—44.

Zhang, J., Randall, M. S., Loyd, M. R,, Li, W, Schweers, R. L., Persons, D. A., Rehg, J. E.,
Noguchi, C. T, Ihle, J. N., & Ney, P. A. (2006). Role of erythropoietin receptor
signaling in Friend virus-induced erythroblastosis and polycythemia. Blood,
107(1), 73—78. https://doi.org/10.1182/blood-2005-05-1784

Appendix
(@ -0.31
Nondominant
-0.44
Warm enclosures |- —
Nondominant x 0.86*
L [ A —

Warm enclosures ) ) ) ) )

-2 -1 0 1 2

Estimates of effect size on infected spleen mass (g)
levelled on dominant males in cool enclosures

(b) 0.55 *
Nondominant -
0.44
Cool enclosures - -
Nondominant x -0.86 *
L e w
Cool enclosures ) . . . .
-2 -1 0 1 2

Estimates of effect size on infected spleen mass (g)
levelled on dominant males in warm enclosures

(o) -0.002
Nondominant

-0.026*
Warm enclosures |-

Nondominant x |

0.025
e
Warm enclosures -

-0.04 -0.03 -0.02 0 0.02 0.03 0.04

Estimates of effect size on proviral load (FMuLV/GAPDH)
levelled on dominant males in cool enclosures

(d) 0.023 *
Nondominant .
0.026*
Cool enclosures -
Nondominant x | —0..926
Cool enclosures ) . - . . . . .

-0.04 -0.03 -0.02 0 0.02 0.03 0.04

Estimates of effect size on proviral load (FMuLV/GAPDH)
levelled on dominant males in warm enclosures

Figure Al. Effect size estimates for each factor and their interaction from models
predicting (a, b) spleen mass and (c, d) proviral load when levelled (zeroed) on (a, )
dominant males in cool enclosures and (b, d) dominant males in warm enclosures.
*P < 0.05.


https://doi.org/10.1038/352619a0
http://www.r-project.org/
https://doi.org/10.1086/505880
https://doi.org/10.1038/ncomms3245
https://doi.org/10.1016/S1357-2725(99)00074-6
https://doi.org/10.1146/annurev.anthro.33.070203.144000
https://doi.org/10.1146/annurev.anthro.33.070203.144000
https://doi.org/10.1126/science.1106477
https://doi.org/10.1674/0003-0031(2001)146[0053:BABCBO]2.0.CO;2
https://doi.org/10.1674/0003-0031(2001)146[0053:BABCBO]2.0.CO;2
https://doi.org/10.1196/annals.1410.017
https://doi.org/10.1196/annals.1410.017
https://doi.org/10.1086/596535
https://doi.org/10.1086/596535
https://doi.org/10.1126/science.aah3580
https://doi.org/10.1126/science.aah3580
https://doi.org/10.1177/1754073913477510
https://doi.org/10.1177/1754073913477510
https://www.mayo.edu/research/documents/tr53pdf/doc-10027379
https://www.mayo.edu/research/documents/tr53pdf/doc-10027379
https://doi.org/10.1016/j.cellimm.2015.02.004
https://doi.org/10.1016/j.cellimm.2015.02.004
https://doi.org/10.1073/pnas.1202734109
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref61
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref61
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref62
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref62
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref62
http://refhub.elsevier.com/S0003-3472(22)00069-0/sref62
https://doi.org/10.1182/blood-2005-05-1784

	Friend virus severity is associated with male mouse social status and environmental temperature
	Methods
	Animals
	Seminatural Enclosures
	Study Design
	Male Social Status
	Friend Virus Complex (FVC)
	FVC Virulence
	FVC Replication: Proviral Load of FMuLV and SFFV
	Ethical Note
	Statistical Methods

	Results
	Discussion
	Data Availability
	Author Contributions
	Conflicts of Interest
	Acknowledgments
	References
	Appendix


