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Alloparenting, a behavior in which individuals other than the actual parents act in a parental
role, is seen in many mammals, including house mice. In wild house mice, alloparental care
is only seen when familiar sibling females simultaneously immigrate to a male’s territory, so
in the laboratory, when a pair of unfamiliar female wild mice are mated with a male, alloparenting does not occur because one female will typically be reproductively suppressed. In
contrast, laboratory mice are assumed to alloparent regardless of familiarity or relatedness
and are therefore routinely trio bred to increase productivity. Empirical evidence supporting
the presence of alloparental care in laboratory mice is lacking. Albino and pigmented inbred
mice of the strain C57BL/6NCrl (B6) and outbred mice of the stock Crl:CF1 (CF1) were
used to investigate alloparenting in laboratory mice since by mating pigmented and albino
females with albino males of the same stock or strain, maternal parentage was easily determined. We housed pairs (M:F) or trios (M:2F) of mice in individually ventilated cages containing nesting material and followed reproductive performance for 16 weeks. Females in
trios were tested to determine dominance at the start of the experiment, and again 5 days
after the birth of a litter to determine if a female’s dominance shifted with the birth of pups.
Results showed a significant and expected difference in number of offspring produced by
B6 and CF1 (p < 0.0001). Pigmented mice nursed and nested with albino pups and viceversa, confirming empirical observations from many that group nesting and alloparenting
occurs in unrelated laboratory mice. When overall production of both individual mice and
cages was examined, reproductive suppression was seen in trio cages. Dominance testing
with the tube test did not correlate female reproduction with female dominance in a femalefemale dyad. Due to the reproductive suppression noted in trios, on a per-mouse basis, pair
mating outperformed trio mating (p = 0.02) when the measure was weaned pups/female/
week. No infanticide was seen in any cages, so the mechanism of reproductive suppression
in trio matings may occur before birth.

PLOS ONE | DOI:10.1371/journal.pone.0154966 May 5, 2016

1 / 13

Reproductive Suppression and Alloparenting in Laboratory Mice

Competing Interests: KPC and BNG were
employees of Charles River at the time this work was
performed and both are currently consultants for the
company. KPC is also an academic editor at PLOS
One. This does not alter the authors' adherence to
PLOS ONE policies on sharing data and materials.

Introduction
Alloparenting is defined as individuals other than the biological parents acting in a parental
role to young animals. Since parental roles vary by sex and time, alloparenting may include
provisioning of offspring, defense of offspring, or both [1]. Many mammals exhibit this behavior, which is thought to increase overall offspring survival. Alloparenting has been observed in
animals as diverse as callitrichid monkeys [2], voles [3], gerbils [4],and foxes [5]. Alloparenting
usually occurs where there is some benefit to both parties; this benefit could be related to kin
selection or some mutually beneficial reciprocation. Kin selection theory posits that animals
will, on average, aid related animals before unrelated animals in order to propagate copies of
their genes present in related individuals [6]. According to kin selection theory, animals would
be more likely to alloparent their full sibling’s offspring, but might kill the offspring of an unrelated animal [7]. The cost-benefit analysis of the animals involved provides additional reasons
for alloparenting beyond kin selection. For example, in mice, the benefit to the alloparent may
be access to the communal nest, thus gaining warmth and shelter. Alloparenting may improve
the quality of the care and support given to offspring by increasing the fitness of the parents [8,
9]. This might be achieved by decreasing the energetic demands on lactating females or by
allowing parents to leave the offspring to patrol territory and repel intruders [10].
While alloparental care is seen in some rodents, as noted above, the case for it being a widespread behavioral strategy in wild and domestic mice is less certain. As part of their development, juvenile male mice generally disperse from their natal territory to attempt to establish
their own territory [11]. Females also emigrate from their natal territory to find mates. In wild
house mice, alloparental care is more likely to be seen when familiar sibling females simultaneously immigrate to a male’s territory [12]. These females will reproduce at the same time,
nest communally, and nurse each other’s pups. Two conditions must be met in wild mice for
alloparenting to occur: familiarity as well as relatedness, reinforcing the kin selection benefit
theory noted above [7, 13, 14]. When unfamiliar female wild mice are introduced to a male in
the laboratory, one female will fail to wean offspring through reproductive suppression or
infanticide [12, 15]. Although extensively studied in wild mice both in the field and in the laboratory, few studies on alloparenting have been performed on laboratory mice in typical mating
configurations.
Mice have generally adapted well to domestication and the laboratory as well as to management of their breeding by scientists. This behavioral and genetic plasticity, combined with the
constraints of laboratory housing and husbandry, has led to the common practice of mating
mice in various configurations of males and females to maximize production in the often limited space of animal housing facilities. In addition, laboratory mice have long been thought to
alloparent regardless of familiarity or relatedness. Laboratory mice are typically a mix of M. m.
musculus, M. m. domesticus, and M. m. castaneus, often with genetic contributions from other
species such as M. spretus [16] and they descend from mice domesticated thousands of years
ago for various purposes, including ceremonial or sacred purposes and as pets [17]. Laboratory
mice are typically broadly classified as either inbred or outbred, also known respectively as
strains and stocks. Inbred strains of mice originate from a single pair and pedigreed animals
are maintained strictly through brother/sister matings. Outbred stocks are maintained to maximize genetic diversity in a closed colony and brother/sister and cousin matings are avoided as
much as possible. Although inbred mice must be mated in pairs (M:F) for pedigree purposes, a
more common mating scheme is to mate mice in trios of a male and 2 females (M:2F) if pedigree is not important. Trio mating is assumed to maximize production and increase pup survival due to alloparenting.
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However, because pairs of female laboratory mice set up in trios are rarely sisters, alloparenting may not be occurring because although there is simultaneous “immigration” to the
male’s territory, the criterion of relatedness is not also met. In laboratory mice, the conditions
under which alloparenting occurs have never been formally tested. Therefore, we used a novel
application of simple coat color genetics as a method of determining parentage in laboratory
mice to test this hypothesis. To test for reproductive suppression we recorded measures of
breeding performance. As additional measures of potential stress or poor welfare within the
cages, we also examined wounding, alopecia [18], and infanticide [12].

Materials and Methods
All work was conducted at Charles River’s AAALAC-accredited Wilmington, MA, facility and
was approved by Charles River’s Institutional Animal Care and Use Committee (P04022012).
At the start of study, animals were free of a list of common mouse infectious agents; further
details may be found at http://www.criver.com/files/pdfs/rms/hmsummary.aspx. No further
health monitoring was performed. Animals used in this study were surplus stock from standard
breeding programs that were redirected to this study. Albino and pigmented inbred C57BL/
6NCrl (B6) and outbred Crl:CF1 (CF1) were used. All pigmented B6 mice were black, but since
pigmented CF1 were the result of breeding a spontaneous reversion mutation of the tyrosinase
gene (Tyr) arising at Charles River, various colors of CF1 were seen, although animals used in
this study were agouti or brown. For both the B6 and CF1 mice, 8 albino males, 6 pigmented
females, and 6 albino females began the study for a total of 16 males and 24 females or of 40
animals. Since the albino allele of the Tyr gene is recessive to the wild-type allele that results in
pigment production, by mating pigmented and albino females with albino males of the same
stock or strain, maternal parentage of pups was easily determined because pups are the same
color as their dam. Females were approximately 49 days of age (+ 3d) at study start, while males
were approximately 56 days of age (+ 3d). We housed pairs (M:F) or trios (M:2F) of mice in disposable individually ventilated cages (Innovive, San Diego, CA). All cages were bedded with
heat-treated shredded aspen bedding (NEPCO, Warrensburg, NY), and mice were provided with
8–10 g of a long-fiber paper nesting material (EnviroDri, Shepherd Specialty Papers, Watertown,
TN) at the weekly cage change. Food (5L79, LabDiet, St. Louis, MO) and ultrafiltered hyperchlorinated water (via water bottle) were provided ad libitum. The light cycle was 12:12 light:
dark (on at 0630, off at 1830), humidity was maintained between 30–70%, and temperature ranged between 19–22°C. The cage was the experimental unit, so if an adult in a cage became ill, the
entire cage was euthanized via inhalation of CO2 and the cage replaced with the same experimental unit. At the end of the study, all animals were euthanized with CO2 inhaled to effect.
Breeding cages were balanced across rows of the housing rack (Fig 1). Females were assigned
to breeding condition (pair or trio) based on coat color using the random integer set generator
found at random.org. Data on reproduction were collected for 16 weeks. Data collected
included: female parent of litter born, date of birth of pups, number of pups born, date of wean
of pups, number of pups weaned, sex of pups weaned, pup weaning weight, and the presence
or absence of infanticide, defined as litters born and disappearing, finding dead pups, finding
parts of pups, or observing animals killing pups. The production index (PI) was calculated as
the number of pups weaned per female per week. This was calculated on a whole cage basis as
well as on an individual female basis for trio cages. Survivorship was calculated as the number
of pups weaned divided by the total number of pups born, whether dead or alive. Sex ratio of
pups born was also calculated from the reproductive data collected above. Additional data collected to assess conditions in the cage included nest score, alopecia score of pups, and wounding score of adults (SI 1), all collected weekly at cage change while lights were on, between 1-
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Fig 1. Diagram of cage location on the rack. The figure illustrates the location of all the cages followed in this experiment. C57BL/6 mice are identified as
inbred and CF1 mice as outbred. Number on the left hand side of the diagram indicates the row of the rack the cage was placed on.
doi:10.1371/journal.pone.0154966.g001

3pm on Monday. Cages were examined for alloparenting when nest scoring was conducted.
Alloparenting was scored as a yes/no measure by examining nests for the presence of pups of
both colors when more than one litter was present in the cage and scored as yes when pups of a
different color were seen nursing a dam. Females in trios were dominance tested in the animal
housing room using a standard test to determine dominance (the tube test originally described
by Lindzey [19] and modified by Howerton [20]) at the start of the experiment, and also when
their pups were 5 days old to determine whether a female’s dominance shifted with the birth of
pups.
We used a repeated measures Latin square design (2 types of mice x 2 pigments x 2 breeding
configurations x 2 replicates = 16 cages), a design specifically used to maximize power and
reduce sample size because it incorporates, accounts for, and eliminates unwanted variance.
The use of factorial and repeated measures design is commonly used as a means of reduction
and refinement. This approach allows us to test for general effects of each variable, and also
look for interactive effects with greater power than non-factorial analyses [21]. Power cannot
be directly calculated for complex factorial designs [22]. Cage is the experimental unit in this
experiment and all data are expressed as cage averages.
Data were analyzed as a GLM in JMP (SAS, Cary, NC). All cage level analyses were run in a
simple two-way factorial design in GLM, testing for the effects of treatment, strain, and their
interaction. All individual female analyses were run as a two-way factorial nested block design
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in GLM. Cage, nested within treatment and strain, was included as a blocking factor, testing
for the effects of treatment and strain, and their interaction. Cage was considered to be a fixed
blocking factor, as the true random effect component of cage (i.e. the mice), are represented by
the residual. The effect of dominance on trio breeding performance was only examined in
trios, and thus employed a nested block design in GLM. Cage nested within strain was included
as a blocking factor. Strain, mean dominance score, and their interaction were tested. For the
same reasons as above, cage was treated as a fixed effect. The blocking factor pigment status
did not significantly explain any of the data and therefore was not included in any of the analyses. Pup alopecia data, for both cage level and individual female levels, was log transformed for
normality. The assumptions of GLM (normality of error, homogeneity of variance, and linearity) were confirmed post-hoc, and appropriate transformations were made to meet these
assumptions [21]. Significant effects were then analyzed using post-hoc Tukey tests. All values
are given as least squares means and standard errors. All data are available as Supplemental
Information (S1 Data).
To determine if a reproductive bias occurred in trio mated groups, we calculated the bias in
the 8 trios as the percent of pups weaned to the female producing the least pups. We then used
the standard Z transformation of the proportion and tested it against an expected value of 50%.
This is widely used in birth ratio literature to convert ratios into both a normally distributed
variable, and to scale that variable by the number of individuals (pups) involved, e.g. Thogerson
[23]. We then used these Z scores in a simple GLM to test whether there was overall evidence
for reproductive suppression, and whether this differed by strain.

Results
Two adult CF1 females from separate trio cages and three male B6 from two trio cages and one
pair cage were euthanized, the females for dystocia and the males for paraphimosis. This
increased the total number of animals used from 40 to 54, since entire cages were replaced, but
the number of animals analyzed remained the same (40). No wounding was seen in any mice.
Alloparenting, when pups not belonging to a dam were observed suckling was seen in 5 of 8
trio cages (Fig 2A). In one trio cage, one female did not have any litters during the experiment
and therefore alloparenting was not observed. In the other two cages, one female did not reproduce until the very end of the experiment, therefore limiting the amount of time the females
would be able to alloparent or to be observed alloparenting. When two litters were present at
the same time, pups of both colors were found together in one nest (Fig 2B). Alloparenting was
observed in all trio cages where both females had litters simultaneously present in the cage for
long enough that observation could occur. Pups of various ages from newborn to weanlings
could be found in the nest. Although females without litters were occasionally observed in separate nests, if a litter was in the cage, there was one communal nest.

Data analyzed per individual female
When the production index (PI; pups weaned/female/week) was examined, pair mating outperformed trio mating on a per-female basis (F1,16 = 6.5; P = 0.02; Fig 3). As expected, and also
on a per female basis, outbred CF1 females had a higher PI than inbred B6 (CF1 2.4 ± 0.22; B6
0.8 ± 0.22; F1,16 = 25.9; P < 0.001). There was no statistical difference in survivorship on average for an individual female’s litter based on any of the treatments. As in the cage level analysis,
pups from CF1 females had a greater weaning weight than those from B6 females (CF1
13.2 ± 0.63; B6 8.8 ± 0.65; F1,15 = 50.3; P < 0.001). Pup alopecia was increased in trios compared to pairs (F1,7 = 11.6; P = 0.011), (Fig 4) but no strain effect was seen (F1,7 = 3.2; P = 0.11).
Sex ratio did not differ based on any of the treatments or their interactions. An individual
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Fig 2. Photographs of mice alloparenting: a) A female albino mouse is seen nursing several of the pigmented female’s pups. The black arrow indicates a
newborn pup also nursing at the same time as the older pigmented pups. b) A communal nest site containing pups from both the albino and pigmented
female.
doi:10.1371/journal.pone.0154966.g002

female’s average performance on a standard test of dominance was not related to her reproductive output in a trio mating (F1,6 = 0.6; P = 0.44).

Data analyzed on a cage level basis
CF1 cages had a higher PI than B6 cages (3.32 ± 0.27 for CF1, 1.16 ±0.27 for B6; F1,12 = 32.6;
P < 0.001). Although trio matings had a slightly higher PI than pairs, the difference was not
statistically significant (trio matings 2.5 ± 0.27; pair matings 2.0 ± 0.27; F1,12 = 1.3; P = 0.27; Fig
5). Infanticide, defined as finding dead pups, finding parts of pups, or observing animals killing
pups, was not observed in any cage. However, 100% survivorship of pups was only seen in 2
cages (1 cage of paired CF1 and 1 cage of paired B6. Survivorship was not altered at the cage
level by any of the treatments or interactions. CF1 pups had a higher weaning weight than did
B6 pups (CF1 13.1 ± 0.35, B6 8.8 ± 0.35; F1,12 = 76.0; P = 0.004). No strain effect in alopecia
percentage was seen (F1,12 = 13.0; P = 0.33), but pups from trio mating cages had a higher percentage of alopecia (F1,12 = 13.0; P = 0.003; Fig 6) Sex ratio of pups was not different between
pair and trio mated cages (F1,12 = 0.17; P = 0.7). Paired mice also had higher nest scores than
trios (trio matings 3.8 ± 0.09; pair matings 4.2 ± 0.09; F1,12 = 12.2; P = 0.04) and B6 mice had
higher nest scores than CF1 (CF1 3.8 ± 0.09; B6 4.3 ± 0.09; F1,12 = 13.4; P = 0.003). Six of 8 trios
had highly significant biases (i.e. pup birth ratios where one female was significantly reproductively suppressed). Overall, trios consistently showed significant reproductive suppression of
one female so that mean bias was significantly different from 50/50 (T6 = -3.18; P = 0.0190),
but the strains did not differ significantly in their mean bias (F1,6 = 0.0001; P = 0.9926).

Discussion
Alloparenting has been described in wild mice, but only in very limited social contexts [12–15].
The limited social contexts under which wild mice will alloparent do not typically reflect the
way in which we breed laboratory mice. In this paper, we sought to use laboratory mice to test
if alloparenting occurred in these domesticated animals in their typical artificial social milieu.
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Fig 3. Per female production index: LSM and SE values for pair and trio breeding treatments are
plotted along the x axis. * Indicates a significant difference (P < 0.05) between the two values.
doi:10.1371/journal.pone.0154966.g003

Our key findings are that: 1) alloparenting did occur in all trio-mated cages; 2) reproductive
suppression of one female occurred in the majority of trio-mated cages. In other words, laboratory mice that are trio-mated behave both unlike and like their wild counterparts.
In this study, females and males were placed into the test cage at the same time, although
females originated from separate cages at their source. If successful alloparenting in wild mice
requires simultaneous immigration by related females, the condition would not have been met
by any trio mating in this study. However, since inbred mice are identical at their major and
minor histocompatibility complexes, one way by which mice identify each other and choose
mates [24], there may be other factors at work by which inbred mice identify each other. The
histocompatibility alleles of outbred mice are limited, but do differ among individuals in outbred mouse populations, so the females chosen as part of a mated trio would have definitely
been socially unfamiliar and may also not have perceived each other as related. The mechanism
of reproductive suppression in trio matings is not immediately apparent. Virgin adult female
domesticated Mus are generally maternal [25, 26], unlike their wild counterparts [27]. Since no
infanticide was seen, unlike in wild mice, female competition through litter killing is unlikely.
Pups may die for other reasons such as congenital defects [28], and these dead pups may have
been missed in the bedding at cage change or completely consumed by the parents. A possible
mechanism of reproductive suppression in the female dyad in a trio mating is one female limiting access to the male (mate guarding). This occurs in other species, such as humans, and in
the context of the mouse cage, there is limited opportunity for the male mouse to escape a
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Fig 4. Percentage of pup alopecia (hair loss) averaged per female: LSM and SE values for pair and trio
breeding treatments are plotted along the x-axis. Percentages are plotted along a log-transformed y-axis.
* Indicates a significant difference (P < 0.05) between the two values.
doi:10.1371/journal.pone.0154966.g004

mate-guarding female. However, this explanation would predict a positive correlation between
dominance and reproductive success, which we did not find. This suggests that scramble competition or some other non-dominance related mechanism is in play, which would be consistent with the universal presence of alloparenting in laboratory mice. For example, perhaps one
female simply wins the reproductive race by being in estrus when mated and her pregnancy
and lactation suppresses the estrous cycle of the other. If scramble competition is in play, the
most likely mechanism of reproductive suppression in trio mating is through either estrous
cycle suppression or early abortion. Reproductive suppression through infanticide would be a
welfare issue for trio-mated cages, but welfare concerns associated with other means of reproductive suppression are unknown.
In the trio matings, the female of a particular coat color was not consistently reproductively
suppressed in every cage, indicating that the albino males in this case did not show a preference
for animals of the same color. Furthermore, this test system showed that the use of coat color is
a practical way to easily determine maternal parentage, which will make future study of this
and similar phenomena simpler and far less expensive. In fact, as inbred mice are essentially
genetically identical, genetic techniques cannot be used to reliably determine parentage. Thus,
this technique allows us to study parentage in mice where it may not have been possible before.
There has been a resurgence of interest in ‘old school’ coat color genetics in recent mouse ethology and welfare work [29] and this technique is another practical application, limited by only
the presence of combinations of dominant and recessive coat color alleles (agouti/black or any
pigment/albino) in a particular strain or stock of interest.
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Fig 5. Cage average production index: LSM and SE values for pair and trio breeding treatments are
plotted along the x axis. NS indicates there is no significant difference between the two values.
doi:10.1371/journal.pone.0154966.g005

When overall production of both individual mice and cage units was examined, reproductive suppression of one female was seen in trio cages. The per-cage reproductive performance
of trios and pairs was not significantly different. This might be because there truly is no advantage to breeding in trios (or even that trios in reality perform worse than pairs). Alternatively,
the small but non-significant difference between per-cage output of pairs and trios might
reflect a biological reality, in which case mating mice in trios may only show statistically detectable benefits when there are larger numbers of breeding mice in a colony. Using a post-hoc
power assessment, assuming that the effect size observed in this experiment is the biological
reality, to see a statistically detectable benefit to trio mating in 80% of cases, the colony would
have to comprise at least 96 cages. However, even if there is a small benefit in pups produced to
trio breeding in large colonies, this might never be economically viable as the costs of feeding
and handling an extra non-reproductive female, and culling unwanted males (to maintain a 2:1
sex ratio), might easily outweigh the benefit of minor increases in cage-level production.
The difference in nest scores between CF1 and B6, and pairs and trios, is most likely related
to the size and number of animals in the cage. CF1 are larger than B6, so it is logical that they
would have less thermal stress and therefore would need to build less complex nests [30]. In
trio matings, three animals are in the cage generating body heat, thus also mitigating cold
stress. The presence of three animals in the cage, however, may also result in lowered nest
scores due to mechanical disruption of the nest.
The difference in pup alopecia found between pairs and trios may be due to the fact that
there are more animals in a cage and therefore more potential hair-pullers. Alternatively, it
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Fig 6. Percentage of pup alopecia (hair loss) averaged per cage: LSM and SE values for pair and trio
breeding treatments are plotted along the x-axis. Percentages are plotted along a log-transformed y-axis.
* Indicates a significant difference (P < 0.05) between the two values.
doi:10.1371/journal.pone.0154966.g006

could indicate stress or frustration in the adults present in trio cages. Alopecia in adult animals
has been examined in the literature [31–34] but very little work has been done on alopecia of
nursing mice [35, 36]. For a full review of the ethology and presentation of barbering in mice,
please see Dufour and Garner [34]. Since the pups in this study were missing fur from their torsos, but the head was spared, it would seem that one or more of the parents were pulling fur
from portions of the offspring easily accessible whilst nursing. Wounds associated with agonistic encounters were not seen on animals in any breeding configuration and no fighting was
seen in any cage. As these were stable breeding cages, this is not surprising.
It should be noted that animals tested in this case were healthy mice with no genetic modifications and that all mice were provided with nesting material. Although no benefits in pup
weaning weight or survival to weaning were seen with an extra female in this case, animals
with genetic modifications that render them smaller or weaker might benefit from alloparenting care or from the thermal benefits of another adult in the cage, if no nesting material or
other enrichment is provided. The effectiveness of harem mating, where one male is mated
with 3–4 females at a time, and the females are removed and replaced as they become visibly
pregnant, was not examined in this experiment. Although this has the potential to greatly
increase the output of males, there are benefits to young mice of being reared by both parents,
such as timely reproductive development of young females and normalization of behavior [37–
39]. Using harem mating or male rotation has other potentially deleterious effects if there are
only a small number of males available in that there is the potential for a founder effect to
occur and to therefore accelerate drift away from a standard genetic background.
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Most importantly, this paper offers a cautionary tale, not just for mouse breeding, but for
captive animal breeding in general. First, just because things have always been done one way,
or there is received wisdom used to support a practice, does not mean that it is correct. There
was enormous outcry over the new cage space recommendations during the comment period
for the latest edition of the Guide for the Care and Use of Laboratory Animals because many
leaders in the field maintained that the new recommendations would be problematic for breeders and scientists alike because it would prevent the use of the more efficient trio mating system. As we have shown here, trio mating is not necessarily the most efficient way to mate mice.
Second, just because a behavior is seen in the wild does not mean that it will be expressed in
laboratory animals, domesticated animals, or in captive breeding programs—either because the
correct stimuli are not present or because it has been selected against. In this case, the existing
wild mouse literature clearly predicted that alloparenting should not have occurred. Third, the
two senior authors held conflicting views on the value of trio matings and the occurrence of
alloparenting in laboratory mice; both were incorrect. Evidence-based decision making should
always trump received wisdom and teamwork should always be used to resolve these disputes.
The original questions asked by the investigators were answered; yes, laboratory mice alloparent; but no, there is no advantage to trio mating. The way the animals were mated was
reflective of what typically happens in labs, where animals are placed together without regard
to estrous cycle, mate choice, or familiarity of paired females in a trio. Having animals enter
into a mating cage with either naturally or chemically synchronized estrous cycles might have
allowed for more litters to be born at the same time, thus better illustrating alloparenting. Perhaps our more realistic experimental design was not ideal for documenting alloparenting but it
did allow for other effects, such as reproductive suppression in trio matings, to emerge. This
study shows that for standard laboratory mice provided with an adequate amount of nesting
material, production per female is maximized if mice are mated in pairs. Small gains in pup
number may be seen in trio matings, but these are likely to be offset by other factors as outlined
above. Alloparenting behavior in laboratory mice might be influenced by: relatedness of
females; whether females are introduced to the cage simultaneously or sequentially; whether
females are introduced to the cage first and allowed to become familiar with each other before
a male is introduced; female choice of nursing partners [40]; mate choice [41]; the sex of offspring being alloparented, or other as yet undetermined factors. Further study is needed, since
the current work raises more questions than it answers about alloparenting and reproductive
suppression in laboratory mice.

Supporting Information
S1 Checklist. ARRIVE Guidelines checklist.
(PDF)
S1 Data. All data collected from the study.
(XLSX)
S1 File. The scoring paradigms used to assign numeric scores to alopecia, wounding, and
nest complexity.
(PDF)

Acknowledgments
The authors would like to acknowledge Geomaris Maldonado, Marie Heyer, and Yesenia Vargas for their excellent animal care.

PLOS ONE | DOI:10.1371/journal.pone.0154966 May 5, 2016

11 / 13

Reproductive Suppression and Alloparenting in Laboratory Mice

Author Contributions
Conceived and designed the experiments: JPG KPC. Performed the experiments: BNG KPC.
Analyzed the data: BNG JPG. Wrote the paper: KPC BNG JPG.

References
1.

Riedman ML. The evolution of alloparental care and adoption in mammals and birds. Q Rev Biol. 1982;
57(4):405–35. doi: 10.1086/412936 PMID: WOS:A1982PR96600002.

2.

Ginther AJ, Snowdon CT. Expectant parents groom adult sons according to previous alloparenting in a
biparental cooperatively breeding primate. Animal Behaviour. 2009; 78(2):287–97. doi: 10.1016/j.
anbehav.2009.04.020

3.

Stone AI, Mathieu D, Griffin L, Bales KL. Alloparenting experience affects future parental behavior and
reproductive success in prairie voles (Microtus ochrogaster). Behavioural processes. 2010; 83(1):8–
15. doi: 10.1016/j.beproc.2009.08.008 PMID: 19732810

4.

Clark MM, Galef BG Jr. Effects of experience on the parental responses of male Mongolian gerbils. Dev
Psychobiol. 2000; 36(3):177–85. Epub 2000/03/29. doi: 10.1002/(SICI)1098-2302(200004)36:3<177::
AID-DEV1>3.0.CO;2-W [pii]. PMID: 10737863.

5.

Kruchenkova E, Goltsman M, Sergeev S, Macdonald D. Is alloparenting helpful for Mednyi Island arctic
foxes, Alopex lagopus semenovi? Die Naturwissenschaften. 2009; 96(4):457–66. doi: 10.1007/
s00114-008-0494-5 PMID: 19082989

6.

Frank SA. Natural selection. VII. History and interpretation of kin selection theory. J Evolution Biol.
2013; 26(6):1151–84. doi: 10.1111/Jeb.12131 PMID: WOS:000320170100001.

7.

D'Amato FR. Effect of familiarity with the mother and kinship on infanticidal and alloparental behavior in
virgin house mice. Behaviour. 1993; 124(3–4):313–26.

8.

Kuroda KO, Tsuneoka Y. Assessing postpartum maternal care, alloparental behavior, and infanticide in
mice: With notes on chemosensory influences. Methods Mol Biol. 2013; 1068:331–47. doi: 10.1007/
978-1-62703-619-1_25 PMID: WOS:000325691300026.

9.

Wu RY, Song ZZ, Tai FD, An XL, Yu P, Li YN. The effect of alloparental experience and care on anxiety-like, social and parental behaviour in adult mandarin voles. Animal Behaviour. 2013; 85(1):61–9.
doi: 10.1016/j.anbehav.2012.10.007 PMID: WOS:000313573200010.

10.

Auclair Y, König B, Ferrari M, Perony N, Lindholm AK. Nest attendance of lactating females in a wild
house mouse population: benefits associated with communal nesting. Animal Behaviour. 2014;
92:143–9. doi: 10.1016/j.anbehav.2014.03.008 PMID: WOS:000338281000019.

11.

Gerlach G. Dispersal mechanisms in a captive wild house mouse population (Mus domesticus Rutty).
Biological Journal of the Linnean Society. 1990; 41(1–3):271–7. doi: 10.1111/j.1095-8312.1990.
tb00835.x

12.

Palanza P, Dellaseta D, Ferrari P, Parmigiani S. Female competition in wild house mice depends upon
timing of female/male settlement and kinship between females. Animal Behaviour. 2005; 69(6):1259–
71. doi: 10.1016/j.anbehav.2004.09.014

13.

König B. Fitness effects of communal rearing in house mice—the role of relatedness versus familiarity.
Animal Behaviour. 1994; 48(6):1449–57. doi: 10.1006/anbe.1994.1381 PMID: WOS:
A1994PY73300021.

14.

König B. Components of lifetime reproductive success in communally and solitarily nursing house mice
—a laboratory study. Behavioral Ecology and Sociobiology. 1994; 34(4):275–83. doi: 10.1007/
s002650050043 PMID: WOS:A1994NK99200006.

15.

Manning CJ, Dewsbury DA, Wakeland EK, Potts WK. Communal nesting and communal nursing in
house mice, Mus musculus domesticus. Animal Behaviour. 1995; 50(3):741–51.

16.

Didion JP, de Villena FP. Deconstructing Mus gemischus: advances in understanding ancestry, structure, and variation in the genome of the laboratory mouse. Mamm Genome. 2013; 24(1–2):1–20. doi:
10.1007/s00335-012-9441-z PMID: 23223940.

17.

Keeler CE. The laboratory mouse: Its origin, heredity, and culture. Cambridge: Harvard University
Press; 1931. 81 p.

18.

Garner JP, Thogerson CM, Dufour BD, Wurbel H, Murray JD, Mench JA. Reverse-translational biomarker validation of Abnormal Repetitive Behaviors in mice: An illustration of the 4P's modeling
approach. Behavioural Brain Research. 2011; 219(2):189–96. doi: 10.1016/j.bbr.2011.01.002 PMID:
WOS:000289703700003.

19.

Lindzey G, Winston H, Manosevitz M. Social dominance in inbred mouse strains. Nature. 1961;
191:474–6. PMID: 13762409.

PLOS ONE | DOI:10.1371/journal.pone.0154966 May 5, 2016

12 / 13

Reproductive Suppression and Alloparenting in Laboratory Mice

20.

Howerton CL, Garner JP, Mench JA. Effects of a running wheel-igloo enrichment on aggression, hierarchy linearity, and stereotypy in group-housed male CD-1 (ICR) mice. Appl Anim Behav Sci. 2008;
115:90–103.

21.

Grafen A, Hails R. Modern statistics for the life sciences. Oxford (UK): Oxford University Press; 2002.

22.

Mead R. The design of experiments: Statistical samples for practical applications. Cambridge: Cambridge University Press; 1988.

23.

Thogerson CM, Brady CM, Howard RD, Mason GJ, Pajor EA, Vicino GA, et al. Winning the genetic lottery: biasing birth sex ratio results in more grandchildren. PLoS One. 2013; 8(7):e67867. doi: 10.1371/
journal.pone.0067867 PMID: 23874458; PubMed Central PMCID: PMC3707872.

24.

Yamazaki K, Beauchamp GK. Genetic basis for MHC-dependent mate choice. Adv Genet. 2007;
59:129–45. Epub 2007/09/25. S0065-2660(07)59005-X [pii] doi: 10.1016/S0065-2660(07)59005-X
PMID: 17888797.

25.

Svare B, Mann M. Infanticide: Genetic, developmental and hormonal influences in mice. Physiology &
Behavior. 1981; 27(5):921–7. doi: 10.1016/0031-9384(81)90062-7

26.

Lonstein JS, De Vries GJ. Sex differences in the parental behavior of rodents. Neuroscience & Biobehavioral Reviews. 2000; 24(6):669–86. doi: 10.1016/S0149-7634(00)00036-1

27.

McCarthy MM, Vom Saal FS. The influence of reproductive state on infanticide by wild female house
mice (Mus musculus). Physiology & Behavior. 1985; 35(6):843–9. doi: 10.1016/0031-9384(85)90248-3

28.

Weber EM, Algers B, Hultgren J, Olsson IAS. Pup mortality in laboratory mice—infanticide or not? Acta
Veterinaria Scandinavica. 2013; 55. doi: 10.1186/1751-0147-55-83 PMID: WOS:000328953800001.

29.

Walker M, Fureix C, Palme R, Mason G. Co-housing rodents with different coat colours as a simple,
non-invasive means of individual identification: Validating mixed-strain housing for C57BL/6 and DBA/2
mice. PLoS One. 2013; 8(10):e77541. doi: 10.1371/journal.pone.0077541 PMID: 24204864; PubMed
Central PMCID: PMC3810273.

30.

Gaskill BN, Gordon CJ, Pajor EA, Lucas JR, Davis JK, Garner JP. Impact of nesting material on mouse
body temperature and physiology. Physiol Behav. 2013; 110–111:87–95. doi: 10.1016/j.physbeh.2012.
12.018 PMID: 23313562.

31.

Garner JP, Dufour B, Gregg LE, Weisker SM, Mench JA. Social and husbandry factors affecting the
prevalence and severity of barbering ('whisker trimming') by laboratory mice. Appl Anim Behav Sci.
2004; 89(3–4):263–82. doi: 10.1016/j.applanim.2004.07.004 PMID: WOS:000225168300007.

32.

Garner JP, Weisker SM, Dufour B, Mench JA. Barbering (fur and whisker trimming) by laboratory mice
as a model of human trichotillomania and obsessive-compulsive spectrum disorders. Comp Med. 2004;
54(2):216–24. PMID: 15134369.

33.

Bechard A, Meagher R, Mason G. Environmental enrichment reduces the likelihood of alopecia in adult
C57BL/6J mice. J Amer Assoc Lab Anim Sci. 2011; 50(2):171–4. PMID: WOS:000288643600003.

34.

Dufour B, Garner JP. An ethological analysis of barbering behavior. In: Kalueff AV, LaPorte JL, Bergner
CL, editors. Neurobiology of Grooming Behavior. Cambridge: Cambridge University Press; 2010. p.
184–225.

35.

Pinkus H, editor. Transient alopecia in weanling BD mice (trichomalacia). Biology of the Skin and Hair
Growth; 1964; Canberra, Australia: American Elsevier Publishing Company, Inc., New York.

36.

Thornburg LP, Stowe HD, Pick JR. Pathogenesis of alopecia due to hair chewing in mice. Lab Anim
Sci. 1973; 23(6):843–50. PMID: WOS:A1973R553000008.

37.

Vandenbergh JG. Effect of the presence of a male on the sexual maturation of female mice. Endocrinology. 1967; 81(2):345–9. doi: 10.1210/endo-81-2-345 PMID: 4952008

38.

Massey A, Vandenbergh JG. Puberty acceleration by a urinary cue from male mice in feral populations.
Biology of Reproduction. 1981; 24(3):523–7. doi: 10.1095/biolreprod24.3.523 PMID: 7236818

39.

Szymanski LA, Keller M. Activation of the olfactory system in response to male odors in female prepubertal mice. Behav Brain Res. 2014; 271:30–8. doi: 10.1016/j.bbr.2014.05.051 PMID:
WOS:000340323000005.

40.

Weidt A, Lindholm AK, König B. Communal nursing in wild house mice is not a by-product of group living: females choose. Die Naturwissenschaften. 2014; 101(1):73–6. doi: 10.1007/s00114-013-1130-6
PMID: 24389536; PubMed Central PMCID: PMC3893474.

41.

Drickamer LC, Gowaty PA, Wagner DM. Free mutual mate preferences in house mice affect reproductive success and offspring performance. Animal Behaviour. 2003; 65:105–14.

PLOS ONE | DOI:10.1371/journal.pone.0154966 May 5, 2016

13 / 13

