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Parasite-Mediated Mate Preferences
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Heike Lutermann* , Kemba B. Butler and Nigel C. Bennett

Department of Zoology and Entomology, Mammal Research Institute, University of Pretoria, Pretoria, South Africa

Females of many species discriminate among males when choosing a mate and this
can bear indirect and direct benefits including the avoidance of parasite transmission
from infested males. In rodents, this may be mediated by androgen hormones that
affect the expression of urinary odors. Female choosiness may also vary with a female’s
infestation status, with infested females being less choosy. In the current study we tested
the preference of cooperatively breeding highveld mole-rat (Cryptomys hottentotus
hottentotus) females for male urinary odors from healthy males and those naturally
infested with a cestode (Mathevotaenia sp.). Thirty females (15 healthy, 15 infested)
were allowed to explore a Y-maze with urine samples from healthy and infested males
and the frequency of entering choice arms and chambers as well as the duration
spend with each odor sample was recorded. Infestation status did neither affect male
body mass, urinary testosterone, nor cortisol levels or the body condition of females.
Although overall female activity was not affected by infestation status, infested females
entered choice arms and chambers significantly less frequently than healthy females.
Surprisingly, healthy females preferred odors from infested males while the opposite
was true for infested females, independent of male hormone levels. As the study species
lives in groups that tend to share the same infestation status, we suggest that highveld
mole-rat females may exhibit a preference for unfamiliar odors, possibly as an indicator
of genetic diversity, rather than discriminate between infestation status of males. Similar
mechanisms may also play a role in other social species.
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INTRODUCTION

In many species, females actively discriminate between potential mates (Andersson, 1994). Such
mate choice decisions can have both indirect and direct benefits for choosing females (Jennions
and Petrie, 1997; Kokko et al., 2003). The former include the transmission of genes that increase
offspring fitness by increasing their fecundity, survival and/or mating success (Jennions and Petrie,
1997). Direct benefits can include the acquisition of nutritional benefits through nuptial gifts or
paternal care, but also preventing parasite transmission by avoiding infested males (Able, 1996).

Female mate choice is often based on elaborate secondary sexual traits as the costs of such
traits can only be sustained by high-quality males (i.e., those in good condition and/or without
parasites) (Hamilton and Zuk, 1982; Folstad and Karter, 1992). While in many bird, fish and reptile
species females may glean information about a male’s infestation status from visual signals such
as their nuptial coloration and courtship displays, olfactory cues from various glands, feces and
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urine replace these in mammalian species (Penn and Potts, 1998).
Olfactory signals can provide information about attributes such
as sex, reproductive status, individuality as well as body condition
and constitute the most important source of social information in
rodents (Johnston, 2003; Ferkin, 2018).

Rodent urine contains a variety of volatile and non-volatile
compounds that are under androgen control (Kavaliers et al.,
2005). Infection-related changes in condition (e.g., body mass)
and endocrine status (e.g., testosterone and/or cortisol) (Willis
and Poulin, 2000; Zala et al., 2004; Litvinova et al., 2005) can affect
the quality and quantity of these volatiles, providing information
to potential mates (Kavaliers et al., 2005; Kavaliers and Choleris,
2018). A number of studies in rodents have reported that
females avoid odors of males infested with viruses, bacteria,
arthropods or helminth (reviewed in Beltran-Bech and Richard,
2014).

Female preference for healthy males is not always apparent,
however, and can be modified by a variety of factors including
the costs of being choosy, a female’s condition as well as social
cues or the mating system (Poulin and Vickery, 1996; Jennions
and Petrie, 1997; Klein et al., 1999; Buchholz, 2004; Beltran-
Bech and Richard, 2014; Kavaliers and Choleris, 2018). In nature,
female mate choice may entail energetic costs of traveling to
sample several males, but also to the related increased exposure
to predators and/or environmentally transmitted pathogens and
parasites (Milinski and Bakker, 1992; Jennions and Petrie, 1997;
Kokko et al., 2003). Thus, encounter probability rather than
infestation status of males may determine female mate choice.
However, even under benign laboratory conditions females may
exhibit a lack discrimination or even a preference for infested
males (Penn et al., 1998; Klein et al., 1999; Moshkin et al.,
2002; Gourbal and Gabrion, 2004; Mazzi, 2004; Barthélémy
et al., 2005; Dass et al., 2011; Lai et al., 2016). This could be
a result of social cues from other individuals and experiments
in laboratory mice (Mus musculus) have shown that exposure
to odor cues from parasitized males prior to mate choice can
reduce the avoidance behavior of healthy females (Kavaliers
et al., 2003). Alternatively, the concomitant presence of female
odors can increase the attractiveness of odors of infested males
(Kavaliers et al., 2006).

As parasites obtain access to resources at the expense of
their host (Poulin, 2007), infested females may be constrained
in their ability to express mate choice (Poulin and Vickery,
1996). Only a limited number of studies have addressed this
hypothesis (Beltran-Bech and Richard, 2014). Some that have
tested this hypothesis report a lack of discrimination between
healthy and infested males by infested females (Poulin, 1994;
López, 1999; Mazzi, 2004; Aguilar et al., 2008) while others
found a preference for infested males (Pfennig and Tinsley,
2002). Several of the former studies noted lower condition
and/or activity levels of infested females suggesting energetic
constraints on mate choice for these females (e.g., Poulin, 1994;
López, 1999). Alternatively, the sensory capabilities of infested
females may be impaired (Poulin and Vickery, 1996; Klein,
2003).

The majority of studies into parasite-mediated female mate
choice in rodents have been conducted on classic laboratory

animals, particularly mice (Beltran-Bech and Richard, 2014).
However, the use of olfactory cues as an information source
concerning parasitic infection status in wild rodents is not
well understood. Here, we investigated the scent preferences of
highveld mole-rats (Cryptomys hottentotus pretoriae) a member
of the African rodent family Bathyergidae. This subterranean
species is restricted to the summer-rainfall highveld regions
of South Africa (Bennett and Faulkes, 2000). Highveld mole-
rats are cooperative breeders that live in colonies of up to 12
individuals (Bennett and Faulkes, 2000). Non-breeding males
are prevented from breeding due to incest avoidance but are
physiologically indistinguishable from breeders (van Rensburg
et al., 2003). Female highveld mole-rats are reflex ovulators that
require the tactile stimulation of copulation to induce ovulation
and non-breeding females are physiologically suppressed within
their natal colonies (Malherbe et al., 2004). Nevertheless, non-
breeding females of several mole-rat species, including highveld
mole-rats, readily engage in sexual activity with unfamiliar and/or
unrelated males (Bennett et al., 1996, 1997, 2000; Clarke and
Faulkes, 1999; Greeff and Bennett, 2000; Clarke et al., 2001;
Bappert et al., 2012, Butler and Bennett, personal observation).
This is likely an adaptation to the low encounter probability
with unrelated males due to high energetic and survival costs
of breeding dispersal in these rodents (Jarvis et al., 1994; Hazell
et al., 2000). The ability of females to discriminate relatedness
based on urinary cues has been investigated for several mole-
rat species (Clarke and Faulkes, 1999; Bappert et al., 2012),
but to date no study has addressed whether female mole-
rats can discriminate between healthy and infested males and
exhibit a preference for the former. Hence, the aim of this
study was to assess how parasite infestation affects female odor
preference and the mechanisms by which this may be mediated.
We investigated whether wild-caught female highveld mole-rats
displayed a preference for urinary cues from naturally healthy
compared to infested males. Furthermore, we evaluated whether
such preferences were linked to male body condition (using body
mass as proxy) and/or urinary hormone (i.e., testosterone and
cortisol) levels. We also assessed the effects of parasitism on the
ability of a female to distinguish between odors. Highveld mole-
rats of our study population are parasitized by three helminth
species with cestodes (Mathevotaenia sp.) being the predominant
endoparasites (Viljoen et al., 2011). Hence, we used naturally
infested individuals in our study that represent conditions of
a chronic infestation. We predicted that (1) females would be
able to distinguish between males of different infestation status
and that (2) healthy females would exhibit a preference for
odor cues from healthy males while (3) infested females would
have an impaired ability to discriminate (e.g., lower activity
levels) and not exhibit strong preferences for olfactory cues
from either infested or healthy male. Previous studies have
shown that chronic infestation with Mathevotaenia sp. results in
reduced urinary testosterone levels in male highveld mole-rats,
while it did not affect urinary cortisol levels (Lutermann et al.,
2012). Consequently, we hypothesized that (4) such preferences
would be linked to urinary hormone levels and females would
prefer urinary cues from males with high testosterone, but lower
cortisol levels.
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MATERIALS AND METHODS

Animal Capture and Maintenance
Mole-rats were collected from areas in the suburbs of Pretoria
in Gauteng Province, South Africa (25◦45′ S, 28◦10′E) from
October 2008 through to September 2009. Individuals were
captured using modified Hickman live traps (Hickman, 1979)
baited with sweet potato and checked twice daily. All captured
animals were weighed to the nearest 0.1 g (Scout Pro SPU123,
Ohaus Corporation, United States) and sexed. Captured animals
were housed in their colonies in plastic containers (100 ×
75 × 50 cm) in a temperature-controlled room at 25 ± 1◦C
and under a 12L: 12D lighting regime. Colonies are generally
comprised of one breeding female (readily identified by her
enlarged teats and perforated vagina), one, sometimes more,
breeding males and their non-breeding offspring. Colony sizes
ranged from three to seven individuals. Wood shavings were used
as bedding and sweet potato, carrots and apple were available
on an ad libitum basis. In our study population, two nematode
species have been recorded at low prevalence (both: 4.4%)
and mean abundance (Protospirura sp.: 0.08, Heligmonina sp.:
0.06) compared toMathevotaenia (prevalence: 71.9%, abundance:
8.04) with the latter also likely to be more damaging due to
their substantially larger size (Viljoen et al., 2011). Cestodes
require an intermediate host, usually an arthropod, and cannot
directly be transmitted. The intermediate host and life-cycle
for Mathevotaenia sp. is unknown and hence, we could not
employ artificial infestation of our study animals. The infestations
of wild-caught individuals were identified based on shedding
in feces represent chronic infestations. In contrast to acute
infestations, hosts with chronic infestations have likely made
physiological adjustments to restore homeostasis and minimize
the costs of parasitism (Lutermann et al., 2012).

Determination of Infection Status and
Urine Collection
For the determination of the infestation status and urine
collection (see below), animals were removed from their colonies
and placed individually in a spherical plastic container (height:
20 cm; radius: 9.6 cm) with a wire mesh base and a plastic
collection tray placed underneath. Droppings deposited on
the wire mesh base of these chambers were examined for
the presence of proglottids. This method has been shown to
allow a high accuracy in the identification of Mathevotaenia
sp. infestation (Viljoen et al., 2011). To further ensure that
individuals classified as healthy were indeed free of cestodes
they were injected subcutaneously with 2 µl/g body mass
Ivermectin (Noromectin R©, Norbrook Laboratories, Centurion,
South Africa) while infested individuals received an injection of
saline solution. We allowed a 2-week period to elapse before the
infestation status was confirmed by an additional examination
of feces. Once their infestation status was confirmed urine
was collected from 30 males (15 healthy, 15 infested). We
provided apples as a source for energy and moisture during
urine collection. Traps were checked at hourly intervals and
any urine deposited in these trays was collected using pipettes,

transferred to Eppendorf tubes and stored at –20◦C until used in
the experiments.

Odor Preference Tests
The odor preferences of 15 healthy and 15 infested non-breeding
female mole-rats were determined in a clear Perspex Y-maze.
The maze consisted of 3 squares boxes (20 × 20 × 20 cm, one
start chamber and two choice chambers) connected with Perspex
tubing (7.4 cm diameter). The start box, with a removable door,
was connected to a 20 cm long tube, which in turn branched into
two 50 cm long tubes (choice arms). Both tubes terminated in a
choice chamber. Each choice chamber contained a urine sample
(1 ml) from either a healthy or infested male applied to 20 g
of fresh sawdust.

Only non-breeding females were used and the odors presented
to them originated from males that were unfamiliar to them and
each female was tested only once. The identity of males providing
urine samples was changed for each trial to reduce the risk of
individual factors other than parasite load having an effect on
odor preference. We alternated between the left and right choice
chamber for the infested odor stimulus, to minimize potential
side biases. Due to the substantial effort required to capture a
sufficient number of infested, unfamiliar individuals, we used
urine from each male twice, once for the non-infested and once
for the infested females, and retained the same combinations.

All females were separated from their colonies for 6 h prior to
the onset of a preference test to allow for habituation to isolation.
We transferred females to the start chamber and allowed them to
acclimatize for 15 min. Once this time elapsed, we placed urine
samples in the choice chambers and opened the start chamber,
giving the female access to the maze. Females had unrestricted
olfactory and physical contact with the odor samples during
trials. We observed female behavior for 20 min and recorded
the following variables: (1) Initial choice arm entered; (2) time
spent in each arm and chamber; (3) number of times an arm
or chamber was entered; and (4) time spent being active (i.e.,
not motionless for more than 5 s). Between tests, we cleaned the
Y-maze thoroughly with soapy water and 70% ethanol.

Hormone Assays
We determined the creatinine concentrations of all urine samples
prior to the hormone analyses to correct for urine dilution
(Bonney et al., 1982). Since creatinine is a breakdown product of
tissue proteins, it is assumed to be released at a constant rate. This
provides a means to standardize samples of different dilutions.
We dispensed duplicate aliquots (7 µl) of urine or standards
into wells in a microplate together with 210 µl freshly prepared
alkaline picric reagent (1 volume alkaline triton solution: 1
volume saturated picric acid: 10 volumes deionized distilled
water). The microplate was covered and allowed to stand for 2 h
to allow for color development. Subsequently, we measured light
absorption at 492 nm on a plate reader. The results are expressed
as mmol/ml urine. Samples were processed in two separate assays.
The average intra-assay coefficient of variation for both assays
was 10.2% and the inter-assay coefficient of variation was 17.0%.

We determined the hormone concentrations using
commercial radioimmunoassay kits (Coat-A-Count, Diagnostic
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Products, United States) that have been previously validated
for the study species (Lutermann et al., 2012). The antiserum
is highly specific for testosterone, with a cross reactivity for
dihydrotestosterone being less than 5%. A series of known
calibrators of testosterone were assayed to set up a standard
curve. Urine samples (50 µl) and 125I-labeled testosterone
(1,000 µl) were added to assay tubes in duplicate and briefly
vortexed. Assay tubes were incubated in a water bath (37◦C)
for 3 h. Bound and free 125I-labeled testosterone were decanted
and the bound fraction on the tubes counted on a Cobra gamma
counter for a minute. A calibration curve was used to convert the
counts into testosterone concentrations. A serial double dilution
of a sample containing a high concentration of testosterone
paralleled the standard curve (ANCOVA: F = 2.8, P > 0.05)
following log-logit transformation of the data (Chard, 1978).
The sensitivity of the assay was 0.04 nmol/l and the intra-assay
coefficient of variation was 7.5% and inter-assay coefficient of
variation 12.1%.

Cortisol was measured using a Coat-A-Count cortisol kit
(Diagnostic Products Corporation, United States) using the same
procedure as described above for the testosterone assay. A volume
of 25 µl of urine was used. The assay tubes were, however,
incubated in the waterbath (37◦C) for 45 min. A serial double
dilution of the sample containing a high concentration of cortisol
paralleled the standard curve (ANCOVA: F = 1.34, P > 0.05). The
sensitivity of the assay was 4.82 nmol/l. The average intra-assay
coefficient of variation was 24.71% and the inter-assay coefficient
of variation was 22.12%.

Statistical Analyses
We tested for possible effects of cestode infestation on body
condition (measured as body mass) and hormone levels and
the time females were inactive with t-tests. Hormone data
were log-transformed prior to analyses to achieve a parametric
distribution. Due to the large variance observed in values for
both hormones we evaluated possible sample size limitations
on the outcome of these tests by calculating effect sizes in and
computing the post hoc power in G∗Power 3.1.9 (Faul et al.,
2007, 2009). In order to determine whether any initial choice
preferences existed for healthy and infested females we compared
the first-choice chamber entered (i.e., healthy or infested male
odor) using a χ2-test. These statistical analyses were carried out
in IBM SPSS (version 25).

To evaluate the effect of female and male infestation on the
frequency to enter a choice arm or a choice chamber we employed
generalized linear mixed models (GLMMs) with a Poisson
distribution and a log-link function. Female and male infestation
status (healthy/infested) as well as the 2-way interaction between
these variables were added as independent variables in the model.
In addition, the concentration of testosterone and cortisol were
added as covariates. Female ID as well as the ID of the male
combination were included as random effects to control for
repeated measurements. We converted the time spent in the
choice chambers to proportions before analyzing the effects of
female and male infestation status as well as male hormone levels
on female preferences using a general linear mixed model.

These analyses were carried out with the statistical software
R (version 3.6.1, R Core Team 2019)1 using the R package
lme4 (Aguiar and Sala, 1998). The corresponding p-values were
calculated with the R package car (Fox and Weisberg, 2011).2 We
used the R package emmeans for post hoc multiple comparisons
with Tukey’s HSD (Lenth, 2019).3 We simplified models by
sequentially dropping non-significant terms using the drop1
function in R to obtain the most parsimonious model based on
the lowest AIC value (Burnham and Anderson, 2002). P-values
of ≤ 0.05 were considered to be significant and results are
reported as mean± standard error (SE).

RESULTS

Male Traits
There was no significant difference between the body masses of
healthy (131.5 ± 6.4 g) and infested males (118.1 ± 8.5 g, n = 30,
t = 1.25, df = 28; p = 0.220). Furthermore, healthy (139.8 ± 21.5
nmol/mmol creatinine) and infested males (105.6 ± 19.92
nmol/mmol creatinine) did not differ significantly in their
testosterone levels (t = –1.22, df = 28; p = 0.234). The effect
size for this comparison were moderate (Cohen’s d = 0.44)
and the power low at β = 0.282. Although healthy males
tended to have lower cortisol levels (264.4 ± 86.6 nmol/mmol
creatinine) than infested males (554.7 ± 153.3 nmol/mmol
creatinine) this was not significant (t = –1.83, df = 28, p = 0.078).
The effect size for this comparison were fairly high (Cohen’s
d = 0.67) and the power moderate at β = 0.558. There was
no correlation between the testosterone and cortisol levels
of males (RS = 0.050, n = 30, p = 0.803). Differences in
testosterone levels between healthy and infested male pairs varied
widely (mean Thealthy—Tinfested: –34.20 ± 33.52 nmol/mmol
creatinine, range: –235.96 to 345.73). Similarly, the difference in
cortisol level between healthy and infested males varied widely
(mean Tinfested—Thealthy: 290.28± 188.68 nmol/mmol creatinine,
range: –922.21 to 1971.78).

Parasite Effects on Females
Body mass did not differ significantly between healthy
(98.7 ± 3.5 g) and infested females (87.3 ± 5.1 g, t = 1.86,
df = 28, p = 0.074). Ten of the healthy females and eight of the
infested females first entered the chamber with the odor from a
healthy male. There was no significant difference in the initial
choice to enter a chamber between healthy and infested females
(χ2 = 0.456, df = 1, p = 0.710).

Female infestation status did not significantly affect the
time spent inactive during the preference trials (healthy:
26.75% ± 4.88, infested: 41.34% ± 7.11, t = –1.694, df = 28,
p = 0.101). However, the frequency to enter a choice arm was
significantly larger for healthy (15.1 ± 1.0) compared to infested
females (6.0 ± 0.7, Wald χ2 = 41.7886, df = 1, p < 0.0001,
Figure 1). Conversely, the infestation status of the male had no

1https://www.R-project.org/
2http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
3https://CRAN.R-project.org/package=emmeans
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FIGURE 1 | Frequency of (A) entering the choice arm and (B) the choice
chamber with the odor of a healthy (open bars) or infested male (solid bars) for
healthy and infested female highveld mole-rats.

significant effect on the frequency of entering the choice arm
and this variable was dropped from the final model. However,
the frequency of entering the choice arm decreased slightly,
but significantly, with increasing testosterone level (estimate: –
0.0013 ± 0.0006, Wald χ2 = 4.1224, df = 1, p = 0.042). The
remaining factors including the variable cortisol were all dropped
from the final model (Table 1).

The infestation status of the female was the only variable
retained in the final model for the frequency to enter the choice
chamber (Table 1). It was significantly higher for healthy females
(7.5 ± 0.5) compared to infested females (3.53 ± 0.5, Wald
χ2 = 19.391, df = 1, p < 0.0001, Figure 1).

Neither the female [F(1, 28) = 0.00, p = 1.00], nor the male
infestation status [F(1, 27) = 0.74, p = 0.396] had a significant
effect on the proportion of time a female spent with an odor
sample. However, there was a significant interaction between
female and male infestation status [F(1, 27) = 15.19, p = 0.0006,
Figure 2]. Healthy females spend significantly more time with
the odor of the parasitized male than that of the healthy male
(t = 2.94, df = 28, p = 0.032, Figure 2). In contrast, there was
no significant difference in the proportion of time spent with an
odor of healthy and infested males for infested females (t = 0.30,
df = 28, p = 0.990). As a result, healthy females spent significantly
less time with a healthy male’s odor compared to infested females
(t = 2.75, df = 28, p = 0.050) while the opposite was true for
the odor of an infested male (t = –2.75, df = 28, p = 0.048).
Furthermore, the time spent with a male odor was not affected

significantly by the level of cortisol [F(1, 27) = 3.90, p = 0.059]. The
variable testosterone was dropped from the final model (Table 1).

DISCUSSION

In accordance with our first prediction, female highveld mole-
rats were able to distinguish between the urinary cues from
healthy and infested males. However, contrary to several studies
in laboratory mice and rats (Kavaliers and Colwell, 1995a,b;
Penn et al., 1998; Willis and Poulin, 2000; Ehman and Scott,
2001) and in contrast to our second prediction healthy females
spent more time inspecting odor cues from infested males.
Although a lack of distinct preference of healthy rodent females
has been reported in several studies (Klein et al., 1999; Gourbal
and Gabrion, 2004; Ilmonen et al., 2009), clear preferences
for infested male rodents have rarely been observed (Moshkin
et al., 2002; Barthélémy et al., 2005; Dass et al., 2011). For
mice infested with the protozoan Toxoplasma gondii, or the
tick-borne encephalitis (TBE) virus such reversed preferences
coincided with infection-related increases in male testosterone
levels (Moshkin et al., 2002; Dass et al., 2011). Thus, they may
be a result of parasite manipulation. Such manipulation would
increase pathogen/parasite transmission to a sexual partner
(T. gondii) or a vector (TBE virus) as a result of testosterone-
driven increases in sexual behavior and roaming for mates
(Lutermann, 2019). However, a similar mechanism is unlikely
to apply in the study species as testosterone levels did not vary
systematically with infestation status. In addition, testosterone-
driven roaming behavior is severely restricted in the subterranean
niche and such behavior would not assist the transmission of a
parasite with an indirect life cycle such as Mathevotaenia.

It has been suggested that anthelminthic treatment with
ivermectin may affect the host microbiome which could affect
fecal odor (He et al., 2018). However, although several other
studies report an effect of helminth parasites on microbiome
communities, they could not find an effect of the drug on
microbiome composition (Schneeberger et al., 2018; Peachey
et al., 2019; Fujishiro et al., 2020; Hu et al., 2020). Hence, we
are confident that our anthelminthic treatment did not unduly
affect the urinary odor profiles of the males in our study.
Similarly, ivermectin has been shown to affect the olfactory
bulb in the brain of laboratory mice when injected (Obenhaus
et al., 2016). However, this effect was only temporarily and
no longer detectable after 7 days (Obenhaus et al., 2016).
Consequently, our treatment is unlikely to have affected the
ability of females to distinguish between healthy and infested
males as the time period elapsed between treatment and choice
experiments substantially exceeded 7 days. This hypothesis is
further corroborated by the fact that healthy females (i.e., those
treated with ivermectin) clearly distinguished between odors
from healthy and infested males.

It has been shown in free-ranging species that infested males
may be preferred by females as mates based on their body
size (Cramer and Cameron, 2007; Chesh et al., 2012). This
could be linked to higher testosterone levels in larger males
irrespective of parasite infestation (Lopes and König, 2016).
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TABLE 1 | Final models for the effects of female and male infestation status and hormone levels on female C. h. pretoriae preferences.

Frequency entering arm Frequency entering choice chamber % time in choice chamber

Variable F df p F df p F df p

Female infestation status 41.789 1 <0.0001 19.391 1 <0.0001 0.000 1 1.000

Male infestation status – – – – – – 0.744 1 0.396

Female infestation status ×male infestation status – – – – – – 15.189 1 <0.0001

Testosterone 4.122 1 0.042 – – – – – –

Cortisol – – – – – – 3.898 1 0.059

Significant variables are highlighted in bold.

However, in accordance with a previous study in highveld mole-
rats (Lutermann et al., 2012), urinary hormone levels were not
correlated with male body mass in our study making this an
unlikely mechanism in the study species. This could be related
to the social modulation of androgens in social bathyergids.

Ilmonen et al. (2009) showed that genetic variability may
play a more important role than infestation status in mate
preferences of mice. Consequently, the observed pattern could be
an indicator of female preference for genetically different males
based either on major histocompatibility complex (MHC) genes
or general genetic variability (Penn and Potts, 1998; Ilmonen
et al., 2009). The expression of MHC genes also affects the blend
of peptides contained in murine urine. As gene expression is
modulated by parasite infestation, infestation status can also
affect urinary odors (Penn and Potts, 1998; Zala et al., 2004;
Stowers and Tsuang-Han, 2015). This could have affected odor
attraction of healthy females (Zala et al., 2004; Kumar et al.,
2014; Moore et al., 2015). However, a systematic alignment
between infestation status and genetic make-up in our sample
of males appears to be unlikely. Furthermore, genetic data from
the closely related common mole-rats (Cryptomys hottentotus
hottentotus) suggest that females that choose sub-optimal males
with regards to genetic variability seek to compensate for this
by engaging in extra-pair matings with males from neighboring
colonies (Bishop et al., 2007). Currently, there is no comparable
information available for the study species. However, as the
sub-terranean niche substantially increases the costs of breeding
dispersal a similar scenario likely applies to highveld mole-
rats.

Rather than choosing based on infestation status or male
quality (e.g., hormone level, body size, genetic quality) it has
been suggested for several vertebrate species where healthy
females do not discriminate against infested males that females
requiring male care may choose males to secure parental care
(Klein et al., 1999; Mazzi, 2004). In monogamous California
mice parental behavior has been linked to male testosterone
levels (Gleason et al., 2012). Such information may be conveyed
via olfactory cues (Kavaliers et al., 2005; Choleris et al., 2009)
and could potentially account for the weak negative correlation
between testosterone levels and female preferences observed in
the current study.

None of the hypotheses presented above explain why we
observed entirely different preferences in infested females that,
contrary to our prediction, preferred healthy males. Although
healthy and infested females did not differ in their time spent

active, infested females exhibited a significantly lower degree of
exploration as evidenced by their lower frequency of entering
the choice arms and chambers. This could indicate that infested
females do indeed experience constraints to their ability to
choose (Poulin and Vickery, 1996; Jennions and Petrie, 1997;
López, 1999; Beltran-Bech and Richard, 2014; Kavaliers and
Choleris, 2018) while they are able to maintain a similar body
mass as healthy females. However, unlike in many other studies
this did not result in a lack of discrimination (Beltran-Bech
and Richard, 2014), but a preference for healthy males. To
the best of our knowledge there are no other examples of
such strikingly opposing mate preferences between healthy and
infested females in the literature. Since our study species is highly
social, we propose that social cues experienced in the natal group
may play a crucial role in the observed preferences. The role
of social cues for mate choice decisions has previously been
addressed in several laboratory studies and it has been shown
that pre-exposure to males can modify olfactory preferences
of both healthy and infested female mice depending on the
infestation status of the odor donor (Kavaliers et al., 2003,
2006). The female highveld mole-rats tested in the current study
probably only had limited exposure to potential mates due to
the social system of the species and their subterranean life-
style. However, as group-living species they may be exposed to
the odor of related males which constitute undesirable mating
partners. In addition, infestation status is frequently the same

FIGURE 2 | Proportion of time healthy and infested female highveld mole-rats
spent in the choice chamber with the odor from a healthy (open bars) or an
infested male (solid bars).
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among colony members in the Bathyergidae including the study
species (Viljoen et al., 2011; Lutermann et al., 2013; Archer et al.,
2016). Furthermore, a recent study suggests that in rodents
the olfactory profile of healthy individuals living with sick cage
mates reflects the health status of the cage mates rather than
that of the healthy individual (Gervasi et al., 2018). If similar
adjustments of odor profiles are present in highveld mole-rats,
the observed odor preferences of both healthy (i.e., living with
healthy males) and infested females (i.e., living with infested
males) may reflect a preference for unfamiliar male odors (i.e.,
infested for healthy females, healthy for infested females) rather
than a preference or avoidance of odors of infested males.
For long-lived species such as African mole-rats securing an
unfamiliar and hence, likely unrelated mate that can enable
successful breeding dispersal as well as provide parental care
may take precedence over parasite avoidance, particularly for
parasites that are not directly transmitted such as cestodes. This
hypothesis awaits testing in this and other social species in the
future. Furthermore, the social life-style of the study species
allows for buffering of the costs incurred by parasites in mole-
rats (Lutermann et al., 2013). However, odor preferences do not
always translate into mate preferences (Clarke and Faulkes, 1999;
Gourbal and Gabrion, 2004) and the indiscriminate matings
observed in a number of mole-rats including the study species
(Bennett et al., 1996, 1997, 2000; Clarke and Faulkes, 1999; Greeff
and Bennett, 2000; Clarke et al., 2001; Bappert et al., 2012, Butler
and Bennett, personal observation) suggest that although capable
of discrimination mole-rats may choose to ignore the cues used
to discriminate.

Contrary to our prediction, information about the infestation
status is unlikely to be linked to the expression of androgens
in the study species. This may be a result of the chronic
nature of the natural cestode infestation which contrasts
with the acute infestation used in many laboratory studies
(Beltran-Bech and Richard, 2014). This is corroborated by a
previous study of body mass and hormone levels in highveld
mole-rats in response to chronic cestode infestation with
testosterone, but not body mass or cortisol levels differing
with infestation status while only the latter increased in
response to a bacterial challenge (Lutermann et al., 2012).
Nevertheless, it may also be a result of sample size limitations.
Our power analysis suggests that due to the large variance
in testosterone levels larger samples sizes (n = 78) would
have been required to identify such differences. Similar
limitations applied to a lesser extent for cortisol (required
n = 29) due to the greater effect size observed for this
hormone. Regardless, the lack of apparent differences in
hormone levels between the two groups of males should be
treated with caution. The blend of pheromones and peptides
contained in urine that are linked to the expression of major
urinary proteins (MUPs) and MHC genes in murid rodents
(Hurst, 2009; Stowers and Tsuang-Han, 2015) may be the
basis for the observed discrimination. However, unlike in
murid rodents MUPs concentrations are low in mole-rats
(Hagemeyer et al., 2011).

Sensory deprivation in the subterranean environment renders
visual and auditory cues less useful and suggests a significant

role for olfactory signals in subterranean rodents (Francescoli,
2000). The strength of this selection pressure is illustrated
for Bathyergidae by the high genetic variability at loci coding
for olfactory receptors that has been reported for this family
(Stathopoulos et al., 2014). At the same time, members
of the three social genera, Heterocephalus, Fukomys, and
Cryptomys, show little postnatal growth of the vomeronasal organ
neuroepithelium, but also great within-species variability of the
vomeronasal organ neuroepithelium (Dennis et al., 2020). While
the current study is the first investigating the role of olfaction
in a members of the genus Cryptomys, a number of studies in
the other social genera have provided evidence for the ability of
African mole-rats to discriminate between conspecifics based on
olfactory cues (Heth and Todrank, 2007; Toor et al., 2015; Leedale
et al., 2021). Although the basis of the observed discrimination
in female highveld mole-rat remains to be investigated, the
current study demonstrates the ability of a member of Cryptomys
spp. to discriminate olfactory cues related the infestation status
of conspecifics.

CONCLUSION

In conclusion, our study shows that irrespective of infestation
status female highveld mole-rats are able to discriminate between
healthy and infested male urinary odors. Contrary to other
rodent species healthy females prefer the odors of infested
males, whereas infested females prefer those of healthy males.
In addition, infested females exhibited compromised activity
levels. This choice is not based on infestation-related changes
in male or females body mass, or male hormone levels.
Instead, they may be related to social cues experienced in the
natal group and this may also be relevant for other social
vertebrate species.
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