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Intense selection pressure from parasites on free-living animals has resulted in behavioral
adaptations that help potential hosts avoid sources of infection. In primates, such
“behavioral immunity” is expressed in different contexts and may vary according to the
ecology of the host, the nature of the infectious agent, and the individual itself. In this
study, we investigated whether avoidance of contaminated food was associated with
reduced parasite infection in sanctuary-housed bonobos. To do this, we used bonobos’
responses to soil- and fecally-contaminated food in behavioral experiments, and then
compared the results with an estimate of protozoan infection across individuals. We
found that avoidance of contaminated food correlated negatively with Balantioides coli
infection, a potentially pathogenic protozoan transmitted through the fecal-oral route.
The association between avoidance responses and parasitism were most evident in
experiments in which subjects were offered a choice of food items falling along a
gradient of fecal contamination. In the case of experiments with more limited options and
a high degree of contamination, most subjects were averse to the presented food item
and this may have mitigated any relationship between feeding decisions and infection.
In experiments with low perceived levels of contamination, most subjects consumed
previously contaminated food items, which may also have obscured such a relationship.
The behavioral immunity observed may be a consequence of the direct effects of
parasites (infection), reflecting the first scale of a landscape of disgust: individual
responses. Indirect effects of parasites, such as modulation of feeding decisions and
reduced social interactions—and their potential trade-offs with physiological immunity—
are also discussed in light of individual fitness and primate evolution. This study builds on
previous work by showing that avoidance behaviors may be effective in limiting exposure
to a wide diversity of oro-fecally transmitted parasites.

Keywords: parasite avoidance, behavioral immunity, Pan paniscus, Balantioides coli, micro-landscape of disgust

INTRODUCTION

Intense selection pressure from parasites on free-living animals has driven behavioral adaptations
in potential hosts to avoid sources of infection (Curtis, 2014; Sarabian et al., 2018b). The “behavioral
immune system” (Schaller and Park, 2011)—also known as the “adaptive system of disgust” (Curtis,
2013; Lieberman and Patrick, 2014)—orchestrates avoidance of parasites through: (1) detection of
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signals that co-occur with infectious agents; (2) activation
of emotional and cognitive responses; and (3) elicitation of
behaviors that reduce the risk of disease (Curtis, 2014). Such
behavioral immunity arises as a non-consumptive effect (NCE) of
parasitism (Buck et al., 2018) and can have significant impacts on
an individual, e.g., in its overall patterns of foraging and even in
its choice of social partners. In primates, behavioral immunity is
evidenced by avoidance of fecally-contaminated food and water
(Sarabian and MacIntosh, 2015; Amoroso et al., 2017, 2019;
Sarabian et al., 2018a; Poirotte and Kappeler, 2019; Poirotte et al.,
2019), reductions in time spent grooming infected conspecifics
(Poirotte et al., 2017), avoidance of risky sex with ulcerated mates
with a sexually-transmitted disease (Paciência et al., 2019), and
recursion to specific sites within a home range according to the
intensity of infection within the group and contamination of the
environment (Poirotte et al., 2017).

Although studies describing the mechanisms and strategies of
parasite avoidance in primates and other animals are increasing,
investigation of the consequences of parasite avoidance, its
behavioral plasticity and the trade-offs involved remain scarce
(Buck et al., 2018; Sarabian et al., 2018b). In non-human primates,
to our knowledge, evidence of fitness consequences of behavioral
immunity at an individual level is limited at present to two
studies showing that hygienic tendencies and personalities (i.e.,
the persistence of such strategies across time and space) correlate
with low levels of geohelminth infection in free-ranging Japanese
macaques (Macaca fuscata; Sarabian and MacIntosh, 2015) and
low oro-fecally transmitted parasite richness in wild gray mouse
lemurs (Microcebus murinus; Poirotte and Kappeler, 2019). At
a social level, a recent framework based on empirical studies
illustrates how a change in the network structure, through a
decrease in contact rates after a pathogen has been detected,
reduces pathogen transmission (Romano et al., 2020). At a
higher level of ecological organization, Weinstein et al. (2018)
propose a rethink of host behavior through a “landscape of
disgust,” in which animals would have evolved to navigate
through peaks of parasite abundance and valleys of safety—
all avoided or reached via different compromises—provoking
cascading effects at lower (i.e., individual and social) and higher
(ecosystem) levels.

In this article, we focus on the first level of avoidance:
individuals and their immediate environment. To do so, we
investigated how sanctuary-housed bonobos (Pan paniscus)
fit into a “micro landscape of disgust,” i.e., whether their
sensitivity toward surrounding contaminated food is associated
with levels of parasite infection. Little is known about the
gastrointestinal parasites of these highly social endangered
primates in the wild, with only four published studies
revealing a similar range of parasite taxa as that described
in chimpanzees (Pan troglodytes) (Hasegawa et al., 1983;
Dupain et al., 2009; Narat et al., 2015; Medkour et al.,
2021). Typical protozoa and helminths in Pan species include
Troglodytella, Balantioides, Entamoeba, Capillaria, Strongyloides,
Ascaris, Trichuris, Enterobius, Oesophagostomum spp., and
Dicrocoelids (Petrželková and Huffman, 2018). Many of these
parasites have a direct life cycle and are transmitted through the
fecal-oral route. Through a series of experiments, our previous
study revealed a positive correlation between food/surface

contamination and bonobo aversion toward potential food
items (Sarabian et al., 2018a). Specifically, we observed a lower
likelihood of feeding on contaminated food, as well as lower
interaction rates and fewer instances of tool use with/through
contaminated surfaces. Because we expected to observe variation
in oro-fecally/soil transmitted parasite infection in bonobos,
we considered results from three of our earlier experiments
that focused specifically on the avoidance of feces and soil
contamination. These experiments involved food that was either
covered with soil/feces, in contact with or near feces, or
previously in contact with feces. The logical next step was
to investigate the potential correlation between aversion and
infection phenotypes in bonobos.

We thus coupled experimental data previously published
in Sarabian et al. (2018a) with coproscopic analyses to test
the infection-avoidance hypothesis in bonobos. Based on the
assumption that the adaptive system of disgust has evolved to
procure health benefits (Curtis, 2014), we predicted that higher
levels of avoidance would reflect lower levels of parasite infection.
Then, given previous reports of variation in behavioral immunity
among primates (Moya et al., 2004; Sarabian and MacIntosh,
2015; Sarabian et al., 2018a; Tybur et al., 2018; Paciência et al.,
2019; Poirotte and Kappeler, 2019), we also predicted that the
patterns of infection would vary according to the sex and age of
each individual—with males and immatures being more prone to
infection (i.e., higher parasite infection intensity and/or richness)
than females and mature individuals, respectively.

MATERIALS AND METHODS

Study Site and Bonobos
The experiments were conducted between May and July 2016
with semi-free-ranging bonobos at Lola ya Bonobo Sanctuary1

in Kinshasa, Democratic Republic of the Congo (for further
details see Sarabian et al., 2018a). During the day, bonobos live in
four separate enclosures including high canopy forest areas with
palm oil trees, swamps or water ponds (E1–E3), and an outdoor
forested playground (“nursery”). At night, they are socially
housed in dormitories composed of different compartments
with several hammocks. To facilitate maintenance, each outdoor
enclosure and dormitory has doors with a grid of metal bars
through which bonobos can pass an arm and be examined by
caretakers and veterinarians. In addition to the fruits, leaves
and palm oil nuts (Elaeis guineensis) that naturally occur in
their enclosures, bonobos were fed twice daily with 6.5 kg of
seasonal fruits and vegetables, as well as sugarcane, soy milk,
boiled eggs and peanuts.

Behavioral Experiments
In this study, we considered three experiments for which
experimental results were previously published in Sarabian
et al. (2018a), and which involved feeding decisions on soil-
and/or fecally-contaminated food under different contamination
contexts (i.e., high, gradient, past). We classified the bonobos
into two age groups for both males and females: immature

1www.lolayabonobo.org
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(infants and juveniles; 2–7 years) and mature (adolescents and
adults; 8–22 years; see Supplementary Table 1 for details). To
match with fecal sampling data (below), we considered a total of
39 individuals with 34 (22 matures; 17 females) in experiment
1, 33 (21 matures; 15 females) in experiment 2, and 32 (19
matures; 14 females) in experiment 3 (Supplementary Table 1).
The first experiment aimed to test for bonobos’ avoidance of
highly contaminated food by presenting three slices of apple—
one of their favorite food items at the sanctuary (Rosati and
Hare, 2011, 2013)—simultaneously: one slice covered with soil,
one slice covered with feces, and one slice clean (control). The
second experiment explored bonobos’ sensitivity to a gradient of
contamination risk by presenting a “chain of contagion”; a single
row of six banana slices with one of the slices at the extremity
placed atop feces from a conspecific (Figure 1A). The third
experiment examined whether bonobos are sensitive to previous
contamination (with conspecific feces), potentially reflecting
a lower perceived level of contamination. The experimenter
presented two slices of banana, one put in contact with feces,
the other not. The feces were then removed from view using a
cardboard cover and the two slices of banana were presented to

the subject. For each of these experiments, items were presented
on a table behind enclosures’ doors from where we recorded each
subject’s feeding decision.

In exp. 1, we considered the feeding response to contaminated
apple slices (1 if they fed on soil- and/or feces-covered slices—
see Results for details; 0 if they only fed on control items).
In exp. 2, since our previous study (Sarabian et al., 2018a)
reported feeding on contaminated (slices #1–2; atop and adjacent
to feces, respectively) and uncontaminated slices of banana
(#3–6), as well as not feeding at all despite approaching the
experimental area, we considered three “feeding” categories
(“contaminated”; “uncontaminated”; and “none”) instead of a
binary response. The category “none” reflects a subject who
approached to within 1 m of the experimental set-up—sometimes
engaging with it (by e.g., touching the table/a food item
or using a stick to reach the table)—but did not feed on
any slice of banana. In exp. 3, we considered the feeding
response to previously contaminated bananas (1 if they fed
on the contaminated piece; 0 if they fed on the control
only). Subjects were all tested in the morning/afternoon before
feeding occurred to minimize the effect of potential satiety. All

FIGURE 1 | Levels of Balantioides coli infection (average number of trophozoites/cysts per gram of feces) according to feeding decisions in bonobos exposed to
(A) a chain of contagion in exp. #2; (B) soil- and fecally-contaminated apple slices in exp. #1; and (C) previous contamination in exp. #3. Individuals (dots) feeding on
contaminated food (red boxplots) tended to be significantly more infected with B. coli than individuals feeding on control food (blue boxplots) or not feeding at all
(green boxplot in exp. #2).
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experiments and measured variables are described in greater
detail in Sarabian et al. (2018a).

Fecal Sample Collection and
Parasitological Analyses
Fecal samples were collected over the second half of June
2016 after bonobos awoke from sleep. The last anthelmintic
treatment (Albendazole 400 mg) took place at the beginning
of March 2016 (Mungongo et al., unpublished data) and
no antiprotozoal treatments were conducted in the months
preceding our study. Approximately 2 g of fecal matter was put in
a 15 mL tube filled with sodium acetate-acetic acid-formaldehyde
(SAF) solution. We processed 93 samples from 39 identified
individuals (2.4 ± 1.3 samples individual−1; Supplementary
Table 1) using fecal sedimentation and flotation (for a subset
only; see below) procedures to identify and quantify parasite
stages in feces (see Pomajbíková and Huzová, 2018). We
used fecal egg/trophozoite/cyst counts (EPG: number of eggs
gram−1 fecal sediment for metazoan parasites; T/CPG: number
of trophozoites/cysts gram−1 fecal sediment for protozoan
parasites) determined via microscopy using a McMaster slide
as a proxy for parasite infection across subjects. The fecal
sediment of each sample was screened 3 times (3 single
McMaster chamber replicates; 3 chambers in total) and the
average was used to calculate values of EPG or T/CPG. To
test whether these counts were reliable, a second observer
screened 11% (N = 10) of the samples using the same
method and count procedures. In addition, the second observer
processed the same 10 samples through different flotation
solutions (Sheather’s sugar, Zinc sulfate, Sodium nitrate). Floated
samples were screened twice (2 double McMaster chamber
replicates; 4 chambers in total) and the average EPG or T/CPG
was computed. We used Spearman’s rank correlation tests to
compare for each parasite species: (1) inter-observer reliability
examined after fecal sedimentation; and (2) inter-method
reliability with the same observer. To maximize analytical
efficiency in relating behavior with infection, we retained only
parasites that reached a threshold of 30% prevalence in our
samples. If results from our reliability tests across concentration
methods differed, we used only the most sensitive method
in our analyses.

Statistical Analyses
We built generalized linear mixed-effects models (GLMMs) to
analyze how infection levels may covary with feeding decisions
across experiments. Three models were constructed—one for
each experiment—with the average EPG or T/CPG (across counts
and samples) of each individual used as a count response. Each
model used a negative binomial error structure to reflect the
distribution of the EPG or T/CPG data. For predictor variables,
we included feeding decision (#1: feed on contaminated apple
slices or not; #2: feed on contaminated/uncontaminated banana
slices or not; #3: feed on previously contaminated banana or not),
and a combined age-sex category (mature female, mature male,
immature female, immature male). Because we did not aim to
explicitly test the mean difference between bonobos in different
enclosures, we placed enclosure identity (E1, E2, E3, nursery)

as a random effect in the models. Moreover, our study did not
involve multiple trials per individual in the same experiment, so
a repeated design was not necessary. All three models were fit
using the package glmmTMB (Magnusson et al., 2020). We used
the package lmtest (Hothorn et al., 2020) to compare full (fitted)
models with all predictor variables included vs. null models
with only variables to control for, i.e., “age-sex category” as a
fixed effect and “enclosure” as a random effect, using likelihood
ratio tests (LRT). When possible, we also compared full (fitted)
models with potential interactions between terms of interest (i.e.,
feeding decisions and age-sex category; Sarabian et al., 2018a)
vs. full models without interactions using LRT. Finally, we used
the DHARMa package (Hartig, 2021) to test for homogeneity of
residuals, homoscedasticity across variables, and the absence of
zero-inflation in our data and no violations of model assumptions
were found. All data were analyzed in R v.3.6.3 (R Core Team,
2020) and are accessible in the Supplementary Material.

RESULTS

Which Parasites Infect Bonobos at Lola
ya Bonobo?
The most common parasite observed in our subjects with a
prevalence of 64% was Balantioides coli (formerly known as
Balantidium coli; Pomajbíková and Modrý, 2018); a protozoan
acquired through the ingestion of fecally-contaminated food
and/or water. The prevalence of the other protozoan found in
the samples, Troglodytella sp., was 23%. Apart from these two
protozoans, we did not detect any other gastrointestinal parasites
during our examinations. Moreover, out of the 14 fecal samples in
which T. sp. was detected, B. coli was detected only twice. T/CPG
of the observed organisms derived from fecal sedimentation were
highly correlated across observers (Spearman’s rank correlation;
Balantioides coli obs1 vs. obs2: r = 0.92; p < 0.001; Troglodytella
sp. CPG obs1 vs. obs2: r = 1; p < 0.001; see Supplementary
Material). However, a correlation matrix of CPG counts for
the 10 samples analyzed across all methods (sedimentation
vs. flotation) did not always show high reliability for B. coli
(Spearman’s rank correlation; sedimentation vs. sugar: r = 0.41;
p = 0.073; vs. zinc sulfate: r = 0.66; p = 0.002; vs. sodium nitrate:
r = 0.38; p = 0.096). Correlations were better for the detection of
Troglodytella sp. (Spearman’s rank correlation; sedimentation vs.
sugar: r = 0.86; p < 0.001; vs. zinc sulfate: r = 0.86; p < 0.001; vs.
sodium nitrate: r = 0.74; p< 0.001). Fecal sedimentation provided
the highest sensitivity for diagnostics of B. coli, and the largest
counts, so we used these data to calculate T/CPG.

Does Avoidance of Contaminated Food
Relate to Infection?
The proportions of individuals feeding on contaminated food in
experiments #1–3 were 0.29, 0.42 and 0.75, respectively. Note
that only 2 out of 34 individuals fed on fecally-contaminated
apple slices in exp. 1, hence the regrouping of soil- and fecally-
contaminated apple slices as “contaminated food” (Figure 1B).
Only model #2 significantly outperformed its respective null
model (LRT; #1: 1LogLik = 0.37, 1d.f. = 1, p = 0.389; #2:

Frontiers in Ecology and Evolution | www.frontiersin.org 4 May 2021 | Volume 9 | Article 651159

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-651159 May 18, 2021 Time: 19:13 # 5

Sarabian et al. Infection Avoidance in Bonobos

1LogLik = 3.67, 1d.f. = 2, p = 0.026; #3: 1LogLik = 0.79,
1d.f. = 1, p = 0.208; see Supplementary Table 2 for details).
We thus retained the full model (#2) without interaction
between the age-sex category and feeding because the latter
was not outperformed by the model with interaction (LRT;
1LogLik = 5.17, 1d.f. = 6, p = 0.112). We found that B. coli
infection (T/CPG) was significantly lower in subjects who fed on
uncontaminated banana slices and in others who did not feed
compared to those who fed on contaminated slices in exp. 2
(GLM#2; uncontaminated vs. contaminated: z = −2.73, p = 0.006;
none vs. contaminated: z = −3.13, p = 0.002; Figure 1A and
Table 1). Moreover, subjects who did not feed and those who fed
on uncontaminated banana slices did not significantly differ in
levels of B. coli infection (z = −0.10, p = 0.923; Table 1). We also
found that mature males were infected to a higher degree with B.
coli than other age-sex categories (all 0.006 < p≤ 0.07; see Table 1
for details)—a pattern we did not find in null models #1 and #3.

DISCUSSION

This study revealed a negative correlation between bonobos’
aversion to contaminated food and infection with an oro-
fecally transmitted and potentially pathogenic gastrointestinal
parasite (Balantioides coli). We previously showed that bonobo
feeding decisions were influenced by contamination risk, with

individuals avoiding food associated with sensory cues of soil
and/or conspecific feces (Sarabian et al., 2018a). Here, we show
that bonobos who are sensitive to gradients of risk (exp. 2)
may benefit from reduced parasite burdens. As was shown in
previous studies of Japanese macaques (Sarabian and MacIntosh,
2015) and gray mouse lemurs (Poirotte and Kappeler, 2019),
our results indicate that risk-averse bonobos may therefore have
a fitness advantage over risk-prone individuals in their ability
to minimize oro-fecally transmitted parasite acquisition. If so,
our study supports the infection-avoidance hypothesis in a new
host-parasite system, and one with close phylogenetic ties to our
own human lineage.

Yet, the detection of a significant correlation between aversion
and infection could only be highlighted in a certain context.
In exp. 1, the level of contamination was quite high for two-
thirds of the food items (slices of apple) presented—with about
the same weight of contaminant (soil or feces) as the slice.
Consequently, 71% of subjects only fed on control (clean)
apples. This “high contamination—high aversion” context may
not have allowed enough behavioral variation to reflect a
difference in the magnitude of infection among “avoiders”
and “risk takers” (Figure 1B). In comparison, contamination
in exp. 2 followed a gradient as one slice of banana (on
6) was deposited atop feces, a second next to it and others
in contact with the previous one. In this condition, 58% of
subjects restricted themselves to uncontaminated slices (#3–6)

TABLE 1 | Factors affecting variation in levels of Balantioides coli infection (CPG).

Statistical model Predictor variable est. s.e. stat. P

[1] Variation in B. coli infection (exp.1) (Intercept) 7.944 0.884 8.987 <2e−16***

Age.sex (imm.f vs. mat.m) 0.496 1.494 0.332 0.740

Age.sex (imm.m vs. mat.m) −0.127 1.489 −0.085 0.932

Age.sex (mat.f vs. mat.m) 0.151 1.252 0.121 0.904

Age.sex (imm.f vs. mat.f) 0.342 1.492 0.229 0.819

Age.sex (imm.m vs. mat.f) −0.271 1.492 −0.181 0.856

Age.sex (imm.f vs. imm.m) 0.610 1.697 0.360 0.719

[2] Variation in B. coli infection (exp. 2) (Intercept) 12.38 1.694 7.311 3e−13***

Feeding (none vs. contaminated) −4.657 1.488 −3.130 1.8e−3**

Feeding (uncontaminated vs.
contaminated)

−4.502 1.648 −2.733 6.3e−3**

Feeding (none vs. uncontaminated) −0.164 1.689 −0.097 0.923

Age.sex (imm.f vs. mat.m) −3.774 2.083 −1.812 0.070

Age.sex (imm.m vs. mat.m) −4.178 1.539 −2.715 6.6e−3**

Age.sex (mat.f vs. mat.m) −3.953 1.711 −2.310 0.021*

Age.sex (imm.f vs. mat.f) 0.179 1.671 0.107 0.915

Age.sex (imm.m vs. mat.f) −0.229 1.551 −0.147 0.883

Age.sex (imm.f vs. imm.m) 0.405 1.735 0.233 0.815

[3] Variation in B. coli infection (exp. 3) (Intercept) 8.332 0.923 9.022 <2e−16***

Age.sex (imm.f vs. mat.m) 0.101 1.556 0.065 0.949

Age.sex (imm.m vs. mat.m) −0.665 1.483 −0.449 0.654

Age.sex (mat.f vs. mat.m) −0.558 1.423 −0.392 0.695

Age.sex (imm.f vs. mat.f) −1.947 2.100 −0.927 0.354

Age.sex (imm.m vs. mat.f) −2.514 1.870 −1.344 0.179

Age.sex (imm.f vs. imm.m) 0.767 1.703 0.450 0.653

Bold text denotes predictor variables with significant variation in the response. Significant effects are marked: ***(p < 0.001), **(p < 0.01), *(p < 0.05). Statistical models
are labeled with a number in square parentheses that reflects the experiment number referred to in the text. Note that for models [1] and [3], only the control variables are
presented as the full models did not outperform their respective nulls.
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or did not feed at all. Comparatively, contamination in exp.
3 only refers to a previous contamination event: one slice
of banana was put in contact with conspecific feces for 5 s
(see Sarabian et al., 2018a) before being presented to the
tested subject along the control slice. Thus, only 25% of
subjects restricted their feeding to the control item, which may
reflect lower perceived levels of contamination (Figure 1C).
The validity of the model and significance of the negative
correlation between feeding decisions and infection in exp. 2
may be explained by the gradient of avoidance that could be
expressed along that gradient of contamination. Indeed, B. coli
T/CPG were not only significantly different between feeders of
contaminated banana slices and non-feeders, but also between
feeders of contaminated slices and feeders of non-contaminated
slices (Figure 1A). However, non-feeders and feeders of non-
contaminated slices did not significantly differ in their levels
of infection. These results support the hypothesis that caution
(e.g., opting for non-contaminated food or refraining altogether
from feeding in potentially risky contexts) reduces infection
risk, while also highlighting potential NCEs related to such
feeding trade-offs.

Intestinal protozoa such as Balantioides coli (primarily known
for colonizing the intestine of suids) are common parasites in
non-human primates and can also infect humans (Petrželková
and Huffman, 2018; Pomajbíková and Modrý, 2018; Poirotte
and Charpentier, 2020). In African great apes, though, B. coli
is more commonly found in captive groups than in their wild
counterparts (Pomajbíková et al., 2010). One hypothesis for this
difference may be the higher exposure to synanthropic rats in
captivity, which have been pointed out as potential reservoirs
of infection (Bogdanovich, 1955; Knezevich, 1998). Previous
studies have also found an association between a starch-rich
diet in captive chimpanzees and crop-raiding baboons (Papio
anubis) and high intensities of B. coli infection (Schovancová
et al., 2013; Weyher et al., 2006). Bonobos at Lola ya Bonobo
did not rely especially on starchy food—although tubers,
bananas and peanuts made up to 30% of their diet at the
time of the study. Although Balantioides infections are usually
asymptomatic in captive great apes, they can cause balantidiasis,
with symptoms ranging from mild diarrhea to fulminating
dysentery (see Pomajbíková and Modrý, 2018). Some individuals
did have high infection intensities, with the most heavily infected
individual being a 4-years-old female, born at the sanctuary and
living in enclosure 3 (Supplementary Table 1). In comparison,
Troglodytella sp. had a much lower prevalence (23%), which
would not allow statistical modeling. Moreover, T. sp. was
negatively associated with B. coli—a trait also observed in
chimpanzees, potentially because the latter taxon makes the large
intestine less suitable for T. abrassarti (McLennan et al., 2017).
Most importantly, while B. coli is transmitted via the fecal-oral
route and considered to be mildly pathogenic in chimpanzees
(Pomajbíková et al., 2010), T. sp. is not, and is rather viewed as
a symbiont with the function of participating in food digestion
(Profousová et al., 2011).

Regardless of its pathogenicity, one important aspect of
B. coli regarding our experiments is its transmission pathway.
Infections are usually acquired by ingesting cysts in contaminated

food or water (Schuster and Ramirez-Avila, 2008), or otherwise
from contaminated substrata. Thus, if the parasite is less
prevalent in bonobos that are more averse to contaminated
foods, as our study found, this would suggest that avoidance
is effective in reducing transmission via the fecal-oral route.
These results build on previous findings in other primate
species demonstrating a negative correlation between avoidance
behaviors and infection with oro-fecally transmitted parasites
(Sarabian and MacIntosh, 2015; Poirotte and Kappeler, 2019).
To our knowledge, this is the first study to display a
link between feces avoidance and the intensity of B. coli
infection. Our previous work with Japanese macaques focused
on intensity of infection with nematode parasites (Sarabian
and MacIntosh, 2015), and Poirotte and Kappeler (2019)
used parasite status/richness (i.e., number of nematode species
present) as a proxy of infection in gray mouse lemurs.
Thus, our results add to the growing body of literature
showing that sensitivity to contamination can drive feeding
decisions in primates, as they do in other taxa (Ezenwa,
2004; Anderson and McMullan, 2018; Coulson et al., 2018;
Zélé et al., 2019).

Also in line with previous studies of primates, and according
to our prediction, we also observed a significant male bias
toward infection. Mature males exhibited significantly higher
infection intensities than mature females and immature males.
Recent analyses of fecal samples from wild bonobos also
found a higher prevalence of gastrointestinal helminths in
males compared to females, although no significant differences
in estimated infection intensities between the sexes (Dardel,
2020). On the whole, therefore, results in bonobos appear
in line with general patterns of male-biased parasitism in
mammals (Zuk and McKean, 1996; Klein, 2000, 2004). From
a behavioral perspective—in our experiments, at least—this
is not intuitive as immatures fed on contaminated food and
interacted with contaminated surfaces more often than mature
bonobos, including males, and we observed little difference
in the risk sensitivity of adult males and females (Sarabian
et al., 2018a). Thus, while we cannot rule out behavior as a
mechanism underlying male biases in infection among bonobos,
other mechanisms may be at play. In wild male chimpanzees,
testosterone and cortisol are associated with higher helminth and
protozoa richness (Muehlenbein, 2006), which may be explained
by the immunosuppressive activity of both hormones (reviewed
in Sapolsky et al., 2000; Muehlenbein and Bribiescas, 2005). In
turn, levels of fecal testosterone vary with the dominance rank of
the individual, so that higher ranking individuals express higher
testosterone levels and greater helminth (but not protozoan)
richness (Muehlenbein and Watts, 2010). Further studies should
thus investigate whether there is a link between dominance
rank and levels of gastrointestinal parasite infection in bonobos,
and whether their behavioral immunity has a role to play
in this equation.

Related to an individual’s sex and age, its physiological
resistance to or tolerance of infection may also have
played a role in shaping patterns of infection observed
here. For protozoa such as B. coli—which can fully
replicate inside their hosts and cause chronic infections
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(Ponce-Gordo and García-Rodríguez, 2020)—the physiological
immune response is particularly relevant in minimizing the
load during or after establishment of the parasite. Hosts
can handle parasitism in three ways, known as: avoidance,
resistance and tolerance (Rivas et al., 2014). A previous study
in salmonids (Salmo salar and Salmo trutta) showed the
potential interplay between these defensive strategies, with
i.e., the most resistant populations being the less avoidant and
tolerant toward eye fluke (Diplostomum pseudospathaceum)
infection (Klemme et al., 2020). We acknowledge that focusing
on one mechanism could have ignored how other defense
strategies may impact the “avoidance-infection” relationship.
There is evidence supporting the hypothesis that behavioral and
physiological responses are correlated across species (Hawley
et al., 2011). For example, promiscuous primates appear to
invest more in the production of immune cells such as white
blood cells (Nunn et al., 2000; Nunn, 2002), while social
insects express reduced immunity to parasites compared to
asocial insects (e.g., Barribeau et al., 2015; López-Uribe et al.,
2016). Both examples suggest an interplay between behavior
and immune physiology. Whether such interactions also
exist within species like bonobos, expressed through variable
behavioral and immune phenotypes across individuals, has
not yet been tested and would be a great start to have a more
comprehensive view of parasite defense strategies in these social
and endangered primates.

In conclusion, the behavioral immunity observed in bonobos
may be a consequence of the direct effects of parasites (infection),
reflecting on the first scale of a landscape of disgust: individual
responses. However, indirect effects of parasites (i.e., NCEs)
such as modulation of feeding decisions and social interactions
also exist, and are often accompanied by trade-offs. As such,
Japanese macaques would avoid feeding atop conspecific feces
for a grain of wheat, but not for half a peanut (Sarabian and
MacIntosh, 2015). Similarly, mandrills (Mandrillus sphinx) would
avoid grooming group members highly infected with oro-fecally
transmitted protozoa, except if they are maternal kin (Poirotte
and Charpentier, 2020). Although the parasites in question here
(i.e., oro-fecally transmitted helminth and protozoa) are not
highly pathogenic, the fact that their main contaminant (i.e.,
feces) can harbor a wide diversity of pathogens, may have led
primates to evolve a general avoidance response toward unknown
fecal material (see Poirotte et al., 2019). The latter would
provide increased fitness in “hygienic” individuals and may have
precluded the need to develop cognitively demanding and costly
detection and discrimination mechanisms specifically toward
helminths and protozoa. Such a strategy may reflect innate
tendencies to avoid feces, but could also be acquired through
associative learning, which would explain why immatures are
less cautious around risky contaminants. Mechanisms for such
conditioning may include the association of feces sensory cues
with digestive discomfort due to parasite infections acquired
from contact with feces (Amoroso, 2021), and/or observational
learning from adults making their own foraging decisions (e.g.,
Huffman and Hirata, 2004; Tarnaud and Yamagiwa, 2008).
In sum, we highlight that the micro-landscape of disgust in
a social primate can be dynamic and affected by multiple

factors, behavior being among them. We thus encourage future
studies to explore other correlates of the micro-landscape of
disgust in animals.
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