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Abstract : Lethal and sublethal effects of pathogens should theoretically select for host avoidance of these
organisms. Oak toads, for example, learn to avoid the pathogenic fungus Batrachochytrium dendrobatidis
(Bd) after one infection-clearance event. Here, we investigated whether four taxonomically distinct am-
phibians, Cuban treefrogs (Osteopilus septentrionalis ), southern toads (Bufo terrestris ), greenhouse frogs
(Eleutherodactylus planirostris ), and pine woods treefrogs (Hyla femoralis ) were also able to learn to avoid
Bd and, if so, what cues they used to identify Bd. Cuban treefrogs, pine woods treefrogs, and greenhouse
frogs did not appear to exhibit detectable innate or learned avoidance of Bd. However, southern toads
learned to avoid Bd after only one exposure. Southern toads avoided any treatment containing Bd metabo-
lites but did not avoid treatments that lacked Bd metabolites even when dead zoospores were present. Bd
metabolites include digestive enzymes that breakdown host tissue and appear to be the cues that amphibians
use to avoid Bd, which is consistent with a Classical or Pavlovian Conditioning response. It appears that
not all species respond the same way to Bd, which is important information when developing disease models
and conservation plans for amphibians.

Introduction

Emerging infectious diseases are one of the largest threats to global biodiversity, but despite this, disease is
historically one of the least studied issues in conservation (Lawler et al. 2006). Amphibians, for example, are
one of the most threatened vertebrate taxon (Stuartet al. 2004) and have experienced extreme global declines
because of the pathogenic fungus Batrachochytrium dendrobatidis (Bd). This pathogen is associated with the
extinction and extirpation of hundreds of amphibian species globally and remains an imminent and persistent
threat to many extant species (Scheele et al. 2019). Additionally, Bd is unlikely to be extirpated given its
nearly global distribution and the presence of non-amphibian hosts (McMahon et al. 2013; Brannelly et al.
2015; Scheele et al. 2019).

Bd has a mobile zoospore stage that produces proteolytic enzymes that degrade elastin proteins in the epi-
dermal layer of the host (Symondset al. 2008; Moss et al. 2010), as well as polyamine spermidine, methylth-
ioadenosine, and tryptophan, all of which are immunomodulators (Rollins-Smith et al. 2015; Rollins-Smithet
al. 2019). When crayfish were exposed to Bd metabolites in the absence of the fungus, the metabolites in-
duced crayfish mortality via gill damage (McMahon et al. 2013). Additionally, tadpoles exposed to Bd
metabolites in the absence of infection had increased developmental speed (Romansic et al. 2011; McMahon



et al.2019); tadpoles can utilize developmental plasticity to avoid an unsuitable environment (Newman 1988;
Rohr et al. 2004). Although admittedly anthropomorphic, the damage to host tissue caused by the enzymes
in the metabolites is likely painful. This could set the stage for learned avoidance of Bd through Classical or
Pavlovian Conditioning. An innate response, in this case avoidance of pain, is paired with a second stimulus,
cues from Bd, to induce learned avoidance of Bd. There is precedent for this, as we already know amphibians
can learn to avoid pathogenic fungi. For example, bullfrog (Rana catesbeiana ) tadpoles use chemical cues to
avoid conspecifics infected with the fungus Candida humicola (Kiesecker et al. 1999), and oak toads (Bufo
quercicus ) learn to avoid Bd after experiencing just one Bd infection and clearance event (McMahon et al.
2014).

While oak toads can learn to avoid Bd after exposure (McMahon et al. 2014), we do not know how common
this learned avoidance response is across amphibian species, nor do we know what specific Bd cues elicit
the avoidance response. Here, we tested whether four species of amphibians — Cuban treefrogs ( Osteopilus
septentrionalis ; family: Hylidae), southern toads (Bufo terrestris ; family: Bufonidae), greenhouse frogs
(Eleutherodactylus planirostris ; family: Eleutherodactylidae), and pine woods treefrogs (Hylafemoralis ;
family: Hylidae) — exhibited innate or learned avoidance of Bd. We hypothesized that, like oak toads, all
four species would learn to avoid Bd after exposure to and clearance of the pathogen. For any species
that exhibited avoidance behavior, we then exposed Bd-naive and Bd-experienced individuals to different
components of Bd to determine which cues are used to avoid Bd. Generally, we crossed the presence and
absence of Bd metabolites with the presence and absence of live and dead zoospores. Given that metabolites
are likely painful because they damage amphibian skin, we predicted that the metabolites would be an
important component of Bd that triggered any learned avoidance response. If amphibians learn to avoid Bd
without exposure to live infectious propagules, then it would suggest that a vaccine including a non-infectious
cue, such as metabolites, might be effective at inducing an acquired behavioral resistance response that could
increase the likelihood that amphibians could persist with Bd.

Materials and Methods
Animal Husbandry

Cuban treefrogs (Osteopilus septentrionalis ; adults), southern toads (Bufo terrestris ; metamorphs), green-
house frogs ( Eleutherodactylus planirostris ; adults), and pine woods treefrogs (Hyla femoralis ; metamorphs),
were collected within 10 km of the University of Tampa (Tampa, FL). The large arboreal species (Cuban
treefrogs) were housed individually in 1-L plastic cups and all other species (pine woods treefrogs, green-
house frogs and southern toads) were housed in smaller plastic containers ("8 x 11 cm). All animals were
maintained with paper towels moistened with artificial spring water (ASW; Cohen et al.1980) and fed gut-
loaded crickets dusted with Rep-Cal vitamins ad libitum . Their bedding and containers were changed weekly
(new containers were used for each behavioral trial). Animals were maintained at 23°C until the start of the
experiment and were then maintained at 18°C unless otherwise noted.

Treatment Inoculate Preparation

We cultured two strains of Bd (JEL 423 isolated in Panamd from Hylomantis lemur and SRS 810 isolated in
the USA from Rana catesbeiana ) on 1% tryptone agar plates. Each amphibian species tested was exposed to
the strain that was isolated closest to their native range (Table 1). Immediately before use in the experiments,
the Bd+ plates were flooded with ASW to suspend the infectious zoospores. The ASW from all Bd+ plates
was homogenized, zoospore concentration was quantified using a hemocytometer, and the stock was diluted
with ASW to 1.5 x 105 zoospores/mL (Bd+ stock). Bd-free 1% tryptone agar plates were flooded using the
same technique to create a control (Bd- stock).

We used the same methodology to prepare the different treatment inoculates for all the amphibian species.
To create Dead zoospores with metabolites , the Bd+ stock was flash frozen with liquid nitrogen. To create
Dead zoospores alone , the Dead zoospores with metabolites stock was filtered through a 1.2 pm filter (GE
Whatman Laboratory Products, Springhill, PA) to separate the zoospores from the liquid containing the
metabolites. We washed the zoospores off the filter with an equivalent amount of ASW. To create Metabolites



alone , we used the filtrate separated from the Dead zoospores with metabolites stock (see Dead zoospores
alone ). For all treatments we used a hemocytometer to verify that we had what we expected, either live
zoospores, dead zoospores, or no zoospores. For the dead Bd and metabolite treatments, we verified there was
no live fungus by plating 1 mL of the treatment inoculate on three 1% tryptone agar plates and monitored
for growth for two weeks (there was no Bd growth).

Bd-Infection and Clearance

Each frog was exposed to their respective treatment (see Treatment Inoculate Preparation ) as a Bd-naive
individual and then again as a Bd-experienced individual (except for the control treatment groups) to
determine changes in individual behavior. Below we describe the treatments given to each group and then
describe how data were collected. To create Bd-experienced hosts, individuals were infected with and cleared
of a sublethal dose of live Bd (Fig. 1). Live Bd from the Bd+ stock was pipetted on the dorsal surface of each
amphibian within their housing chamber (not the experimental chamber) so the Bd could not be avoided.
After exposure, all amphibians (including all uninfected controls) were then held at 18°C for 11 d, allowing
enough time for growth of the Bd infection but not enough time for Bd to cause morbidity (McMahon et al.
2014). Amphibians were then cleared of infections using the heat clearance method described by McMahon, et
al. (2014). Briefly, all amphibians were held at 23°C for 3d (to reduce temperature shock) and were then
moved to a 30°C incubator for 11 d (to clear the infection). Afterward, they were moved to 23°C for 3 d.
before finally returning to 18°C for the remainder of the experiment (see Fig. 1 for experimental timeline).

Behavioral Observations for all Amphibian Species

In the observational choice chamber, Greenhouse frogs and pine woods treefrogs were exposed to Live Bd
or Control treatments (n = 13 or 9 amphibians/treatment, respectively; Table 1, Fig. 1) as Bd-naive and
Bd-experienced individuals. Southern toads and Cuban treefrogs were exposed to one of five treatments: Live
Bd, Control, Dead zoospores with metabolites, Dead zoospores alone, and Metabolites alone . The amphibians
were randomly assigned to one of the treatments (n = 20 and 15 amphibians/treatment, respectively; Table
1).

Observation chambers were created by placing ASW moistened paper towels on each side of the container
leaving a 1 cm gap in the center. For the Cuban treefrogs, the paper towels and gap covered the bottom of
the container and extended vertically up the wall so that the treefrogs could not avoid the two treatments.
Within each container, the paper towel on one side of the chamber was inoculated with 1 mL of the treatment
inoculate (see Treatment Inoculate Preparation ; Table 1) and the paper towel on the other side received 1 mL
of ASW. The side inoculated with the treatment was selected randomly and we implemented a double-blind
inoculation process so that the person running the behavioral trials did not know the treatment location. For
each behavioral trial, the amphibian was placed in the center of the container. After a 20-minute acclimation
period, we recorded the location of the amphibians in the container (left, center, or right) every 15 min for
3-4 h depending on the species (southern toads: 4hrs; all other species: 3hr).

Statistical Analysis

Statistics were analyzed with R statistical software (Development Core Team 2013) and significance was
attributed at P < 0.05. The greenhouse frogs and pine woods treefrogs were analyzed together because they
were conducted simultaneously. Behavioral trials were conducted separately for the Cuban treefrogs and
southern toad and thus they were analyzed using independent statistical analyses. For the Cuban treefrog
and the southern toad, we conducted general linear mixed effects models (package: nlme, function: lme) with
individual amphibian as a random effect (to account for the lack of independence of repeated behavioral
observations on an individual), proportion of observations avoiding during a trial as the response variable
(arcsine square root-transformed, unfortunately we could not get models with a binomial error distribution to
consistently converge), mass as a covariate, and treatment and experience status (naive versus experienced to
Bd, nested within individual as random effects) as crossed independent variables. We followed these analyses
with targeted hypothesis testing where we pooled all treatments containing ¢ ) any zoospores, it ) dead
zoospores, and iii ) metabolites in an effort to assess whether any avoidance response was induced by the



actual process of infection, physical contact with Bd zoospores, or Bd metabolites, respectively. There were
too few greenhouse frogs and pine woods treefrogs to have frogs assigned to treatments with controls solutions
assigned to both sides of the container as we did for the Cuban treefrogs and southern toads. Thus, for the
greenhouse frogs and pine woods treefrogs, we tested for deviations between the observed and expected null
spatial distributions and tested for differences between these two species in their responses because they were
tested simultaneously. Probability values were determined using the likelihood ratio tests based on Type II
sums of squares (package: car, function: Anova). Amphibians that died during the experiment were excluded
from analyses.

Results
Cuban Treefrog

Cuban treefrogs did not avoid any treatments (Treatment: df = 4, y?> = 6.66, P = 0.15; Fig. 2A), re-
gardless of whether they were Bd naive or experienced (experienced: df = 4, y? = 0.43, P = 0.51; Treat-
ment*experienced:df = 4, y? = 5.25, P = 0.26; Fig. 2B). To increase statistical power, we compared
treatments with or without: metabolites (Metabolites: df = 1, y? = 0.05,P = 0.82; Metabolites*experience:
df =1, ¥*> = 4.03, P = 0.05), zoospores (Zoospores:df = 1, ¥ = 1.00, P = 0.32; Zoospores*experience: df =
1, ¥2 = 0.02,P = 0.90), and live Bd (Live Bd: y? = 0.62,P = 0.43; Live Bd*experience: ¥ = 1.76,P = 0.18).
Cuban treefrogs exhibited no evidence of innate or learned avoidance even after pooling these treatments to
increase statistical power. Additionally, Cuban treefrogs showed no evidence of avoidance of or attraction to
zoospores (dead or alive) or live Bd. Although there was a marginally significant metabolite-by-experience
interaction, there was no significant avoidance when naive or Bd-experienced and experience significantly
reduced the strength of the avoidance rather than enhanced it. Thus, this statistical result is not consistent
with innate or learned avoidance to Bd.

Greenhouse Frog and Pine woods Treefrog

Bd-naive greenhouse frogs and pine woods treefrogs did not avoid the live Bd treatment (Treatment: y? =
0.007, P = 0.93; Figs. 3A, 3B) and there was no difference in behavioral response between the two species
when Bd-naive (Species: ¥? = 1.9, P = 0.17). Nine out of 10 pine woods treefrog died during the live Bd-
exposure and so we could not determine whether exposure to and clearance of Bd affected their behavioral
response. Thus, we could only test for the effect of experience on greenhouse frogs. The Bd-experienced
greenhouse frogs did not avoid the live Bd treatment (Treatment: y2? = 0.55, P = 0.46, Fig. 3B). In fact, they
exhibited 4.5% more attraction to the Bd after experience, indicating that there was no trend for learned
avoidance.

Southern Toad

Bd-naive toads did not avoid of any of the treatments (Treatment:df = 4, y? = 2.00, P = 0.736; Fig. 2C).
There was a significant effect of treatment on the avoidance behavior of Bd-experienced toads (Treatment:
df =4, y? = 2.40, P = 0.018, Fig. 2D) but they did not avoid all treatments equally. Regardless of whether
toads were Bd-naive or Bd-experienced, toads showed no significant differential avoidance of treatments
with or without zoospores (Zoospores: df = 1, ¥* = 0.11, P = 0.742; Zoospores*experience: df = 1, y?
= 0.12, P = 0.729; Fig. 4A) or with or without live zoospores (Live zoospores: df = 1, > = 0.03, P =
0.854; Live zoospores*experience: df = 1, y2 = 0.33,P = 0.568; Figs. 2D, 4B). However, avoidance of Bd
metabolites was significantly greater when toads were Bd-experienced than Bd-naive (Metabolite*experience:
df =1, y? = 5.89,P = 0.015; Figs. 4C, 5), suggesting that the metabolites that contain enzymes that digest
amphibian skin trigger a learned avoidance response. To better estimate the magnitude of learned avoidance
of treatments with metabolites, we compared treatments with metabolites to only the controls (rather than
all treatments without metabolites). In these analyses, the difference between avoidance when experienced
and najve was even stronger than in the previous analyses (Metabolite*experience: df = 1, ¥? = 7.76,P =
0.005). Toad responses to the three treatments containing metabolites did not differ significantly when naive
or experienced (Treatment: df = 2, y? = 1.06, P = 0.589; Treatment*experience: df = 2, y*> = 1.69,P =
0.430), indicating that the overall learned avoidance of metabolites was not a function of just one of these



three metabolites-containing treatments.
Discussion

We found that amphibian species had different abilities to learn to avoid Bd. Neither Bd-naive nor Bd-
experienced Cuban treefrogs, greenhouse frogs and pine woods treefrogs avoided Bd. Bd-naive southern
toads exhibited no avoidance of Bd zoospores or metabolites, but after one Bd infection and clearance,
they avoided treatments containing Bd metabolites. Oak toads were also capable of learning to avoid Bd
(McMahon et al. 2014) and thus this is the second species in Bufonidae capable of acquired behavioral
avoidance of Bd. More research is needed to explore whether the ability to learn avoidance behaviors is
influenced by phylogeny.

Bd metabolites triggered the associational behavioral avoidance in southern toads, which is not surprising
given that many vertebrate species are capable learning to avoid a cue that is accompanied by a painful
stimulus (Dunlop et al. 2006). The metabolites contain proteolytic enzymes and other chemicals that degrade
host tissue (Mosset al. 2010; McMahon et al. 2013; Rollins-Smith et al. 2015; Rollins-Smith et al. 2019), and
thus exposure to metabolites might indeed be painful. Amphibians may be able to detect these chemical
metabolites through the chemo- or pain receptors in their skin (Hillyard & Willumsen 2011), which could
facilitate the detection and avoidance of external stimuli through epidermal contact (for example see Kiesecker
et al. 1999). Pavlovian conditioning predicts that pain inducing chemicals would produce a strong behavioral
avoidance response. This is not only consistent with what we found here but is also consistent with amphibian
behavioral avoidance of other directly transmitted pathogens (Kiesecker et al. 1999, Zylberberg et al. 2013).
In all of these cases, the behavioral response is likely to lower exposure to pain, which may also lower risk of
infection.

Interestingly, the other species of amphibians tested did not exhibit avoidance of Bd when Bd naive or Bd
experienced. The high Bd-induced mortality in the pine woods treefrogs was not unusual for species in the
family Hylidae (Scheele et al. 2019). Given this high susceptibility to Bd, we would have expected strong
selective pressure for innate behavioral avoidance, but none was detected in this species. This is possibly
because these populations may not have an evolutionary history with Bd, which would be necessary for
selection of avoidance responses.

We did not see high Bd-induced mortality in the greenhouse frogs and Cuban treefrogs. Because these species
appear to be somewhat tolerant to Bd, they may not have experienced strong selective pressures to exhibit
innate or learned avoidance of the fungus. Selection pressures are a product of variation in both exposure
and susceptibility to the fungus (Sears et al. 2015). In addition to different selection pressures for avoidance,
there might also be differences among species in their ability to learn. Hence, the combination of variation
in selection pressures and learning abilities might explain the observed variation among amphibian species
in their learned avoidance responses to Bd. We encourage additional research that screens for the ability to
discriminate between innate and learned avoidance of pathogens and that identifies the cues used to induce
any avoidance response. This would give researchers a better understanding of the strength and importance
of behavioral avoidance in the field.

Given that human-assisted migration is believed to have introduced Bd to new locations around the planet
in the last 150 years (for example, Ouellet et al. 2005; Padgett-Flohr & Hopkins 2009; Tallleyet al. 2015),
we suspect that many hosts might not have had an evolutionary history with Bd for avoidance behaviors
to have become fixed as innate traits. Consequently, we encourage additional research that discriminates
between innate and learned avoidance of pathogens and that identifies the cues used to induce any avoidance
response. Moreover, there is a need to better understand the strength and importance of Bd avoidance in
the field and the degree of species-level variation in this avoidance.

This research has important implications for the conservation and management of amphibian populations
threatened by Bd. The IUCN Amphibian Ark network and other conservation initiatives rescued hundreds
of amphibian species threatened by Bd and are maintaining these species in captivity in the hopes that they
might be released back into the wild (Venesky et al. 2012; Venesky et al. 2013). Reintroduction attempts



have often failed presumably because of the persistence of Bd in the environment on tolerant hosts (Venesky
et al. 2012; McMahon et al. 2013; Venesky et al. 2013). Previous work has suggested that immunization with
dead Bd might induce acquired immunological resistance that could facilitate successful reintroductions of
captively bred amphibians (McMahon et al.2014). Given that some amphibians can also learn to avoid
Bd without exposure to live infectious propagules, our work opens the door to using non-infectious cues
to induce an acquired behavioral resistance response in captively bred and perhaps even wild amphibians.
Acquired behavioral resistance to Bd could increase the likelihood that certain species can persist in nature
with Bd. For this to be successful, a better understanding of which species of amphibians are capable
of acquiring immunological or behavioral resistance to Bd is needed. We hope that induction of acquired
immunological and behavioral resistance using non-infectious cues of Bd, like Bd metabolites, can reduce Bd-
induced amphibian declines and can facilitate the successful re-establishment of captively bred amphibians
into the wild.

Figure Legends
Fig. 1. Timeline for experimental design.

Fig. 2. Both A) Bd-naive Cuban treefrogs (Osteopilus septentrionalis ; treatment: df = 4, ¥*> = 6.66,P =
0.15) and B) Bd-experienced Cuban treefrogs did not avoid any treatment (experienced: df = 4, ¥? = 0.43,P
= 0.51; treatment*experienced: df = 4, ¥ = 5.25, P = 0.26). C) Bd-naive southern toads (Bufo terrestris )
did not avoid any treatment (df = 4, ¥? = 2.00, P = 0.736), while D) Bd-experienced southern toads avoided
only treatments containing Bd metabolites (dead zoospores with metabolites, live Bd and metabolites alone;
Metabolite*experience: df = 1, y? = 5.89, P = 0.015). Shown are mean avoidance (&= SEM) and the dashed
line at 70% and 50%, respectively, represents equal avoidance to treatments. The * designates significant
avoidance.

Fig. 3. A) Bd-naive pine woods treefrogs (Hylafemoralis ) did not avoid live Bd. Due to mortality, there
were no Bd-experienced pine woods treefrogs. B) Neither Bd-naive nor Bd-experienced greenhouse frogs
(Eleutherodactylus planirostris ) avoided the live Bd treatment. Shown are mean avoidance (£ SEM), and
the dashed line at 50% represents equal avoidance to treatments.

Fig. 4. Mean (+ SEM) relative avoidance of treatments with or without A) zoospores (live or dead), B) live
zoospores, and C) metabolites alone for Bd-naive or Bd-experienced southern toads (Bufo terrestris ). The
dashed line at 0% represents equal avoidance to treatments. Positive values indicate greater avoidance and
negative values indicate less avoidance.

Fig. 5. Mean (+ SEM) relative avoidance of Bd-Naive and Bd-experienced southern toads (Bufo terrestris
) exposed to treatments with or without Bd metabolites. The dashed line at 50% represents equal avoidance
to treatments. There was a significant interaction between metabolites*experience (Metabolite*experience: df
=1, ¥y =5.89, P = 0.015).
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