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1  | INTRODUC TION

Batrachochytrium dendrobatidis (Bd) is associated with the de-
cline, extirpation, or extinction of over 500 species of amphibians 
(Scheele et al., 2019). This pathogenic fungus is widespread and is 
found on every continent on which amphibians are found (Olson 
et al., 2013). While Bd was once thought to be an amphibian spe-
cialist, we now know Bd has non-amphibian hosts, such as cray-
fish (Brannelly et al., 2015; McMahon et al., 2013). Additionally, Bd 

has been found on other organisms in the wild, such as reptiles 
(Kilburn et al., 2011) and waterfowl (Garmyn et al., 2012; Wimsatt 
et al., 2014).

The presence of a diversity of reservoir hosts can increase the 
likelihood that a susceptible host will be extirpated or go extinct (de 
Castro & Bolker, 2005; Rothermel et al., 2008). There is probably a 
variety of non-amphibian hosts of Bd; however, most studies exam-
ining non-amphibian-Bd interactions have examined Bd growth on 
tissue in a sterile environment or from wild tissue surface swabs. 
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Abstract
1. Batrachochytrium dendrobatidis (Bd) is a pathogenic fungus that has devas-

tated amphibian populations globally by causing the disease chytridiomycosis. 
Batrachochytrium dendrobatidis is capable of infecting non-amphibian hosts, such 
as crayfish, and has been detected on reptile and bird species. Given the taxo-
nomic heterogeneity in the known hosts and vectors of Bd, it is likely that there is 
a diversity of undiscovered non-amphibian hosts of the fungus.

2. Here, we investigated whether Bd could survive on freshwater snails (Physella 
acuta) and Cladophora algae. We exposed small and large snails (n = 15 snails/
size category), Cladophora algae (n = 5), and artificial spring water controls (ASW; 
n = 5) to live Bd. We also maintained Bd-free control snails (n = 5 snails/size cat-
egory) in ASW. All treatments were maintained for 7 weeks at 18°C. Mortality 
was checked three times a week, snails were weighed every 2 weeks, and 7 weeks 
after exposure, the snails, algae, and water were tested for Bd using quantitative 
polymerase chain reaction.

3. We found that Bd did not grow on live snails, algae, or ASW long term. Additionally, 
live snails (n = 20) collected from Bd-positive ponds in California were all negative 
for Bd, as well. Given that we found no Bd on the experimentally exposed or field 
swabbed snails, snails are probably not a reservoir host of Bd.

4. While negative results are often not published, Bd is one of the deadliest patho-
gens on earth; it is essential to know what is and is not capable of maintaining Bd 
for well-designed disease models.
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While this information is an essential first step, these findings do not 
account for the species interactions or the hosts’ defences, e.g. their 
microbiome and immune system. More experiments are needed to 
explore the relationship between Bd and its potential hosts both 
through field sampling and controlled long-term growth experi-
ments in vivo.

Freshwater snails, for example, might be an ideal reservoir host 
for Bd, as they are found globally and contain keratin (Hudson 
et al., 2007), a food resource for Bd (Longcore et al., 1999). Here, 
we examined Physella acuta and Helisoma trivolvis because they 
both co-occur with amphibians (Abbott & Bergey, 2007) and Bd. 
Freshwater snails are transported from pond to pond by animals (Van 
Leeuwen et al., 2013) and vehicles (Banha et al., 2014) and, there-
fore, could function as an effective pathogen vector. Additionally, 
we examined whether the green algae Cladophora sp., used in this 
study as a food resource for the experimentally exposed snails, 
could host Bd. This algae is common and widespread in freshwater 
ponds (Higgins et al., 2008) and is grazed on by snails and tadpoles 
(Holomuzki & Hemphill, 1996). If Cladophora is also a reservoir for 
Bd, trophic transmission would be an easy mode of transmission to 
other susceptible hosts, e.g. tadpoles or crayfish. We need to have 
a better understanding of which organisms are and are not viable 
hosts in order to adequately manage this pathogen, which is devas-
tating organisms globally.

2  | METHODS

2.1 | Batrachochytrium dendrobatidis culture

Batrachochytrium dendrobatidis strain JEL 419 (a virulent strain iso-
lated in Panamá during a mass amphibian die off event) was cultured 
on 1% tryptone agar plates at 18°C for 10 days. These Bd+ plates 
were flooded with artificial spring water (ASW; Cohen et al., 1980) 
to bring the zoospores into suspension, and the liquid from all of 
the plates was homogenised (Bd+ stock: 1 × 105 zoospores/mL; this 
concentration has been shown to induce successful infections in 
both amphibians and crayfish (see McMahon et al., 2013; McMahon 
and Rohr, 2015). The viability of the Bd+ stock was verified by grow-
ing 1 ml on 1% tryptone plates for 8 days (n = 5 plates). We had 
robust growth with this positive control, which verifies that the 
Bd+ stock used in this experiment was strong and viable. We made 
control plates by following the same procedure, but the control 1% 
tryptone agar plates were Bd-free (Bd- stock).

2.2 | Exposure experiment

Physella acuta collected from Tampa, Florida, were housed individu-
ally in 50 ml of ASW with 0.165 ± 0.01 g of Cladophora sp. algae. All 
containers were maintained at 18°C (12:12, light:dark cycle) for the 
duration of the 7-week experiment. We changed the water, container, 
and the algae for each snail 3 weeks after exposure, to ensure that 

if Bd was maintained in the system, it was maintained on the snail. 
We had four experimental groups: (1) small snails (0.01 ± 0.006 g) 
and Cladophora algae; (2) large snails (0.07 ± 0.03 g) and Cladophora 
algae; (3) Cladophora algae alone; and (4) an ASW control. Each repli-
cate was dosed with 1 ml of Bd+ stock or Bd– stock (n = 15 for each 
Bd+ snail treatment, n = 5 for each Bd- snail treatment (total = 40 
snails), and n = 5 for all other treatments, all of which were dosed 
with the Bd+ stock). Mortality was checked three times a week and 
snails were weighed every 2 weeks.

After 7 weeks, all experimental groups were sampled for Bd. 
Snails were swabbed (10 times on the entire surface of the shell and 
10 times on the foot and operculum), a 0.04 g piece of algae was 
taken from each Cladophora algae alone replicate, and a swab was 
submerged and moved throughout each ASW replicate for 10 s (cov-
ering all surfaces of the container). All samples were analysed for Bd 
using quantitative polymerase chain reaction (qPCR).

2.3 | Artificial spring water control experiment

We conducted an additional control experiment to verify that Bd did 
not persist in the ASW treatments alone. We dosed 1,000 µl of ASW 
with 20 µl of Bd+ (n = 5; 1 × 105 zoospores/mL); this is the same 
ratio of Bd to ASW as used in the Exposure Experiment. We main-
tained these treatments for two weeks at 18°C (12:12, light:dark 
cycle); this is long enough that if the Bd added to this system did 
not survive during this time, the DNA would no longer be detectable 
(McMahon et al., 2014). We filtered the water through a 1.2 μm filter 
(GE Whatman Laboratory Products) and qPCR was used to analyse 
Bd quantity.

2.4 | Field survey

Physa spp. and H. trivolvis (n = 10 snails/genus) were collected from 
two small, fishless ponds in East Bay, California (July 2019) that 
were historically Bd+ (Johnson et al., 2018; Stutz et al., 2018) using 
seine nets and dipnets in vegetated areas of the ponds (McCaffrey 
& Johnson, 2017). Each snail was swabbed as described above (see 
Exposure experiment for swabbing methods). All samples were an-
alysed for Bd using qPCR. Importantly, Bd+ amphibians were also 
sampled in this region during this collection event; amphibians were 
swabbed ten times from hip to toe on the hind legs and screened for 
Bd with qPCR (n = 79 frogs swabbed: 45.6% Bd+ prevalence).

2.5 | Quantitative PCR

We followed the qPCR protocol described by Hyatt et al. (Hyatt 
et al., 2007). In brief, DNA was extracted from the samples using 
PrepMan Ultra (Applied Biosystems, Foster City, CA, U.S.A.). The 
Cladophora algae samples were processed with one extra step, 
in which the tissue was disrupted for better extraction efficiency 
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using 0.035 ± 0.05 g of zirconia/silica beads in a cell disruptor for 
a total of 2.25 min (Disruptor Genie, Scientific Industries, Bohemia, 
NY, U.S.A.). To screen for inhibition, we added TaqMan Exogenous 
Internal Positive Control Reagents (Applied Biosystems, Foster 
City, CA, U.S.A.) to each sample. There was no evidence of inhibi-
tion. Additionally, the standard curve in each plate was clean with 
little variation and we also ran known Bd+ samples to verify that the 
qPCR methods worked effectively.

2.6 | Data analysis

All statistical analyses were conducted in R statistical software 
(Development Core Team R 2013). Snail growth rate, snail final mass, 
and snail size were analysed using a generalised linear model (pack-
age: stats; function: glm; family: gaussian). A Cox-proportional haz-
ards regression run to determine effect of treatment on mortality 
(family: survival, function: coxph).

3  | RESULTS

Bd was not detected in ASW using either the swab or filter methods. 
Bd was not detected on snails (in the lab or the field), Cladophora 
algae, or in ASW 7 weeks after exposure. Snail growth rate was not 
affected by Bd exposure nor by snail size (growth rate: x = 0.91, 
p = 0.34, snail final mass: x = 1.06, p = 0.30, snail length: x = 1.05, 
p = 0.30). There was no effect of treatment on mortality (x = 0.56, 
p = 0.46).

4  | DISCUSSION

Snails are a reasonable candidate for a reservoir host or vector of Bd, 
given that they co-occur with amphibians (Ebbs et al., 2018), remain 
fully aquatic throughout their life (ideal for an aquatic pathogen), 
and contain keratin (Hudson et al., 2007), which is a common food 
resource for Bd (Longcore et al., 1999). However, we found no evi-
dence that snails can maintain Bd in the field nor that P. acuta can be 
experimentally infected in the laboratory long term. It is important 
to note that our field sampling methodology may not have found 
Bd+ snails if they maintain infections at a very low prevalence (we 
screened 20 snails); however, our laboratory experiments also did 
not yield any infected animals and so it is our conclusion that snails 
are not probably a host for Bd. Additionally, we controlled for the 
presence of the snails’ algae food by directly exposing Cladophora 
algae with Bd. While this was originally intended as an experimental 
control, we can also conclude that Cladophora is also not a likely res-
ervoir host of Bd, given that no algae samples were Bd+ at the end 
of the experiment.

There are several reasons that Bd may not have been able to 
establish on and infect freshwater snails or Cladophora algae. It 
is possible that Bd was incapable of surviving on the host tissue 

itself, and that this substrate was not a viable food resource for the 
pathogen. The snails may have resisted the infection using their 
innate or adaptive immune responses. Snail immune responses to 
aquatic fungi are not well understood, but there is evidence that 
snails can mount a measurable immune response to the presence 
of other aquatic pathogens, e.g. bacteria (Seppälä & Jokela, 2011). 
Cladophora spp. are also known to produce anti-pathogen chem-
icals (Lavoie et al., 2019), which may help this species resist Bd 
infection.

The mucus produced by snails may also function as a mecha-
nism for pathogen resistance. The mucus produced by other snails 
(e.g. Helix aspersa and Achatina fulica) contains antimicrobial pep-
tides ( Gunn et al., 2015; Zhonga et al., 2013), which may help fight 
off pathogens before infection. Antimicrobial peptides produced 
by Rana muscosa have been shown to inhibit Bd growth in vitro 
(Rollins-Smith et al., 2006), and the antimicrobial peptides pro-
duced by Xenopus laevis inhibit the growth of zoospores on the 
skin (Ramsey et al., 2010). Further work is needed to determine 
the definitive causal mechanism behind the lack of infection in 
snails.

Batrachochytrium dendrobatidis is potentially responsible for the 
decline of over 500 species of amphibians (Scheele et al., 2019) and, 
because of this, we have historically focused on the amphibian–Bd 
host–parasite system. However, to understand and effectively man-
age the devastation associated with Bd, we need to expand our re-
search scope to understand how this pathogen fits into the aquatic 
community. The presence of reservoir hosts increases environmen-
tal persistence (de Castro & Bolker, 2005), virulence (Rutrecht & 
Brown, 2009), and the potential of host extirpation or extinction 
(Rosà, 2003; Rothermel et al., 2008).

Additionally, we acknowledge that it is rare to publish null results; 
indeed, there is a bias across the disciplines toward positive findings 
(Mlinarić et al., 2017). This bias can be particularly detrimental when 
working with an organism such as Bd, which is arguably one of the 
deadliest pathogens in the world. Time, money, and research hours 
are dedicated to asking necessary questions in this field; it would be 
damaging to our scientific knowledge for this conservation crisis not 
to publish both positive and null findings. Now that we know that 
freshwater snails (Physa spp. and H. trivolvis) and Cladophora algae 
are not reservoir hosts, it would be detrimental and unnecessary for 
another research group to work through a similar set of questions. 
We argue that all knowledge regarding which hosts are and are not 
viable reservoir hosts is crucial to developing a full community-wide 
view of this pathogen.
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