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Abstract

Controlled experiments are one approach to understanding the pathogenicity of etiologic
agents to susceptible hosts. The recently discovered fungal pathogen, Batrachochytrium
salamandrivorans (Bsal), has resulted in a surge of experimental investigations because of
its potential to impact global salamander biodiversity. However, variation in experimental
methodologies could thwart knowledge advancement by introducing confounding factors
that make comparisons difficult among studies. Thus, our objective was to evaluate if varia-
tion in experimental methods changed inferences made on the pathogenicity of Bsal. We
tested whether passage duration of Bsal culture, exposure method of the host to Bsal (water
bath vs. skin inoculation), Bsal culturing method (liquid vs. plated), host husbandry condi-
tions (aquatic vs. terrestrial), and skin swabbing frequency influenced diseased-induced
mortality in a susceptible host species, the eastern newt (Notophthalmus viridescens). We
found that disease-induced mortality was faster for eastern newts when exposed to a low
passage isolate, when newts were housed in terrestrial environments, and if exposure to
zoospores occurred via water bath. We did not detect differences in disease-induced mortal-
ity between culturing methods or swabbing frequencies. Our results illustrate the need to
standardize methods among Bsal experiments. We provide suggestions for future Bsal
experiments in the context of hypothesis testing and discuss the ecological implications of
our results.

Introduction

Batrachochytrium salamandrivorans (Bsal) is an emerging fungal pathogen of global conserva-
tion concern [1-3]. Bsal has been identified as the causal agent in recent near extirpations of
wild fire salamanders (Salamandra salamandra) in Belgium and the Netherlands [4, 5], and
has been detected in live amphibians in captivity and moving through international trade [6—
8]. Controlled experiments where hosts are exposed to Bsal under standardized conditions
suggest that the pathogen has a broad host range, including several salamander and anuran
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families [4, 9]. A central tenet to understanding Bsal invasion threat is estimating host suscep-
tibility to infection, and whether host infection progresses to clinical disease hence its pathoge-
nicity [10].

One approach to estimating pathogenicity of etiologic agents is using exposure experiments
[11, 12]. Exposure experiments can provide useful ecological insights, such as mechanisms or
transmission pathways that drive epidemiology, which can have applied implications. For
example, comparing whether pathogenicity of Bsal is greater in aquatic or terrestrial environ-
ments can provide guidance on where and how to apply disease intervention strategies. Simi-
larly, by exposing salamanders to Bsal in water versus direct inoculation could lead to
identifying the most important transmission pathways. However, unintended variation in
exposure methods, pathogen culturing, testing techniques, and host husbandry conditions
could confound inferences made on pathogenicity [13]. For example, Martel et al. [9] inferred
that the eastern newt (Notophthalmus viridescens) was hyper-sensitive to Bsal infection,
because 100% of individuals exposed to 5x10° zoospores died within 34 days. Longo et al. [14]
reported ca. 50% mortality of eastern newts exposed to the same dose of Bsal over 18 weeks,
with some individuals clearing the pathogen and surviving to the end of the experiment. Sev-
eral explanations were offered for the difference in findings between these studies, such as pop-
ulation origin, small sample, and possible co-infection with B. dendrobatidis (Bd, [14]), which
is another pathogenic chytrid fungus responsible for widespread amphibian population
declines [15]; however for the most part, differences in experimental design were not dis-
cussed. Martel et al. [9] used liquid culture as the inoculum, exposed eastern newts to Bsal by
pipetting it directly on the dorsum, and housed individuals terrestrially; whereas, Longo et al.
[14] used agar plates for culturing Bsal, exposed individuals to zoospores in a water bath, and
newts could select between aquatic and terrestrial conditions [9, 14]. The number of cell cul-
ture passages also differed between studies, which could affect Bsal pathogenicity due to
genome attenuation or differential gene expression [16, 17]. To detect infection, both studies
swabbed individuals; however, Martel et al. [9] swabbed once per week and Longo et al. [14]
swabbed once every two weeks. Given that Bsal is a skin pathogen and swabbing removes skin
cells and chytrid zoospores [5, 18], it is possible that swabbing frequency could affect host-
pathogen interactions. Although the North American Bsal Task Force provides recommenda-
tions for controlled experiments using Bsal on their website (http://www.salamanderfungus.
org), most of the recommendations are based on expert opinion and investigator preference.

There is a need to evaluate the potential impacts of variation in protocols for Bsal suscepti-
bility experiments on host-pathogen interactions. Our objectives were to compare differences
in Bsal pathogenicity (i.e., likelihood of infection leading to clinical disease and death [19]),
between the following treatments: (1) low versus high passage culture, (2) water bath versus
pipetted exposure, (3) liquid versus plated culture, (4) aquatic versus terrestrial housing of the
host, and (5) skin swabbing frequency (every 6 days, every 12 days, or only at necropsy). We
hypothesized that pathogenicity of Bsal would be greater with the low passage isolate com-
pared to the high passage isolate due to possible attenuation of the former, pipetted exposure
to Bsal on the skin would be greater than water bath exposure due to higher likelihood of direct
contact with inoculated Bsal zoospores, plated cultures would be more than pathogenic than
liquid cultures because the former produces more synchronized release of zoospores, aquatic
housing would be greater than terrestrial because the latter environment would create more
opportunity for zoospore desiccation and reduce within-host reinfection, and increasing swab-
bing frequency would increase pathogenicity by increasing host stress. Given results from
these comparisons, we provide recommendations on designing future Bsal experiments. In
addition, our experiments for objectives (2) and (4) provided some ecological insights into
possible mechanisms of Bsal transmission and host resistance.
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Materials and methods
Methods common among experiments

Below are the methods common for all experiments unless noted otherwise. Sample sizes, Bsal
doses, host life-stage and swabbing frequencies are in Table 1. Similar to Martel et al. [9] and
Longo et al. [14], we used post-metamorphic eastern newts (Notophthalmus viridescens) for all
experiments. Newts were collected from one site in Knox County, Tennessee, USA (Scientific
Collection Permit #1504), and were confirmed to be Bd negative prior to the start of each
experiment. We performed each experiment at 15°C in environmental growth chambers, with
relative humidity maintained between 80-90%. All water-bath exposed newts were exposed to
Bsal in 100-mL containers with 1 mL inoculum and 9 mL autoclaved dechlorinated water. The
Bsal used in our experiments was originally isolated by An Martel and Frank Pasmans from a
morbid wild fire salamander in the Netherlands (isolate: AMFP13/1), and had been passaged
(i.e., split) in cell culture ca. 20 times (P20) at the start of our experiments. The 200-passage iso-
late (P200) was maintained in culture and split ca. biweekly, while P20 was cryopreserved and
revived for each experiment. We grew Bsal on TGhL plates and harvested zoospores by flood-
ing each plate with 7 mL autoclaved dechlorinated water and filtering the suspended zoospores
through a 20-um filter to remove zoosporangia. The target exposure dose was prepared by
diluting the Bsal zoospores in autoclaved dechlorinated water (Table 1). For the exposure
route, housing and swabbing experiments, we exposed animals to a single dose of 5x10° zoo-
spores. For passage and culture experiments, we used a lower dose of 1x10° and 5x10° zoo-
spores because we were unable to harvest greater quantities for these experiments. These
exposure doses were sufficient to cause infection and induce Bsal chytridiomycosis [9]. The
control newts used for each experiment were exposed to autoclaved dechlorinated water under
identical conditions. After a 24-hr exposure period, we removed the animals from the expo-
sure containers and placed them in housing containers. We housed newts terrestrially in
710-mL plastic containers with a moist paper towel and PVC cover object. The exception was
the housing experiment, where half of the newts were housed in circular 2-L containers with
300 mL of dechlorinated water. To minimize accumulation of nitrogenous waste, we trans-
ferred newts into clean containers and replaced all the materials every three days. We fed ter-
restrially housed newts small crickets corresponding to 8% of their body mass when containers
were changed. Aquatically housed newts were fed bloodworms. We checked newts twice daily
for gross signs of Bsal chytridiomycosis (e.g., necrotic lesions, skin sloughing, lethargy), and
humanely euthanized individuals that lost righting reflex or at the end of the experiment.

We estimated Bsal load at necropsy by swabbing the skin of newts following the standard-
ized protocol used for Bd [20], and compared loads among treatments. Genomic DNA
(gDNA) was extracted from each swab using Qiagen DNeasy Blood and Tissue kits (Qiagen,
Hilden, Germany). We estimated Bsal load using Bsal singleplex qPCR methods similar to
those described in Blooi et al. [21]. All gPCR reactions were amplified using an Applied Biosys-
tems Quantstudio 6 Flex qPCR instrument (Thermo Fisher Scientific, USA). Each swab sam-
ple was run in duplicate and considered positive if both replicates amplified within 50 cycles.
We also verified that newts were Bd negative at the start and end of each experiment using
qPCR, because co-infection with Bd and Bsal can affect host survival [14]. For newts that died
during the experiment, we confirmed Bsal chytridiomycosis by examining histological cross-
sections of hematoxylin and eosin stained epidermal tissue [22]. Representative images of each
experimental treatment are provided. We used Bsal-induced mortality confirmed by qPCR
and histopathology as evidence of pathogenicity [22].
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Table 1. Experiment, treatment, life-stage tested, exposure dose, exposure method, culture type, swabbing frequency, sample size (n), and descriptive statistics
(mean and standard deviation, SD) for animals that died or survived the experiment. Also shown are Wilcox rank-sum and Kruskal-Wallis tests comparing Bsal loads
of all animals that died during the experiment as well as test results comparing all animals used in each treatment.

Experiment | Treatment Life | Exposure Dose | Exposure | Culture | Swabbing =N Dead Survived Necropsy Necropsy
Stage Type | Frequency Animal Animal Copies/uL ~ Copies/uL ~
Bsal Bsal Treatment Treatment
Copies/uL Copies/uL for Dead for All
Animal Animals
u(N) SD u(N) SD W or X2 P W or X2 P
Passage Control Adult Autoclaved Water Plate Every 6 5 0(5) 0 4 0.08 28 0.11
Dechlorinated Bath Days
Water
20X Adult 1x10e6 10 | 46926.54 47720.7
(10)
200X Adult 1x10e6 10 | 2078.95(3) | 31515.71 | 16965.51 | 118048.33
)
Exposure Control Adult | Autoclaved Water Plate Every 6 2 0(2) 0 2 0.1 14 0.6
(Water Dechlorinated Bath Days
Bath)** Water
Control Adult Autoclaved Pipette 2 0(2) 0
(Pipette) Dechlorinated
Water
Water Bath* | Adult 5x10e6 Water 6 | 57400.43 | 35511.13
Bath (6)
Pipette Adult 5x10e6 Pipette 6 | 28862.68 | 14059.314 | 59507.97 | 9387.464
®3) (3)
Culture Control Eft Autoclaved Water Water Every 6 3 0(3) 0 3.5 0.7 16.5 0.07
Type Dechlorinated Bath Days
Water
Liquid Eft 1x10e5 Liquid 8 | 3432.88(2) | 4854.83 0(6) 0
Broth
Plated Eft 1x10e5 Plate 8 | 9410.3(5) | 12377.91 | 45.99(3) 79.65
Housing Control Adult | Autoclaved Water Plate Every 6 2 0 0 10 0.91 15 0.7
(Aquatic) Dechlorinated Bath Days
Water
Control Adult | Autoclaved 2 0 0
(Terrestrial)** Dechlorinated
Water
Aquatic Adult 5x10e6 6 | 6164891 | 33928.65 | 36581.91 | 54367.21
3) (3)
Terrestrial* | Adult 5x10e6 6 | 57400.43 | 35511.13
(6)
Swabbing Control (6 Adult | Autoclaved Water Plate Every 6 2 0(2) 0 3.37 0.19 1.63 0.44
Frequency | dayswab)"* Dechlorinated Bath Days
Water
Control (12 | Adult | Autoclaved Every12 | 2 0(2) 0
day swab) Dechlorinated Days
Water
Control Adult Autoclaved Only 2 0(2) 0
(Necropsy Dechlorinated Necropsy
swab) Water
6 day swab® | Adult 5x10e6 Every6 | 6 | 57400.43 | 35511.13
Days (6)
12 day swab | Adult 5x10e6 Every 12 6 | 140061.79 | 99881.34 24931.4
Days (5) 1)
Necropsy Adult 5x10e6 Only 6 | 59445.86 | 37745.56
swab Necropsy (6)
*Indicates the experimental group was used for more than one comparison.
**Indicates the control group was used for more than one comparison.
https://doi.org/10.1371/journal.pone.0235370.t001
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Experiment-specific methods

In order to minimize the total number of animals used for these experiments, we used newts
exposed via water bath, housed terrestrially and swabbed every 6 days for comparisons of
exposure route, housing conditions and swabbing frequency. These newts only differed from
the other treatment group by the specific exposure method being compared (Table 1). For
example, the water bath and pipette-exposed newts were exposed to the same passage isolate
and zoospores harvested from plates, and newts were housed terrestrially after Bsal exposure
and swabbed every six days.

Bsal passage history experiment. To test whether passage history of cultures affected Bsal
pathogenicity, we randomly exposed newts to isolates from one of two culture treatments: 20
and 200 passages. We defined a passage as splitting cultures by inoculating 1 mL of TGhL
broth containing suspended Bsal into 9 mL of new TGhL broth [23].

Bsal zoospore exposure route experiment. We tested if route of zoospore exposure influ-
enced pathogenicity by randomly exposing newts to zoospores in water (as previously
described) or by pipette inoculation. The pipette-inoculated newts were exposed by pipetting 1
mL of Bsal inoculum onto the dorsal aspect of the newt similar to Martel et al. [9].

Bsal culture type experiment. We tested for differences in Bsal pathogenicity between
culturing methods by randomly exposing newts to either inoculum collected from TGhL plates
(as previously described and done by Longo et al. [14]) or to zoospores harvested from TGhL
broth media containing suspended Bsal similar to Martel et al. [9]. We filtered the broth media
identical to TGhL plates to create the inoculum.

Housing experiment. To test whether housing conditions (terrestrial vs. aquatic) affected
pathogenicity, we randomly assigned newts to either terrestrial containers (as described
before) or to 2-L containers with 300 mL of aged dechlorinated water and a PVC cover object
following the 24-hr exposure to Bsal.

Newt swabbing frequency experiment. Lastly, we tested whether swabbing frequency
impacted Bsal pathogenicity by randomly assigning newts to one of three swabbing frequen-
cies: swabbed only at necropsy, every six days or every 12 days. Swabbing technique was identi-
cal among treatments and followed Boyle et al. [20].

Statistical analyses

We compared median survival rates among treatments for each experiment using Kaplan-
Meier analysis and the statistical software R (Version 3.6.1) [24]. We evaluated differences
between two or more survival curves at o. = 0.05 using the “survdiff” function in the survival
package [25, 26]. Hazard ratios were calculated using the “coxph” function in the survival
package for a robust estimate of the magnitude of treatment differences [25]. We compared
copies of Bsal DNA per uL extracted from swabs collected at necropsy using Wilcoxon rank
sum tests or Kruskal-Wallis tests when comparing multiple groups, because data did not follow
a normal distribution. If there were >2 treatments and the Kruskal-Wallis test was significant,
we used Wilcoxon tests corrected with the Benjamin and Hochberg adjustment for post-hoc
treatment comparisons. All Bsal copy comparisons were made using the stats package in R stu-
dio [24]. Data and R Code for all analyses are provided in the online supporting information.

Ethics statement

All husbandry and euthanasia procedures followed recommendations provided by the Associ-
ation of Zoos and Aquariums and the American Veterinary Medical Association, and were
approved by the University of Tennessee Institutional Animal Care and Use Committee
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(Protocol #2395). Newts that reached euthanasia endpoints were humanely euthanized via
transdermal exposure to benzocaine hydrochloride.

Results

Survival of eastern newts exposed to the P200 culture was significantly greater than newts
exposed to the P20 culture (X* = 11.4 P<0.001; Fig 1A). The odds of an individual dying when
exposed to the P20 culture were 7.8X times greater than the P200 culture. Although Bsalloads
were high in all animals that died (X = 36,577; SD = 45,791copies per uL), copies at necropsy
did not differ significantly between treatments (W = 28, P = 0.18; S1 Fig).

Survival of newts exposed to zoospores via pipette inoculation was greater than newts inoc-
ulated via water bath (X* = 11.6 P<0.001, Fig 1B). The odds of an individual dying when
exposed to Bsal in a water bath were >100X times greater than pipette exposure on the dor-
sum. No significant differences in Bsal loads at necropsy were detected between these two
treatments (W = 14, P = 0.59; S1 Fig).

We detected no differences in survival between liquid cultures and flooded plates (X* = 1.9
P =0.13; Fig 1D). Bsal loads at necropsy were similar among treatments for animals exposed
to zoospores harvested from liquid and plated cultures (W = 16.5, P = 0.07; S1 Fig).

Survival of Bsal-exposed newts was significantly greater for individuals housed aquatically
compared to those housed terrestrially (X* = 5.3 P = 0.02, Fig 1C). The odds of an infected
newt dying in terrestrial containers were 4X greater than newts housed aquatically. No

-
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Fig 1. (A-E). Kaplan-Meier survival curves showing survival of eastern newts (Notophthalmus viridescens) exposed to Bsal zoospores. Log-rank
test (x%) and P-values evaluating differences among survival curves for each experiment are shown for animals exposed to P20 or P200 isolates (A),
animals exposed to Bsal via pipette or water bath inoculation (B), animals housed aquatically or terrestrially after exposure (C), animals exposed to
Bsal zoospores harvested from TGhL agar plates or TGhL broth (D), and animals swabbed either every 6 days, every 12 days or only at necropsy

(E).

https://doi.org/10.1371/journal.pone.0235370.9001
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Fig 2. Hematoxylin and eosin stained sections of skin from morbid eastern newts (Notophthalmus viridescens) showing epidermal
invasion by Batrachochytrium salamandrivorans (Bsal; arrows) for all treatments: passage duration (A = P200, B = P20), water bath
(C) vs. pipette exposure (D), plated culture (E) vs. liquid broth (F), aquatic (G) vs. terrestrial husbandry (H), or swabbing frequency
(A-G = 6 days, H = 12 days, I = necropsy only). Bar = 10 um.

https://doi.org/10.1371/journal.pone.0235370.9002

differences were detected in Bsal loads at necropsy between housing treatments (W = 15, P =
0.69; S1 Fig).

We detected no differences in survival among swabbing frequencies (X* = 0.7 P = 0.7; Fig
1E). Bsalloads at necropsy were also similar among animals swabbed at different frequencies
(X?=1.54, P = 0.46; S1 Fig).

For all animals that died, we observed histological signs of Bsal chytridiomycosis (Fig 2).
No control animals died during the study or were qPCR positive for Bsal DNA at the end of
the experiment. Additionally, no animals tested positive for Bd infections at the start or end of
the experiment.

Discussion

We found that Bsal-induced mortality was greater for eastern newts when exposed to the low
passage isolate, when newts were exposed to zoospores via water bath, and when newts were
housed in terrestrial environments. Newts exposed to the P20 isolate had greater odds of dying
from Bsal chytridiomycosis compared to the P200 isolate, indicating differences in pathogenic-
ity caused by passage history. Several studies on the genetically similar Bd chytrid fungus have
reported loss of pathogen virulence associated with greater number of passages in culture [16,
17, 27]. Increased passage number can reduce zoospore production rate and total number of
zoospores produced by zoosporangia [27]. Although this may have occurred in our study, we
controlled for potential differences in production by enumerating zoospores and verifying via-
bility using flow cytometry, and all individuals were exposed to a common dose. Reduced
selection (i.e., attenuation) or differential expression of virulence genes in culture could have
influenced pathogenicity [17], as suggested by studies comparing Bd that was recently isolated
from wild hosts to Bd in cell culture. For example, Ellison et al. [16]found that Bd transcrip-
tomes isolated from two infected amphibian hosts exhibited higher expression of genes associ-
ated with increased virulence when compared to a Bd culture grown in the lab. Rosenblum
et al. [28] also reported that Bd cultured on frog skin displayed a greater number of genes cod-
ing for proteases that affect pathogenicity when compared to Bd cultured using tryptone
media [29]. Hence, the differences that we observed in Bsal’s pathogenicity may have been
driven by genomic changes (e.g., attenuation), phenotypic expression of virulence genes, or
shifts in population composition of zoospores to less virulent types in the long-passage isolate.

Newts exposed to Bsal via 24-hr water bath had >100X greater odds of dying due to the
pathogen than individuals exposed by directly pipetting the pathogen on the animal’s dorsum,
which may be related to a greater exposed skin surface area in water for pathogen encystment.
If so, increased encystment could have led to faster and more severe disease development. It is
possible that viability of zoospores pipetted onto the dorsum of an animal also declined more
rapidly than zoospores in a water bath, because Bsal is predominantly an aquatic pathogen and
viability of Bsal zoospores decreases rapidly on dry substrate [4]. Thus, infection efficiency of
Bsal zoospores in water may have contributed to the differences in newts resisting infection.
Ecologically, these results suggest that transmission of Bsal may be greater in water than
through direct transfer of zoospores occurring from host-to-host contact.

Exposure to Bsal zoospores collected by flooding TGhL agar plates resulted in greater final
mortality (62.5%) than exposure to zoospores grown in and collected from TGhL broth (25%).
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Although these differences in mortality were not statistically significant, they represent a
2.5-fold difference in experimental outcomes. Harvesting Bsal from TGhL agar plates might
more closely resemble the natural life cycle of Bsal (i.e., zoospore encysts in the epidermis of
the host, forms a zoosporangium, and it releases zoospores [5]). Growing Bsal in TGhL broth
may represent an alteration from the typical life cycle and select for zoospores and zoosporan-
gia that grow well when immersed in a nutrient solution rather than when adhered to a sub-
strate, including skin. TGhL broth cultures also might result in mixed-aged cultures with
fewer infectious motile zoospores compared to more synchronized, even-aged zoospore
release on agar plates.

Eastern newts that were housed terrestrially had 4X greater odds of experiencing Bsal-
induced mortality than those housed aquatically. Although adult eastern newts can be found
in terrestrial environments [30, 31], this age class is found most often in aquatic systems [32].
Our study animals were collected from a permanent wetland (i.e., pond), thus the terrestrial
environment may have resulted in greater host stress. Increased stress can compromise
immune function and thus potentially facilitate greater zoospore infection and disease pro-
gression [33]. We also observed that aquatically housed newts were able to shed their skin
more easily, which may decrease infection loads and thereby reduce the severity of chytridio-
mycosis because zoospores are shed into the environment rather than being confined to the
animal’s skin. Skin shedding has been hypothesized as a resistance mechanism for chytrid
infections [34], because shed skin can contain infectious zoospores hence possibly reduce rein-
fection of the host. Ecologically, the greater pathogenicity of Bsal in the terrestrial environment
suggests that if infected newts leave the aquatic environment (e.g., during pond drying), their
likelihood of dying from Bsal chytridiomycosis will increase. Species that mostly or entirely
use the terrestrial environment (e.g., Salamandra salamandra) also may be at greater risk.

Lastly, swabbing frequency had no apparent effect on survival or Bsal loads. Although swab-
bing can remove zoospores [18], it likely does not remove all zoosporangia, which can extend
deeper into the stratum corneum and stratum granulosum [35, 36]. In histological cross-sec-
tions, we observed removal of epidermal layers, presumably from swabbing, and the presence
of zoosporangia thereafter. Although we did not measure indicators of stress response, it is
likely that newts which were never swabbed experienced less stress than swabbed individuals;
however, perhaps acute presence of immunosuppressive stress hormones, associated with han-
dling, were offset by some zoospore removal during swabbing [33, 37].

Collectively, our results might provide some additional insight into the differences observed
between Martel et al. [9] and Longo et al. [14]. In particular, the isolate used by Martel et al. [9]
was lower passage and they housed newts terrestrially; whereas, newts had a choice between
aquatic and terrestrial environments in Longo et al. [14]. These methodological differences
between the two studies might explain why Martel et al. [9] observed greater mortality than
Longo et al. [14] even though the same species was challenged. Interestingly, Longo et al. [14]
exposed newts to zoospores in a water bath, yet observed less mortality than Martel et al. [9]
who pipetted the pathogen on the dorsum of newts. Hence, exposure method might have less
of an effect on Bsal pathogenicity than isolate passage duration and housing conditions.

Our results highlight the importance of standardizing methods in Bsal experiments if
results are going to be compared among studies, or at a minimum acknowledging how meth-
odological differences could lead to biases in interpreting disease outcomes. Given our results,
we provide suggestions for future Bsal exposure experiments. We recommend that low-pas-
sage (<20 passages) inoculum be used for all experiments to facilitate study comparisons,
unless the objective is to understand Bsal evolution or gene expression in culture. We also rec-
ommend flooding TGhL agar plates to collect zoospores, and that the exposure route be cho-
sen to mimic the most likely transmission pathway in nature. For example, transmission of
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Bsal in fire salamanders likely occurs most often during terrestrial breeding events via contact
[4, 38]. Hence, pipetting inoculum on the animal might represent the most realistic route of
exposure as it more closely mimics a direct contact scenario. Exposure to Bsal in a water bath
likely represents a common transmission pathway for aquatic species such as adult eastern
newts. Similarly, we recommend that the housing conditions represent the most likely envi-
ronment of the host, and for hosts that use both environments, the option to enter and leave
water should be provided. Lastly, we recommend that the standardized swabbing protocol for
Bd is followed [18]; however, swabbing frequency should depend on the study objectives. For
studies where tracking infection dynamics is essential, swabbing once per week should capture
changes in prevalence and loads given that the Bsal infected animals typically survive for sev-
eral weeks [9, 10], allowing for load comparisons over time. However, swabbing can affect his-
tological interpretation of disease progression by removing skin layers (DLM, person. observ.).
Given that swabbing frequency did not impact Bsal-induced mortality in our study, swabbing
a subset of individuals for infection data and using a different set of non-swabbed animals for
histological examination and disease determination might be an appropriate methodological
design.

One caveat of all methods used throughout this series of challenge experiments is that they
do not necessarily reflect the conditions amphibians experience as they encounter pathogens
in a natural environment. However, in order to understand the complexities of natural disease
systems, it is often useful to evaluate possible factors individually and in combination with a
controlled, common-garden experimental design then scale-up influential factors to meso-
cosm or natural experiments. Reducing methodological differences among controlled studies
increases the likelihood that outcomes observed reflect true biological processes.
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