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Abstract Emerging infectious diseases are among

the leading drivers of the sixth mass extinction. The

recent invasion of a highly pathogenic chytrid fungus,

Batrachochytrium salamandrivorans (Bsal), across

Europe has led to salamander mass mortality. To date,

it remains unclear whether Bsal will cause salamander

mass mortalities in North America. Here, we tested the

Bsal susceptibility of eight wild-caught salamander

species (Plethodon cinereus, P. glutinosus, P. mon-

tanus, P. cylindraceus, Desmognathus fuscus, D.

wrighti, Eurycea wilderae, and Notophthalmus viri-

descens) by inoculating individuals sequentially with

a low (10,000 zoospores) and high (500,000 zoos-

pores) Bsal dose. Overall, we found rapid and

complete mortality of N. viridescens accompanied

with high-Bsal infections ([ 200,000 Bsal zoospores)

and severe Bsal lesions distributed across the body and

deep within the skin. In contrast, we found low

mortality of plethodontid salamanders, where only 5

of 60 (8%) Bsal-exposed individuals died over the

course of the experiment. In general, plethodontid

salamanders experienced moderate Bsal infections

(* 4000 Bsal zoospores) with small numbers of Bsal-
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type lesions limited to the head and lateral body.

Following the first Bsal inoculation, we found that Bd

co-infections negatively affected Bsal infections,

suggesting cross reactivity of the immune system or

competitive exclusion, but this pattern did not persist

following the second inoculation. We also found that

Bsal infection intensity decreased over time following

the second higher Bsal inoculation, suggesting evi-

dence of immune priming. Throughout the experi-

ment, all species and treatments experienced stable or

increasing body condition over time. Lastly, ancestral

state reconstruction of Bsal susceptibility indicated

that although the most recent common ancestor

(MRCA) of the family Plethodontidae is resistant to

Bsal, the MRCA of the genus Plethodon is tolerant of

Bsal. This highlights the variation in Bsal-infection

outcomes across Plethodontidae. Collectively, our

results suggest that Plethodontidae salamanders differ

in their Bsal susceptibility, with some species less

impacted than others, which will likely have conse-

quences for their conservation and management.

Keywords Bsal � Chytridiomycosis � Coinfection �
Emerging infectious disease � Fungal disease �
Salamander biodiversity hotspot � Susceptibility

Introduction

The recent introduction of several fungal pathogens to

countries across the globe has devastated a number of

taxa, including some of great economic and ecological

importance (Fisher et al. 2012). For example, bat

declines triggered by white-nose syndrome, which is

caused by the fungal pathogen Pseudogymnoascus

destructans, in North America are projected to cause

agricultural losses greater than 3.7 billion USD per

year (Boyles et al. 2011), and amphibian-related

disease declines led by Batrachochytrium dendroba-

tidis (Bd), the causative agent of chytridiomycosis,

have disrupted resource-consumer dynamics and

ecosystem processes (Whiles et al. 2006, 2013; Zipkin

et al. 2020). In 2013, a second highly pathogenic

fungus that causes chytridiomycosis, Batra-

chochytrium salamandrivorans (Bsal), was identified

as the closest sister taxon to Bd (Martel et al. 2013).

Both chytrid species, Bd and Bsal, are thought to have

originated in Asia (Martel et al. 2014; O’Hanlon et al.

2018). To date, Bsal invasion in Europe, where it is a

nonnative species, has caused salamander mass mor-

talities and population declines (Martel et al.

2013, 2014), but Bsal remains undetected in North

America (Martel et al. 2013, 2014; Gray et al. 2015;

Richgels et al. 2016; Spitzen-van der Sluijs et al. 2016;

Klocke et al. 2017; Parrott et al. 2017; Waddle et al.

2020), where concerns are elevated because some of

the world’s salamander biodiversity hotspots occur in

the United States.

From previous experiments and modeling exer-

cises, it is expected that the emergence of Bsal in the

United States may lead to widespread salamander

declines (Yap et al. 2015; Richgels et al. 2016; Carter

et al. 2020, 2021). Consequently, these losses and

population declines may affect ecosystem structure

and function (Hocking and Babbitt 2014) because

amphibians are centrally nested in food webs, being

important prey and consumers (Wyman 1998; Davic

and Welsh 2004; Walton and Steckler 2005). In an

effort to prevent Bsal invasion and/or mitigate the

consequences of Bsal arrival into the United States,

the Bsal Task Force 2020 are working to identify

conservation actions and research priorities

(\ salamanderfungus.org[).

One research priority is to determine salamander

species-specific susceptibility to Bsal. This informa-

tion is useful for understanding the potential impacts

of Bsal on salamander communities in the United

States. However, with over 200 potential Bsal-sus-

ceptible salamander species in the United States, it is

impractical to test them all in a single experiment

(Lacey Act [1990]; 16 U.S.C. §§ 3371–3378 and 18

U.S.C. §§ 42–43). In this context, ancestral state

reconstruction becomes an invaluable tool in predict-

ing naı̈ve pathogen susceptibility of closely-related

species, especially if closely-related species are vul-

nerable to similar pathogens (Wiens et al. 2010).

Here, we experimentally exposed eight wild-caught

temperate salamander species collected in the eastern

United States to Bsal twice. First, we inoculated

animals with a low Bsal dose (10,000 Bsal zoospores;

Fig. 1), and we expected to observe signs of chytrid-

iomycosis on species that are highly susceptible within

42 days, given the results of other Bsal experimental

inoculations (Martel et al. 2014; Bletz et al. 2018;

Carter et al. 2020; Malagon et al. 2020). Then, on day

42, we inoculated half of the previously exposed

animals with a second higher Bsal dose (500,000 Bsal
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zoospores; Fig. 1) to determine whether Bsal chytrid-

iomycosis develops in each species. It is unlikely that

animals in nature are exposed to such high Bsal doses,

but these exposure amounts often lead to infection

loads in laboratory animals similar to what is detected

on wild animals, highlighting the value of high Bd/

Bsal exposure doses that mimic natural infection loads

(Searle et al. 2011; Gervasi et al. 2013; Muletz-Wolz

et al. 2019).

In this study, we quantified species survival, body

condition, and Bsal growth rate. We used histology to

determine the distribution of Bsal lesions across the

body and within the skin. Our null hypothesis was that

Bsal lesions would be distributed ubiquitously across

the body and deep within the epidermis of susceptible

and lethal species (see Definitions below). Susceptible

species were expected to decrease body condition

more quickly over time and have higher Bsal growth

rates than tolerant or resistant species. We also

hypothesized that tolerant and resistant species would

have lesions isolated to particular parts of the body,

similar to the distribution of Bd on Pseudacris regilla

(Reeder et al. 2012). Lastly, we hypothesized that

closely-related species would have more similar Bsal

susceptibility than distantly-related species (Martel

et al. 2014). Collectively, our results are useful in

updating predictions and our understanding of Bsal

risk to native U.S. amphibians.

Methods

Definitions

First, we define the difference between infection and

disease. We define infection as the invasion of the

body with organisms that have the potential to cause

disease (Casadevall and Pirofski 2000). We define

disease as the manifestation of the fight between the

disease-producing or pathogenic organisms and the

host with all its defense mechanisms (Casadevall and

Pirofski 2000).

We follow the definitions of resistance, tolerance,

susceptibility, and lethality per Martel et al. (2014).

Resistance is defined as animals lacking infection and

disease. Tolerance is defined as animals with infec-

tions but no disease. Susceptibility is defined as

animals experiencing infection with clinical disease.

Lastly, lethality is defined as infections that caused

disease and mortality.

Field captures and animal husbandry

We collected 108 salamanders and obtained data from

97 salamanders of eight species: Plethodon cinereus,

P. glutinosus, P. montanus, P. cylindraceus, Desmog-

nathus fuscus, D. wrighti, Eurycea wilderae, and

Notophthalmus viridescens, from Mount Rogers

Recreational Area in Marion, VA between 04 and 06

June 2015 (see Table 1 for sample sizes). All species

belong to the family Plethodontidae, except N.

viridescens of the family Salamandridae. To deter-

mine if individuals carried field infections of Bd or

Fig. 1 Graphic depiction of the experimental design and

schedule of Bsal inoculations. The first phase of the experiment

ran from day 0 to 41, where a portion of salamanders were

exposed to 10,000 Bsal zoospores (see Table 1 for sample sizes).

The second phase of the experiment ran from day 42 to 84,

where half of the individuals that were exposed to the first Bsal
inoculation received a second higher Bsal inoculation (500,000

Bsal zoospores)
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Bsal, we swabbed all individuals within a day of

capture and used qPCR to determine chytrid infection

intensities (see Molecular analyses below for meth-

ods). For each individual, we recorded snout-to-vent

and tail lengths using dial calipers to the nearest tenth

of a mm, and we recorded body mass using an

analytical scale to the nearest 0.01 g. During this

process, individuals were placed in a fresh baseball

card sleeve or Ziploc� bag to decrease the chances of

cross-contamination. We did not treat any pre-existing

chytrid infections with antifungal chemicals because

we wanted to replicate the conditions that wild

salamanders would experience if Bsal were to invade

the eastern United States. In the laboratory, all

plethodontid species were housed individually in

plastic Ziploc� containers (25.4 cm 9 25.4 cm 9

10.2 cm) that included a plastic shelter and a moist,

unbleached paper towel substrate, while fully aquatic

adult newts, N. viridescens, were housed individually

in the same plastic Ziploc� containers with 500 mL of

sterile deionized water mixed with autoclaved, stream

water collected in College Park, Maryland. We tilted

each container such that animals were able to crawl

onto dry surfaces or swim in their containers.

Animals were randomly assigned to one of six

Percival� Incubators set to 12:12 h light:dark pho-

toperiod, 15 �C, and 85% humidity. Temperatures of

15 �C maximize Bsal growth in vitro (Martel et al.

2013). We allowed salamanders to acclimate to these

conditions for seven days before the start of the

experiment when animals were exposed to Bsal

(Fig. 1). We replaced all housing materials every

seven days, changed water and fed amphibians

crickets or fruit flies ad libitum every three days, and

misted terraria daily.

Bsal cultures and inoculation

We used Bsal culture AMFP13/1, which was origi-

nally isolated from a dead Salamandra salaman-

dra during the 2012 epizootic in the Netherlands

(Martel et al. 2013). It was passaged approximately

10 times before it was used in the first Bsal inocula-

tion (Fig. 1). The culture was passaged an additional

two times before the second Bsal inoculation. We

maintained the Bsal culture in 1% tryptone broth

at 48C and passaged it every three months. We grew

Bsal on 1% tryptone agar plates, allowed them to grow

for seven to 10 days at 15 �C, and we harvested and

counted zoospores using a hemocytometer from those

plates for salamander exposure following DiRenzo

et al. (2014).

We assigned either one or four individuals from

each species as control animals (C; Table 1; Fig. 1).

The remaining individuals were used in the exposed

treatment (I). On day 0 of the experiment, we

inoculated the exposed treatment with 10,000 Bsal

zoospores for 24 h, and we inoculated controls with a

sham solution of 1% tryptone broth for 24 h (DiRenzo

et al. 2014).

After inoculations, we monitored individuals daily

for clinical symptoms of Bsal (i.e., lesions, lethargy,

loss of appetite), and we swabbed all individuals once

every three to four days using a sterile rayon swab

(Dry Swab MW113, Medical Wire, Durham, NC,

USA) following Hyatt et al. (2007). We swabbed the

ventral side and each limb five times each. The same

swab was used for Bd and Bsal testing using qPCR.

We recorded body mass weekly using an analytical

scale to the nearest 0.01 g. We euthanized individuals

once they lost their righting reflex using a Benzocaine

anesthetic followed by decapitation.

We expected to observe signs of Bsal chytridiomy-

cosis in highly susceptible salamander species within

42 days, given the results of other Bsal experimental

inoculations (Martel et al. 2014; Bletz et al. 2018;

Carter et al. 2020; Malagon et al. 2020). Then, on day

42, we randomly selected half of the previously

exposed animals to be inoculated with a second higher

Bsal dose (500,000 Bsal zoospores; Fig. 1) to deter-

mine whether Bsal chytridiomycosis develops in each

species. We refer to animals that were exposed during

the first Bsal inoculation but not the second as single

exposed (I); and we refer to animals that were exposed

during the first and second Bsal inoculations as double

exposed (D; Fig. 1). The second round of inoculations

were conducted as previously described. On day 84,

we terminated the experiment. All individuals were

euthanized using a Benzocaine anesthetic followed by

decapitation. We formalin-fixed specimens and sent

them to the San Diego Zoo Institute for Conservation

Research for histopathology by APP.

Molecular analyses

We used PrepMan Ultra� to extract DNA from swabs

(Boyle et al. 2004). We ran separate qPCR reactions

for Bd and Bsal in singlicate using Taqman qPCR
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(Boyle et al. 2004; Hyatt et al. 2007; Blooi et al. 2013).

The qPCR reactions were run separately for Bd and

Bsal to avoid competition, in which a highly abundant

template might have a higher likelihood of detection

than a template in lower abundance (Thomas et al.

2018). We ran each plate with either Bd or Bsal

standards of 0.1, 1, 10, 100, and 1000 zoospore

genomic equivalents (ZGE) to determine presence and

infection intensity. We used the same Bsal strain from

the inoculations as standards. We categorized indi-

viduals as Bsal ? or Bd ? when infection intensities

were greater than zero (Briggs et al. 2010). The qPCR

assay consistently detects very small chytrid infec-

tions (0 - 1 zoospore genomic equivalents), repre-

senting very low levels of infection. To ensure that

false positives were negligible, we included multiple

negative controls (PCR water) in each qPCR plate and

swabs collected from control group animals.

Histologic examination

We preserved all salamander carcasses in 10% neutral

buffered formalin immediately after death or euthana-

sia. We processed all animal mortalities during the

experiment to confirm cases of chytridiomycosis. The

salamander carcasses were demineralized in

hydrochloric acid (RDO Rapid Decalcifier, Apex

Engineering Corp., Aurora, IL, USA) and transversely

cut (‘‘breadloafed’’) at 2–3 mm intervals with the

entire body processed for histologic examination (a

mean of 25 sections per animal and range of 17–40

sections). Tissues were automatically processed using

a Tissue-Tek VIP vacuum infiltration processor

(Sakura Finetek USA Inc., Torrance, CA, USA),

embedded in paraffin and sectioned at 6 microns.

Hematoxylin and eosin stained sections were exam-

ined by light microscopy by a veterinary pathologist

blinded to Bsal infection status. All skin surfaces at

each section were evaluated for the presence and

distribution of chytrid fungal thalli, and the mean

number of Bd-type and Bsal-type lesions per section

were calculated. Bd and Bsal-type lesions were as

defined by White et al. (2016). Briefly, characteristics

of Bd-type lesions are epidermal hyperplasia and

hyperkeratosis with chytrid thalli in the outer kera-

tinized layers (stratum corneum), and those of Bsal-

type lesions are invasion and necrosis of the epidermis

with chytrid-type thalli throughout. So, in a mixed

infection with Bd and Bsal, it would still be Bsal that

causes the necrosis. An additional feature considered

more typical of Bsal chytridiomycosis was the pres-

ence of colonial chytrid thalli with multiple internal

septa.

Statistical analyses

For all analyses, we removed data from three individ-

uals that were exposed to Bsal but were Bsal negative

for the entirety of the experiment because it is unclear

if these animals were truly never infected, if they

became infected and cleared their infection quickly, or

if their Bsal infections were undetectable (Miller et al.

2012; DiRenzo et al. 2018). In addition, because these

animals were exposed to Bsal, and therefore not

treated equally to other control animals, we did not

include them in either the survivorship or body

condition analyses. For summary statistics, we aver-

aged Bsal infection intensity at time of euthanasia or

death by species. We calculated the number of

individuals that were Bd ? at least once during the

experiment, and we calculated the number of individ-

uals that were simultaneously infected with Bd and

Bsal (i.e., a single swab was Bd ? and Bsal ?).

Survival analysis

Given the low number of deaths experienced by most

species during the entirety of the experiment, we did

not perform any statistical analysis on species sur-

vivorship. Therefore, we report the average days to

death of N. viridescens, the only species that experi-

enced substantial mortality. For all other species, we

present data following the first and second inocula-

tions separately, and we used the function survfit() in

package survival (Therneau 2015) to draw Kaplan-

Meier survival curves. We also report the few

plethodontid individuals that experienced mortality.

First inoculation analyses

To analyze Bsal growth rate by species, we used a

linear mixed effects model using function lme() in

package nlme (Pinheiro et al. 2019). We log10
transformed the Bsal infection intensity detected on

each individual at each swabbing event using log10(-

Bsal zoospores ? 1), and we used it as the response

variable in the following analysis. We included

species, experimental day, log10 (Bd zoospores ? 1)
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at the previous swabbing event, and the interaction

species * experimental day as fixed effects. We also

included salamander ID as a random intercept, corre-

sponding to initial Bsal zoospore infection. We

standardized experimental day by subtracting the

mean and dividing by the standard deviation. We

interpreted the slope estimate of the linear mixed

effects model as the Bsal growth rate (DiRenzo et al.

2014), which we defined as the daily increase in Bsal

zoospore load. To determine if there were differences

in Bsal growth rate among species, we tested for the

significance of the interaction (species * experimental

day) term using an analysis of variance. If p\ 0.05,

then, we performed a post-hoc analysis to determine

pairwise differences in Bsal growth rate. To perform

the post-hoc analysis, first, we estimated the marginal

mean effect of Bsal growth rate by species using the

function emtrends () in the package emmeans (Lenth

2019). Then, to generate a compact letter display of all

pairwise comparisons of least-squares means of Bsal

growth rate by species, we used the function cld () in

packagemultcomp (Hothorn et al. 2008). The function

cld () adjusts p values for multiple comparisons using

the tukey method.

We calculated body condition using the residuals

taken from the ln (snout-to-vent length) versus ln

(body mass) relationship separately for each species

(Green 2001; Schulte-Hostedde et al. 2005). To

determine changes in salamander body condition over

time, we used a linear mixed effects model with body

condition as the response variable, and species,

experimental day, treatment, species * day interaction,

species * treatment interaction, and treatment * day

interaction as explanatory variables. The two-way

interactions were included to allow the slope estimate

to vary by either species or treatment. We included

salamander ID as a random intercept, and we

standardized experimental day as described above.

Similar to above, we also tested for the significance of

interactions using an analysis of variance, and if

p\ 0.05, then, we performed post-hoc analyses. We

used the same packages and methods as stated in the

previous paragraph for pairwise comparisons.

Second inoculation analyses

As above, we used a linear mixed effects model to

compare Bsal growth rates between single and double

exposed treatments across species.We used log10(Bsal

zoospores ? 1) as the response variable, and we

included species, experimental day, treatment, log10
(Bd zoospores ? 1) at the previous swabbing event,

species * day interaction, species * treatment interac-

tion, treatment * day interaction, and the three-way

interaction species * treatment * day as explanatory

variables. The two-way and three-way interactions

were included to allow the slope estimate to vary by

species and treatment. We included salamander ID as

a random intercept, and we standardized experimental

day as described above. We removed E. wilderae and

N. viridescens from analyses because there was only

one exposed individual remaining per species.

As before, we calculated body condition using the

residuals taken from the snout-to-vent length versus

mass relationship separately for each species. To

determine changes in salamander body condition over

time by treatment and species, we used a linear mixed

effects model with body condition as the response

variable, and we included species, experimental day,

treatment, species * day interaction, species * treat-

ment interaction, and treatment * day interaction as

explanatory variables. Again, the two-way interac-

tions were included to allow the slope estimate to vary

by either species or treatment. We included salaman-

der ID as a random intercept, and we standardized

experimental day as described above. We used the

same packages and methods as stated in above to

determine significance of interaction terms and to

make pairwise comparisons among species.

Ancestral state reconstruction of Bsal

susceptibility

To assess naı̈ve Bsal susceptibility across the sala-

mander phylogeny and to determine whether certain

taxonomic groups evolved resistance or tolerance to

Bsal infection, we combined our results with those

from Martel et al. (2014) and reconstructed the

response to Bsal infection on the salamander phy-

logeny (Table 2). Two species overlapped between our

study and Martel et al. (2014), N. viridescens and P.

glutinosus, for which we used our experimental

results. Our study and Martel et al. (2014) both found

N. viridescens as ‘‘lethal’’, but we differed in our

conclusions for P. glutinosus. Martel et al. (2014)

determine P. glutinosus was resistant because 0 of 5

individuals become infected, sick, or died following

Bsal exposure. We found that P. glutinosus did
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become infected and carried a moderate Bsal load over

time, but P. glutinosus experienced minimal skin

lesions (see Results below). Therefore, we assigned P.

glutinosus as tolerant (Table 2).

We downloaded and pruned the Amphibia tree

from Timetree to only include species for which we

had Bsal susceptibility data (Kumar et al. 2017). The

final tree included 40 amphibian species. We used the

Bsal susceptibility data obtained following the first

inoculation (day 0–41) because animals across the two

studies were inoculated with the same number of

zoospores (10,000 Bsal zoospores). We did not

analyze the results following the second inoculation

in a phylogenetic context.

We compared the fit of three discrete trait models

using the AICcmodavg 2.0–4 package (Mazerolle

2017).We assessed the fit for evolutionary models that

hypothesize: (1) all transition rates were equal (ER);

(2) forward and reverse transitions were equal (SYM);

and (3) all transition rates were different (ARD) using

corrected Akaike information criterion (AICc). The

final ancestral state reconstruction analysis was done

using the ace () function in the ape package (Paradis

and Schliep 2018) under the ER model. The ace ()

function uses a Markov model employing a maximum

likelihood approach. In this analysis, the marginal

ancestral states are returned, which are given as the

proportion of the total likelihood calculated for each

state at each node. We used Pagel’s lambda with the

fitDiscrete () function in the package geiger (Harmon

et al. 2008) to determine if there was a phylogenetic

signal in naı̈ve Bsal susceptibility (i.e., closely-related

species experienced more similar Bsal susceptibility

than distantly-related species).

Results

General patterns of Bd and Bsal infection

On the day animals were brought into the laboratory,

all individuals tested Bsal-negative, and only eight N.

viridescens tested Bd-positive. During the experiment,

we found that approximately 66% of individuals tested

Bd-positive (64 of 97) at least once (Fig. S1), indicat-

ing that most Bd infections emerged and became

detectable in the laboratory. However, the Bd infec-

tions were often low-intensity infections and only

detected once or twice on any given individual

(Fig. S1).

Of the animals exposed to Bsal, 95% of individuals

were Bsal-positive at least once (70 of 73). At the first

swabbing event, on days 3 and 4, the average Bsal load

across all Bsal-exposed individuals was 3.08 ± 1.45

zoospores (mean ± standard error), and the average

Bd load across all individuals was

3,488.82 ± 1,894.70 zoospores. At the last swabbing

event, day 81, the average Bsal load across Bsal-

exposed individuals was 720.52 ± 301.35 zoospores,

and average Bd loads were 179.96 ± 178.61

zoospores.

Variation in Bsal lesion distribution

across resistant, tolerant, and lethal species

Histologic lesions of Bsal chytridiomycosis were

observed in N. viridescens, all Plethodon species,

and one of two Bsal-exposed E. wilderae (Table 1).

There was no histologic evidence of Bsal chytrid-

iomycosis in the exposed Desmognathus spp.

The lesions were numerous in 6 of 8 Bsal-exposed

N. viridescens examined histologically and in 1 of 3

E. wilderae with a range of 29–136 individual skin

lesions per affected animal (1.4–2.8 lesions per section

examined). In contrast, lesions were observed in only

10 of 20 exposed Plethodon spp. examined histolog-

ically with a range of one to two individual skin lesions

per affected animal (0.04–0.09 lesions per section

examined).

Bsal-lesions in N. viridescens and E. wilderae were

distributed in multiple locations over the head, dorsal,

lateral and ventral body and feet. Bsal-lesions in N.

viridescens and the affected E. wilderae very fre-

quently extended one-half to the full-thickness of the

epidermis (Fig. 2a). Note that Bsal-type lesions were

only detected in one of the two E. wilderae individuals

that were exposed to Bsal. The other E. wilderae

individual inoculated with Bsal had no lesions

detected.

Lesions in the Plethodon spp. were present most

often on the head (dorsum, nasolabial region, eyelid

and lip) and lateral body at the dorsal insertion of the

hindlimb and less frequently on the ventral body and

feet. Note that swabs used to test for chytrid infections

were collected from the ventral body and feet. Bsal-

type lesions in Plethodon spp. were superficial
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(Fig. 2b) and only in a single instance extended

beyond the upper one-third of the epidermis.

Lesions typical of Bd-type chytridiomycosis were

observed in N. viridescens, P. montanus, P. glutinosus

and E. wilderae (same individual with the Bsal-

lesions). Only in N. viridescens and E. wilderae did

these lesions extend over large areas of the skin. Bd-

type lesions in the Plethodon spp. were limited to

small multifocal areas 3–4 cells wide.

High mortality of N. viridescens and high host

survival of most plethodontids

Following the first inoculation, N. viridescens was the

only species to substantially experience mortality

(Fig. S2). Notophthalmus viridescens died within

19.90 ± 2.78 days following exposure to the low

dose of Bsal (day range = 8-46 days; Fig. S2, S3).

Eurycea wilderae was the only other species that

experienced mortality following the first inoculation,

where one of the two Bsal-exposed individuals died

(Fig. S1). Following the second inoculation with a

higher Bsal dose, one individual of each of the

following treatment species combinations experienced

mortality: 1 single-exposed P. glutinosus, 1 single-

exposed P. montanus, 1 double-exposed D. fuscus, 1

double-exposed D. wrighti (Fig. S3).

Bsal growth rates varied by species following first

low dose inoculation

We found that Bsal growth rate differed by species

following the first inoculation (Supporting Informa-

tion S1). Bsal growth rates were highest on N.

viridescens, followed by E. wilderae and P. montanus

(Fig. 3, Table 1; Supporting Information S1). Each of

these three species had slope coefficients that were

positive, and their 95% CIs did not overlap zero. Bsal

growth rates did not change over time for P.

cylindraceus, P. glutinosus, and P. cinereus, where

the 95% CI of slope coefficients overlapped zero; and

Bsal growth rates decreased for both Desmognathus

species, where all 95% CI of slope coefficients were

negative and did not overlap zero (Supporting Infor-

mation S1).

We did not detect differences in body condition

over time among treatments (Supporting Information

S2; Fig. S4), but we did detect differences in body

condition over time among species. All species

showed trends of either stable or increasing body

condition over time (Supporting Information S2;

Fig. S4), with P. montanus andN. viridescens showing

the highest, most positive change in body condition

estimates over time and D. fuscus and D. wrighti

showing stable body condition over time.

Fig. 2 Skin histology from an infected A N. viridescens and
B P. glutinosus. Both individuals were experimentally exposed

to Bsal. The N. viridescens individual has full thickness

epidermal necrosis with myriad chytrid fungal thalli (black

arrowhead) typical of Bsal chytridiomycosis. The P. glutinosus
individual has necrosis limited to the superficial epidermis with

numerous large chytrid fungal thalli that have multiple internal

septa typical of Bsal chytridiomycosis. Brackets indicate depth

of Bsal infection. Scale bar (A) = 50 microns, scale bar

(B) = 30 microns
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Bsal infections decreased following second high

dose inoculation

Following the second inoculation, we no longer

detected differences in Bsal growth rate among

species, but we did detect a significant difference in

Bsal growth rate between the single and double

exposed treatments (Fig. 4). We found that animals

exposed twice to Bsal had a negative Bsal growth rate,

whereas animals exposed once to Bsal had stable in-

fections (Supporting Information S3).

Similar to the results following the first inoculation,

we did not detect differences in body condition over

time among treatments (Supporting Information S4;

Fig. S5), but we did detect differences in body

condition over time among species. All species

showed trends of increasing body condition over time

(Supporting Information S4; Fig. S5), with P. mon-

tanus and P. glutinosus showing the highest, most

positive change in body condition over time.

Bd infection intensity negatively impacted Bsal

infection intensity

Of all the Bsal-exposed animals during the experi-

ment, 44% tested positive for Bd and Bsal

simultaneously at least once (31 of 70 individuals;

Fig. S1). The only species that consistently tested Bd

positive was N. viridescens (Fig. S1). During the first

phase of the experiment (day 0–41), we detected a

negative relationship between the log10(Bd infection

intensity ? 1) at the previous time step (t - 1) and

log10(Bsal infection intensity ? 1) at the current time

step (t; Fig. 5), suggesting that there may be immune

cross-reactivity or competitive exclusion occurring

between the chytrids (Supporting Information S1);

however, we did not detect this pattern during the

second phase of the experiment (Supporting Informa-

tion S3).

Susceptibility to Bsal is variable in Plethodontidae

The ER model fit (i.e., all transition rates were equal;

AICc = 84.00) was better than either the SYM (i.e.,

forward and reverse transitions were equal; AICc =

88.60) or ARD (i.e., all transition rates were different;

AICc = 104.77) model fits. The ancestral state recon-

struction supports the hypothesis that Bsal was likely

lethal for the most recent common ancestor (MRCA)

of Salamandridae (Fig. 6). In addition, the MRCA of

the genus Plethodon was mostly likely tolerant,

Plethodon glutinosus Plethodon montanus

Notophtalamus viridescens Plethodon cinereus Plethodon cylindraceus

Desmognathus fuscus Desmognathus wrighti Eurycea wilderae
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Fig. 3 First phase (days

0–41): Bsal infection
intensity over time for eight

wild-caught salamander

species from the eastern

United States. Each gray

point represents a swab

sample collected from a

salamander individual, and

gray lines connect the

multiple swabs collected

from each individual. The

black lines represent fitted

estimates for each individual

of each species generated

from the linear mixed effects

model with individual as a

random effect (Supporting

Information S1)
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Fig. 4 Second phase (days

42–84): Bsal infection
intensity over time for six

salamander species across

two treatments (single and

double exposure). Animals

in the single exposure

treatment were inoculated

with a single low Bsal dose
(left), whereas animals in

the double exposure

treatment were inoculated

with a low and high Bsal
dose (right; Fig. 1). Each

gray point represents a swab

sample collected from an

individual salamander, and

gray lines connect the

multiple swabs collected

from an individual over

time. The black lines

represent fitted estimates to

each individual and species

generated from the linear

mixed effects model. By day

46, all exposed N.
viridescens had died, and

only two E. wilderae
remained (one control, one

single exposed); therefore,

those species were not

included in this analysis.

Bsal growth rates

significantly differed

between treatments but not

differ among species. The

double exposure treatment

had a negative slope

coefficient that did not

overlap zero, whereas the

single exposure treatment

had a slope coefficient that

overlapped zero (Supporting

Information S3)
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whereas the MRCA of Plethodontidae was mostly

likely resistant.

The ERmodel provided a better fit of trait evolution

(AICc = 81.40) than a model estimated under a

phylogeny with a lambda of zero (i.e., a complete

polytomy at the ancestral node; AICc = 105.51),

indicating that there is phylogenetic signal to Bsal

susceptibility (DAICc = 24.11), such that closely-

related species experience more similar Bsal suscep-

tibility than distantly-related species.

Discussion

To date, Bsal has not been detected in the United

States (Waddle et al. 2020), but if and when it invades,

some plethodontid species may harbor non-lethal

infections and serve as Bsal reservoirs, whereas other

more susceptible salamanders, suchN. viridescens and

other plethodontids, may experience rapid mortality.

As expected, we observed signs of Bsal chytridiomy-

cosis on highly susceptible salamander species, such

as N. viridescens, within 42 days post-Bsal inocula-

tion. We found complete mortality of N. viridescens

accompanied with high Bsal infections ([ 200,000

Bsal zoospores), which contrasted the lowmortality of

plethodontid salamanders, where 5 of 60 (8%) Bsal-

exposed individuals died. These individuals were

characterized by moderate Bsal infections (* 4,000

Bsal zoospores). Similarly, as expected, we found that

Bsal lesions were distributed ubiquitously across the

body and deep within the epidermis of susceptible and

lethal species (see Definitions in Methods). We also

expected and observed that tolerant and resistant

species would have lesions isolated to particular

regions of the body, similar to the patchy distribution

of Bd on Pseudacris regilla (Reeder et al. 2012).

Particularly, the Bsal-type lesions on most of the

Plethodon spp. were considerably fewer in number,

less severe, and more superficial across the skin than

the Bsal-type lesions detected on N. viridescens and

the one infected E. wilderae. In contrast, we did not

find that body condition declined over time for any

species, but we did observe that more closely-related

salamander species had more similar Bsal suscepti-

bility than distantly-related species (Martel et al.

2014). Our results indicate that the family Plethodon-

tidae showed variable disease dynamics in response to

Bsal infection.

Following the first Bsal inoculation, we found that

Bd infections had a negative impact on Bsal infections,

which could be the result of either cross reactivity of

the immune system or competitive exclusion, but we

did not observe this trend following the second higher

Bsal inoculation. We note that N. viridescens had Bd

infections longer than any of the other species, and

their Bd loads were considerably higher than any other

species (Fig. S1), making it possible that this species

was driving the trend. We no longer detected the

negative relationship between Bd and Bsal infection

intensity following the second higher Bsal inoculation,

when all of the N. viridescens individuals had died. In

contrast to these results, one study found that simul-

taneous co-infections of Bd and Bsal led to 78%

mortality of N. viridescens over 18-weeks, which was

driven by the persistence of Bsal because newts

cleared Bd infection within a month (Longo et al.

2019). A number of different mechanisms could act

singly or in concert to produce these differences in

results. For example, Longo et al. (2019) treated wild-

caught salamanders with an anti-fungal to clear

chytrid infections upon entry to the laboratory,

whereas we did not use anti-fungals. The use (or

absence) of anti-fungals could have affected the
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Fig. 5 First phase (days 0–41): The negative relationship

between Bsal infection intensity and Bd infection intensity on

the log10 -log10 scale. Note that we added one to all values

(i.e., ? 1), but we omitted this information from the axes labels

to reduce confusion. When Bd infection intensity at time t - 1

was higher, we detected lower Bsal infection intensities at time

t. Points are jittered to show their density at different locations.

Note that jittering the points makes some values appear slightly

negative. The solid black line represents the average model

prediction, and the gray shading is the 95% confidence interval.

Statistics can be found in Supporting Information S1
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salamander microbiome or stimulated their immune

system. Alternatively, differences in the Bd genotype

could produce variations in co-infection outcomes

between the studies, where particular strains may be

more virulent than others (Rosenblum et al. 2013). In

our study, animals came in from the field infected with

a local Bd strain, whereas Longo et al. (2019) used Bd

isolate ALKL1, which was isolated from N. viri-

descens in Virginia, USA. Collectively, these two

studies demonstrate how pathogen co-infections can

generate different disease outcomes.

We found that exposure to a second higher Bsal

dose led to decreases in Bsal infection intensity over

time, whereas animals only exposed once to a lower

Bsal dose sustained infections over time. This is

surprising because we expected that the second higher

dose would induce Bsal chytridiomycosis, but instead,

the first lower dose may have primed the immune

system for the second higher dose. Unfortunately, our

experimental design was not set up to evaluate the

effects of immune priming because we do not know

how naı̈ve animals respond to the higher dose. For this

type of comparison, we should have also inoculated

half of the control treatment on day 42 with the second

higher Bsal dose. Without this information, it is

difficult to gain any meaningful insight about priming

from this experimental design. However, our exper-

iment serves as a template for future experiments to

Hynobius retardatus
Salamandrella keyserlingii
Pachyhynobius shangchengensis
Plethodon cylindraceus
Plethodon montanus
Plethodon glutinosus
Plethodon cinereus
Desmognathus wrighti
Desmognathus fuscus
Hydromantes strinatii
Eurycea wilderae
Gyrinophilus porphyriticus
Ambystoma opacum/maculatum
Salamandrina perspicillata
Salamandra salamandra
Tylototriton wenxianensis
Pleurodeles waltl
Neurergus crocatus
Triturus cristatus
Lissotriton helveticus
Lissotriton italicus
Paramesotriton deloustali
Cynops pyrrhogaster
Cynops cyanurus
Ichthyosaura alpestris
Euproctus platycephalus
Notophthalmus viridescens
Taricha granulosa
Siren intermedia
Pelobates fuscus
Pelodytes punctatus
Lithobates catesbeiana
Rana temporaria
Epidalea calamita
Hyla arborea
Silurana tropicalis
Bombina variegata
Discoglossus scovazzi
Alytes obstetricans
Typhlonectes natans

300 250 200 150 100 50 0

Evolutionary time (Mya)

Origin Bsal

Legend
Lethal
Susceptible
Tolerant
Resistant

Fig. 6 Ancestral state reconstruction ofBsal susceptibility in 40
amphibian species. The origin of Bsal is highlighted by the grey
box (Martel et al. 2014). Because most salamander species did

not historically come into contact with Bsal, we do not interpret
the ancestral state reconstruction as the evolution of host

response to disease. Instead, we use ancestral state

reconstruction to inform potential disease susceptibility of

closely-related species. Colored boxes on tip ends indicate the

current state, and the pie charts on nodes correspond to the

scaled likelihoods calculated in the ancestral state reconstruc-

tion from the model of best fit (ER model)
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examine the possibility of immune priming in treating

Bsal infections.

Contrary to our expectations, we did not find

significant decreases in body condition over time

across species or treatments. One potential explana-

tion is that the relatively short duration of the

experiment did not capture long-term effects of

disease on body condition. Unfortunately, we cannot

compare our results to other studies because none of

the other Bsal susceptibility trials report changes in

body condition following Bsal exposure (Martel et al.

2014; Longo et al. 2019; Carter et al. 2020; Kumar

et al. 2020; Malagon et al. 2020). The closest

comparison that can be made is with Carter et al.

(2020), who reported that, across all species (Eurycea

wilderae, E. lucifuga, and Pseudotriton ruber) and

populations, salamanders at the highest Bsal dose

consumed 11–69% less food than control animals,

which could manifest as a decline in body condition

over time. However, most of these salamanders

experienced disease-induced mortality within

42–79 days, making the changes in body condition

over the long term a moot point. In our study, we did

not observe body condition declines or high mortality

rates across all species. It is likely that we fed

salamanders adequately, and that they were not

resource limited, given the stable or increasing body

condition over time.

Alternatively, it could be that tolerant hosts expe-

rience good body condition, even at high pathogen

loads (Sánchez et al. 2018). All Plethodon species

tested in this experiment were either susceptible or

tolerant to Bsal infection. Although the mechanisms

that lead to tolerance are not well understood,

environmental factors, such as food availability, may

mediate tolerance (Medzhitov et al. 2012). This

explanation, however, does not explain the stable or

increasing body condition of the species that experi-

enced rapid disease-induced mortality, such as N.

viridescens. Therefore, it would be interesting for

future Bsal studies to also compare changes in body

condition over time alongside pathogen load to better

determine the effects of Bsal on host fitness.

If Bsal were to enter the United States, our results

suggest that Bsal-tolerant plethodontid species could

serve as Bsal vectors and/or reservoirs, while other

plethodontid species, such as Eurycea (Carter et al.

2020), could experience region-specific declines.

Along these same lines, Carter et al. (2020) found

that Bsal susceptibility of E. wilderae varied by

population. Similarly, we document that Bsal suscep-

tibility of E. wilderae varied within a population, with

one of two individuals succumbing to Bsal chytrid-

iomycosis and the other showing no observable signs

of disease. Therefore, with such a high variability in

Bsal infection responses across the Plethodontidae

family tested thus far (18%; 5 of 28 genera; Martel

et al. 2014; Carter et al. 2020; and this study), there is a

strong need for more Bsal susceptibility trials of other

Plethodontidae species across populations.

If Bsal emerges in North America, our results also

suggest that N. viridescens will likely be an acute

pathogen supershedder (i.e., sheds more infectious

propagules than other species within a short time-

frame), similar to the role of Atelopus zeteki in the Bd

system (DiRenzo et al. 2014). In N. viridescens, we

documented an exponential increase in Bsal infection

intensities to orders of magnitude higher than any

other salamander species tested thus far (Martel et al.

2014; Carter et al. 2020). The complex life history of

N. viridescens, where individuals disperse among

subpopulations distributed across a landscape of ponds

and upland habitats (Gill 1978) could make them a key

vector of Bsal dispersal from aquatic to terrestrial

habitats. These characteristics make N. viridescens

likely to disproportionately contribute to Bsal trans-

mission and pathogen spillover to sympatric amphib-

ian species (Streicker et al. 2013), including

plethodontids. It is unclear, however, if a species such

as N. viridescens that succumbs to disease-induced

mortality quickly and sheds many infectious propag-

ules contributes disproportionately more to pathogen

transmission than other longer-lived species that shed

a small number of infectious propagules over longer

periods of time.

In the eastern United States, information on sala-

mander Bsal susceptibility is critically needed to

understand the effects of Bsal emergence in these

communities. Martel et al. (2014) tested 35 amphibian

species for Bsal susceptibility, but only six of these

species are found in the eastern United States, one of

the world’s salamander biodiversity hotspots. Using

this information, the U.S. Fish and Wildlife Service

(USFWS) published an interim rule listing 201

salamander species as injurious wildlife under the

Lacey Act (1990; 16 U.S.C. §§ 3371–3378 and 18

U.S.C. §§ 42–43), which prohibits the importation and

interstate transport of all listed salamander species to
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prevent the unintended introduction of Bsal into the

United States. More information on Bsal susceptibility

of other species would be useful in updating this list.

We caution readers to be wary when interpreting

the results of laboratory studies and making inference

about ecological dynamics in the wild because it is

important to acknowledge the environmental mis-

match between these settings and their impacts on

results. The environmental mismatch between wild

and laboratory conditions could skew estimates of

salamander disease susceptibility. We also acknowl-

edge that the Bsal dose used in our inoculations is

high, and that animals in the field are likely not

exposed to such high doses; but, animals inoculated

with high doses in the laboratory experience similar

infection dynamics as animals in the wild (Martel et al.

2013; Stegen et al. 2017). In this study, we caught all

salamanders in the wild, brought them back into the

laboratory, and kept them at a constant, fairly cold,

temperature (15 �C), at which Bsal growth is maxi-

mized and within the thermal breadth of Plethodon

salamanders (Clay & Gifford 2018). At Mount Rogers

Recreational Area (the collection locality), the range

of minimum to maximum air temperatures contain or

are below 15 �C for 10 of 12 months of the year

(\ https://www.timeanddate.com/weather/

@4782784/climate[). Unfortunately, lab experi-

ments are one of the only ways to gauge host sus-

ceptibility before the invasion of a pathogen in a new

area (Martel et al. 2014; Stegen et al. 2017; Carter

et al. 2020).

We also caution readers to be wary when compar-

ing host susceptibilities across laboratory studies. The

observed differences in Bsal susceptibility across or

within species could be a result of confounding

factors, such as collection region, pathogen dose,

inoculation procedure, and temperature. For example,

Bsal susceptibility is known to vary regionally within

at least one species (E. wilderae; Carter et al. 2020,

also used in this study), and it could be that the

observed regional differences within species may

actually be a product of undescribed species com-

plexes (Jacobs 1987; Camp et al. 2000; Pierson and

Miele 2019). In another instance, a recent study

examined how laboratory procedures influence dis-

ease-induced mortality (Kumar et al. 2020). Specifi-

cally, they found that N. viridescens experienced

disease-induced mortality more quickly when exposed

to a low passage isolate, when housed in terrestrial

environments, and if exposed to zoospores via a water

bath. They did not detect differences in disease-

induced mortality with respect to culturing method or

swabbing frequency. As the number of experimental

Bsal susceptibility trials increases, these are all factors

to keep inmind when comparing results across studies.

Lastly, we want to highlight that two characteristics

of our observed infection intensity data may be

explained by the same phenomena. The first charac-

teristic relates to how Bd infections were absent and

then emerged in the laboratory; and the second

characteristic relates to individual variability of Bd

and Bsal infection intensities over time (i.e., infection

intensities bounce up and down over time). These two

characteristics may be explained by the imperfect

sampling process (Miller et al. 2012; Lachish et al.

2012; DiRenzo et al. 2018). From a number of studies,

it has been documented that if an individual has a low

infection intensity, then the likelihood of missing an

infection is high (Miller et al. 2012; Lachish et al.

2012; DiRenzo et al. 2018). It has also been well

documented that animals that are brought into the

laboratory from the field can test Bd-negative upon

arrival, and later, animals test Bd-positive (Mendoza-

Almeralla et al. 2016; Byrne et al. 2018; Longo et al.

2019). One reason for this pattern is that laboratory

conditions may exacerbate previously undetectable Bd

infections (Mendoza-Almeralla et al. 2016). Variabil-

ity in observed Bd and Bsal infection intensities over

time can also be the result of the sampling or

diagnostic process (DiRenzo et al. 2019). Although

many scientists try to standardize data collection, the

reality is that small differences during sample collec-

tion or diagnostic testing can result in measurement

error of infection intensities. For example, differences

in how and where animals are swabbed or pipetting

variability among scientists can lead to observed non-

standard progressions of disease. Although some

studies collapse disease progression over time using

means and standard error to show smoother disease

progressions (Gervasi and Hunt 2014; Warne et al.

2016; Byrne et al. 2018), high variability of individ-

ual-level infection intensity is common (Stice and

Briggs 2010; DiRenzo et al. 2014; Mendoza-Almer-

alla et al. 2016). One way to account for measurement

error of infection intensities and imperfect pathogen

detection are state-space models (DiRenzo et al.

2019), but these models are computationally expen-

sive and data hungry, making them impractical in
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some circumstances. In practice, these models are also

much more valuable in field settings, where individual

infection history is unknown, rather than laboratory

settings, where treatments are applied.

Here, we document variable disease dynamics by

plethodontid salamanders in response to Bsal infection

and hyper-sensitivity to Bsal by N. viridescens. Our

results support previous studies that demonstrated

high susceptibility of N. viridescens to Bsal (Martel

et al. 2014; Longo et al. 2019; Kumar et al. 2020;

Malagon et al. 2020), with animals developing clinical

signs of Bsal chytridiomycosis and dying quickly.

Most Plethodontidae individuals carried moderate

Bsal infections over time which may have long term

sublethal effects and may serve as reservoirs that can

infect or re-infect others. Plethodontidae, contain-

ing * 68% of described salamander species, is

among the most diverse salamander families with

respect to morphology, ecology, and behavior (Am-

phibiaWeb), and plethodontid salamanders are one of

the most abundant vertebrate predators in eastern

North American forests and headwaters (Davic &

Welsh 2004; Walton & Steckler 2005). Our results

indicate that salamander susceptibility to Bsal is

variable across plethodontid species, and if Bsal were

to enter North America, these infection responses have

consequences for dynamic, adaptive management

actions.
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