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A newly identified fungal pathogen, Batrachochytrium
salamandrivorans (Bsal), is responsible for mass mortality events
and severe population declines in European salamanders.
The eastern USA has the highest diversity of salamanders in
the world and the introduction of this pathogen is likely to
be devastating. Although data are inevitably limited for new
pathogens, disease-risk assessments use best available data to
inform management decisions. Using characteristics of Bsal
ecology, spatial data on imports and pet trade establishments,
and salamander species diversity, we identify high-risk
areas with both a high likelihood of introduction and severe
consequences for local salamanders. We predict that the
Pacific coast, southern Appalachian Mountains and mid-
Atlantic regions will have the highest relative risk from Bsal.
Management of invasive pathogens becomes difficult once
they are established in wildlife populations; therefore, import
restrictions to limit pathogen introduction and early detection
through surveillance of high-risk areas are priorities for
preventing the next crisis for North American salamanders.


2016 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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1. Background
Batrachochytrium salamandrivorans (Bsal), a recently described chytrid pathogen, causes morbidity and
mortality in salamanders [1,2] and is expected to pose a substantial risk to global amphibian biodiversity.
Bsal was first described from declining fire salamander (Salamandra salamandra) populations in Belgium
and The Netherlands [1–3] and is suspected to have been introduced into Europe via the importation
of Asian salamanders (Cynops spp. and Paramesotriton spp. [2]) for the pet trade. Indeed, Bsal was
subsequently identified on commercially traded salamanders in the UK and Germany [4,5]. Concern
for the spread of Bsal is compounded by the continued spread of a related chytrid pathogen, B.
dendrobatidis (Bd), which has contributed to global population declines (more than 200 species affected
[6]) and the classification of amphibians as the most threatened vertebrate taxa worldwide [7].
Similar to the generalist nature and high pathogenicity of the pandemic strain of Bd [6], Bsal caused
substantial mortality in over half of salamander species tested in laboratory infection studies (USA: 2/7
species tested; globally: 12/23 species tested [2]). Although preliminary testing of archived salamander
specimens and native salamander populations has failed to detect Bsal in the USA, only a fraction of
North American species have been tested (185 individuals from 7 of 191 species [8,9]). Based on the
phylogenetic relationship with Bd, wide host range, and high pathogenicity [2], Bsal introduction into
the USA could threaten North American salamander biodiversity.


Predicting the potential distribution of a pathogen in novel habitats is an integral part of a formal
disease-risk analysis that evaluates the consequences of an invasive disease. Two modelling approaches
are commonly used to predict shifts in species distributions: (i) correlative approaches that use statistical
relationships between environmental characteristics and observed occurrences and (ii) mechanistic
approaches that use relationships between environmental characteristics and organismal performance
that are independent of current distributions [10]. Recently, a correlative approach was used to estimate
the invasive range of Bsal for North America [11]. This species distribution model characterized the
realized niche of potential reservoir species in their native range in Asia (identified from archived wild
caught specimens [2,11]), and identified similar environmental conditions in the USA. This approach
identified only climatic conditions amenable to the known host species and did not consider the ecology
of the pathogen itself. Correlative species distribution models that are based on the realized niche of
invasive species in their native range can underestimate the resulting invasive range [12]. Mechanistic
species distribution models, on the other hand, rely on the underlying mechanisms contributing to a
pathogen’s range [1,13] and may provide better predictions of range shifts during invasions [10]. More
importantly, presenting multiple approaches to estimate potential distribution of pathogen invasion will
increase overall confidence in predicted areas of agreement and highlight areas of disagreement, where
the effect of underlying assumptions on risk predictions can be tested should introduction occur.


Emerging infectious diseases necessitate that decision-makers make decisions in the face of
uncertainty. This is particularly true for wildlife diseases because pathogens established in wild
populations are extremely difficult to eradicate [14]. Providing decision-makers with tools, such as
multiple risk assessments based on varying underlying assumptions (about the host or pathogen for
example), allows them to weigh the strength of particular predictions when making decisions about
management or surveillance for a pathogen, and to update their confidence in underlying assumptions
as more information becomes available. Here, we present an alternative risk assessment that uses a
mechanistic approach to predict suitable habitat for Bsal, and combine this with a formal assessment
of the risk of Bsal introduction to US salamander populations. Specifically, we followed the World
Organisation for Animal Health disease-risk assessment framework [15], where the total risk to native
amphibian populations from Bsal in the USA is the combination of two events: (i) where introductions
are likely to occur (i.e. introduction assessment) and (ii) if introduced, where suitable habitat and high
species diversity overlap (i.e. consequences assessment). We identify areas of the USA projected to be
at the highest relative risk for Bsal introduction, and areas where consequences are expected to be most
severe. We also discuss the current uncertainties and research priorities needed to better understand and
manage the threat to US amphibians from Bsal.


2. Methods
We used a hierarchical multi-criteria evaluation approach [16], similar to those used by the International
Union for Conservation of Nature’s red list and NatureServe to estimate risk of species declines when
there is large uncertainty [17,18], and recently applied to predicting the risk of the fungus Phytophthora
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ramorum (the causative agent of sudden oak death) invasion in Oregon [19]. We combined factors with
weighted linear combination (WLC), because it allows for measures of uncertainty (i.e. partial fuzzy
set memberships [16]) and trade-offs among risk factors. We chose this combination method because,
currently, how factors interact and affect overall risk from Bsal is unknown (i.e. the rank-importance and
factor weights are equal for factors in each hierarchical level). Non-normally distributed factors were log
transformed and all factors were linearly scaled from 1 to 4 (the lowest to the highest relative contribution
to total risk; similar to [17]; electronic supplementary material, table S1). One of our objectives was to
describe spatial variation in relative risk across the USA; therefore, the value of each contributing factor
was calculated for each US county in the contiguous 48 states using ArcGIS v. 10.1 and Python v. 2.7 (raw
and scaled values in the electronic supplementary material, table S1).


2.1. Introduction assessment
International trade has been implicated as the primary factor in the global spread of Bsal [2,4,5]. We
assumed a linear relationship between proximity to areas with a high volume of amphibian trade (both
international shipments through imports and domestic activity through pet stores) and the potential
for Bsal introduction. While this is a simplification of the invasion process, it is the only step of the
process that currently has available data. Thus, we estimated the relative potential of a Bsal introduction
event from two derived factors, imports and the pet trade, representing the relative quantity of trade
in live amphibians combined with initial spread from potential introduction locations. The import
factor was based on records of all live salamander imports from 1 January 2010 to 31 December 2014
through a Freedom of Information Act request from the US Fish and Wildlife Service Law Enforcement
Management Information System (LEMIS), which compiles data on international trade passing through
all ports of entry. The LEMIS import information does not include the location of final sales of live
salamanders; therefore, to estimate the potential introductions from the pet trade we used the US
Census Bureau’s County Business Patterns [20] number of establishments reported as pet or pet supply
stores (NAICS 45391) as a proxy for commercial trade of salamanders within the USA. The number of
establishments and gross sales from the US Census Survey of Businesses [21] were highly correlated
(R2 = 0.84, p < 0.001) but sales for approximately half of all counties were not available due to business
privacy rules.


Even with highly rigorous surveillance efforts, the probability of detecting a single introduction
event of a pathogen is low (e.g. [22]), so some spread from the initial importation location is expected
before detection occurs. In other words, a particular county’s likelihood of introduction is a combination
of both the number of pet stores and imports within that county and the number of pet stores and
imports in neighbouring counties. To account for this combined risk, we first geolocated ports by their
physical address and assigned each port the respective number of salamander imports from 2010 to 2014.
Similarly, we assigned the number of pet establishments by county to the respective county centroid. We
created three buffers of the port and pet establishment point layers to represent the potential spread
of Bsal (based on the estimated spread for Bd, 26 km yr−1 [23]) 1, 5 and 10 years post introduction (26,
130 and 260 km), assigning each buffer the value of the buffered point. For each spread scenario, we
summed the value of buffers that overlapped each county (‘intersect’, ArcGIS v. 10.1), creating six layers
representing the three spread scenarios for ports and pet establishments. The three spread scenarios
were then averaged to create an imports layer and a pet trade layer, where the potential for introduction
declines as a function of distance from each type of introduction (figure 1; electronic supplementary
material, table S1 and figure S1). The relative potential for introduction of Bsal was then determined by
averaging the imports and pet trade layers.


2.2. Consequences assessment
The consequences of Bsal introduction were determined by two factors: environmental suitability and
species richness (figure 1). Although many environmental requirements for Bsal survival and growth are
unknown, physiological constraints (i.e. temperature of optimal growth and thermal maximum) for Bsal
have been experimentally determined [1,13]. Mean annual air temperature and mean air temperature
of the warmest month (July) were extracted by county from PRISM climate normals [24] using zonal
statistics (spatial analyst toolbox in ArcGIS 10.1), which resulted in an average temperature value for all
raster cells within each county. We scaled mean annual temperatures with the thermal optimum (15◦C) as
the highest score (4), representing ideal conditions for Bsal growth, and we scaled mean temperatures of
the warmest month with greater than or equal to the thermal maximum of Bsal (25◦C) as the lowest score
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Figure 1. Conceptual diagram showing how each variable contributed to the estimated by-county introduction and consequences
assessment for Bsal. Component variables were averaged and scaled for each hierarchical factor.


(1), representing areas of the country that may have thermal refugia from Bsal infection. We then averaged
these two temperature factors to derive environmental suitability (figure 1; electronic supplementary
material, table S1).


Greater species richness may increase the number of available hosts, add highly susceptible species
or add reservoir species, all of which may amplify disease transmission [25] (as seen for Bd in the
USA [26]); therefore, species richness may be an important predictor of the consequences of Bsal
introduction. To estimate species richness, we summarized the county-level occurrence of salamander
species from a combination of NatureServe [27] and the USGS National Amphibian Atlas range
maps [28]. We excluded two species from this list, Plethodon ainsworthi and the unisexual Jefferson
salamander complex (Ambystoma sp.), because uncertainty exists in their classification as species [27].
We scaled species richness giving the county with the highest species richness the highest score (4);
counties without salamander species were excluded from the risk assessment (N = 116/3007, 4%;
electronic supplementary material, tables S1 and S2). We calculated the potential for Bsal-caused declines
(consequences assessment) by averaging environmental suitability and species richness. We averaged the
introduction and consequences factors to estimate the total risk of Bsal by US county.


3. Results
The USA imported at least 776 990 live salamanders from 1 January 2010 to 31 December 2014, through
14 ports of entry (155 398 yr−1 ± 29 658 s.d.; electronic supplementary material, table S3). Seven ports
contributed greater than 99% of all imports and had over 1000 total individuals imported: Los Angeles,
CA (54%, 419 869), Tampa, FL (35%, 272 338), New York, NY (7%, 55 441), Atlanta, GA (2%, 13 310),
Miami, FL (1%, 9370), San Francisco, CA (0.4%, 3243) and Chicago, IL (0.3%, 2178). Salamanders imported
into the USA were predominantly reported to be captive bred (67%) and for commercial purposes (more
than 99%). Cynops sp. (67%) and Paramesotriton sp. (27%), both suspected carriers of Bsal, were the two
most common groups imported, followed by Pachytriton sp. (5%), Salamandra salamandra (1%; which
accounted for the 1% of imports from Europe) and Tylototriton sp. (0.5%). Most shipments originated
from Asia (93%), of which Hong Kong (70%) and China (27%) were the most commonly reported Asian
origins (figure 2; electronic supplementary material, table S1 and figure S1).


There are 1235 US counties (40%) with pet or pet supply establishments according to the US Census
Bureau’s County Business Patterns (2012). The average number of pet-related establishments per county
was 7, with seven counties having at least 100 establishments: Los Angeles County, CA (283), Maricopa
County, AZ (138), San Diego County, CA (134), Cook County, IL (133), Orange County, CA (106), King
County, WA (104) and New York, NY (100). The resulting potential of Bsal introduction was highest
near the major ports that also had numerous pet stores, which included central and southern Florida,
southern California and near New York City, NY (figure 2; electronic supplementary material, table S1
and figure S1).


We identified the Pacific coast and Appalachian Mountains as the most likely—given an
introduction—to have declines from Bsal based on environmental suitability and species richness.
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Figure 2. Heat maps of the USA showing the Bsal introduction assessment. The introduction assessment (a) is a combination of areas
with high numbers of pet trade establishments (b) and high levels of imports (c). Salamander imports from the five most active ports
(more than 99% of all imports) in 2010–2014 including by genera (d), by source (e) and by region of origin (f ).
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Figure 3. Heat maps of the USA showing the consequences of Bsal introduction. The consequence assessment (c) is a combination of
species richness (a) and environmental suitability (b).


Environmental suitability indicated the southeast, southwest and Pacific regions of the USA as having
mild climates well suited to Bsal growth (which are also suitable climates for salamanders, hence the
concentration of species diversity). Species richness (range = 0–30) was the highest in the Appalachian
Mountains and southeast USA (figure 3; electronic supplementary material, figure S2).
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Figure 4. Heat map of the USA showing the total relative risk of Bsal to native US salamanders based on the introduction and
consequences assessment.


The total risk of Bsal to US salamanders, based on the introduction and consequences assessment, is
elevated throughout the eastern USA. Risk is expected to be the highest for the Pacific coast, southern
Appalachian Mountains and mid-Atlantic regions (figure 4).


4. Discussion
Given the large number of suspected Bsal carriers imported into the USA each year (Cynops spp.
and Paramesotriton spp., more than 100 000 yr−1), Bsal is likely to be introduced if no additional risk
mitigation steps are taken. Though precise estimates for the invasion process (proportion of imported
individuals infected, frequency of release of captive individuals, and contact of released animals with
native amphibians) do not exist for Bsal, the establishment of invasive amphibians common in US
amphibian trade (e.g. American bullfrogs, African clawed frogs, Asian newts [29–31]) and the patterns
of global Bd spread [32] suggest these processes are also likely for Bsal. Currently, Bsal infection is known
to be lethal to two US salamander species (of seven tested thus far [2]). While this number is small, these
species are common and wide ranging (electronic supplementary material, figure S4). We also expect that
as additional testing is completed, a larger fraction of US species may be found to be susceptible to Bsal.
Thus, given the high likelihood that Bsal will be introduced and the potentially severe consequences,
we categorize the risk of Bsal to US salamanders as high.


Our risk assessment predicted a higher total risk of Bsal for the northeastern and midwestern
USA compared with Yap et al. [11], predicting a much larger area of the USA could be at risk for
Bsal establishment. This is partially explained by the methodological differences used to estimate the
potential range of Bsal in the USA between the two assessments. Our assessment uses the experimentally
determined thermal range of Bsal rather than the native Asian host distribution (which may or may not
be susceptible to infection across the entire range) used by Yap et al. [11]. Indeed, correlative species
distribution models are suspected to under predict invasive species ranges [12], and mechanistic
species distribution models often predict larger range shifts [10]. We also employed a more inclusive
combinatorial method (WLC) compared with Yap et al. [11] (product); thus, our risk assessment is less
restrictive and allows for trade-offs between factors. For example, an area with a high introduction score
(1) but low consequences score (0) would have a medium risk score in our assessment ((1 + 0)/2 = 1/2)
but a low-risk score in Yap et al.’s [11] assessment (1 × 0 = 0). Finally, we included an introduction
assessment, which was not included in Yap et al. [11].


 on April 11, 2016http://rsos.royalsocietypublishing.org/Downloaded from 



http://rsos.royalsocietypublishing.org/





7


rsos.royalsocietypublishing.org
R.Soc.opensci.3:150616


................................................
We assumed that Bsal has not been previously established in the USA; thus we estimated the


potential for introduction as a function of volume of trade through ports and number of pet stores.
However, the amount of salamander sales most probably varies among pet establishments due to local
variation in the popularity of amphibians as pets and specialization of pet stores. Similarly, a proportion
of salamander sales are through Internet breeders or hobbyist fairs, and the final location of these
sales will be underrepresented in our analyses (as it is based on the physical location of the seller as
reported on their tax forms, not the buyer). Additional introduction pathways are possible, such as
from agricultural stowaways or infection in an already existing captive population. These represent a
smaller and more difficult risk to assess, but are an important caveat—reducing commercial imports
will not completely eliminate the risk of Bsal. If Bsal is established in the USA, additional information
on interstate trade in salamanders, such as among-county movement of salamanders sold as fish
bait, through Internet sales or hobbyists, would be useful to mitigate the impacts of human-mediated
pathogen spread. The rate of spread of Bsal in wild populations is also uncertain and is expected to affect
the estimate of spread from potential introduction locations. The reported rates of Bd spread have high
variation (range from 1.1 to 282 km yr−1 [22]). In this assessment, we chose the estimate of Bd spread
(26 km yr−1) that was associated with the most complete surveillance effort (the average rate of spread
through Central America [22]). However, we acknowledge that the complexity of the terrain, typical
movement of local amphibian communities and other factors may affect the realized invasion dynamics
of Bsal.


When considering the impacts of an emerging wildlife disease, knowing which species may be
susceptible, and thus experience population level declines, is critical. While laboratory exposure trials
have shown that at least two US species, Taricha torosa and Notophthalmus viridescens, experience lethal
responses to Bsal [2] (electronic supplementary material, figure S4), the responses of the other 189
US species to Bsal exposure is unknown. Similarly, we based the environmental suitability factor
on the experimentally derived thermal range of Bsal, yet much is unknown about environmental
characteristics in the field that will affect Bsal infection and transmission, such as amphibian behavioural
thermoregulation and microhabitat use, and the persistence of the pathogen in various environmental
conditions. For example, Bd was capable of infecting amphibians along a larger temperature profile
than originally predicted using correlative environmental suitability approaches [32,33]. However, some
of Bd’s wide range may be due to differential temperature profiles of diverse Bd strains [34,35]; an
unexplored possibility for Bsal.


Control of wildlife diseases is more challenging and expensive than prevention [14] and expedient
action is required to have the best opportunity to reduce the risk of Bsal invasion. There are few
known viable treatment or management options for responding to the introduction of Bsal [36,37],
and despite the fact that Bd has been identified and described for more than 15 years [38], there
are currently no effective treatments available for wild populations. Strategies focused on prevention
or reduction of introduction events remain the best control option for emerging diseases. Currently,
Bd and ranaviruses are categorized as reportable diseases by the World Organisation for Animal Health
and import restrictions and veterinary certifications can be required [15]. Similar import restrictions and
health certificate requirements for Bsal would reduce the potential for introduction into the USA.
Additional reductions in the potential for introduction are possible with the implementation of industry
best-practices for treatment of waste, voluntary quarantine and treatment of imported amphibians (e.g.
at least 10 days above 25◦C [13]). Public awareness campaigns in partnership with private businesses
and non-profit conservation organizations that highlight the potential for Bsal invasion and provide
guidelines to prevent spread from captive populations may also be effective for reducing the risk of
Bsal to wild populations.


5. Conclusion
Based on the information available for our assessment, the highest total risk of Bsal for wild salamander
populations in the US occurs along the Pacific coast, southern Appalachian Mountains and mid-Atlantic
regions. This risk assessment provides separate and combined estimates for two different types of risk,
introduction and consequences, which can be used independently or together to inform policy decisions.
Similarly, this study can be used to both assist in the development of a surveillance strategy for Bsal
and direct applied research to areas with high uncertainty where additional information could make
the largest impact on mitigation and prevention. Critical knowledge gaps which may refine future
assessments include identifying the prevalence of Bsal in imported animals through sampling shipments
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upon arrival at US ports, determining the susceptibility of US salamander species through exposure
experiments, and further refining the environmental conditions necessary for establishment of Bsal.
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The current biodiversity crisis encompasses a sixth mass extinction
event affecting the entire class of amphibians. The infectious
disease chytridiomycosis is considered one of the major drivers of
global amphibian population decline and extinction and is thought
to be caused by a single species of aquatic fungus, Batrachochy-
trium dendrobatidis. However, several amphibian population
declines remain unexplained, among them a steep decrease in fire
salamander populations (Salamandra salamandra) that has brought
this species to the edge of local extinction. Here we isolated and
characterized a unique chytrid fungus, Batrachochytrium salamandri-
vorans sp. nov., from this salamander population. This chytrid causes
erosive skin disease and rapid mortality in experimentally infected
fire salamanders and was present in skin lesions of salamanders
found dead during the decline event. Together with the closely
related B. dendrobatidis, this taxon forms a well-supported chytri-
diomycete clade, adapted to vertebrate hosts and highly pathogenic
to amphibians. However, the lower thermal growth preference of B.
salamandrivorans, compared with B. dendrobatidis, and resistance
of midwife toads (Alytes obstetricans) to experimental infection
with B. salamandrivorans suggest differential niche occupation
of the two chytrid fungi.


amphibian decline | emerging infectious disease | ecosystem health


Amphibians have become an icon of the global biodiversity
crisis (1). Although a variety of factors are involved in am-


phibian decline worldwide, fungal chytridiomycosis has been
identified as one of the major infectious diseases involved, resulting
in the extirpation of >40% of amphibian species in areas in Central
America and widespread losses across Europe, Australia, and
North America (2, 3). Chytridiomycosis is currently considered
to be caused by a single species of fungus, Batrachochytrium den-
drobatidis, which is the only chytridiomycete taxon known to par-
asitize vertebrate hosts. However, B. dendrobatidis and other factors
known to cause amphibian decline fail to explain several recent
amphibian population losses (4, 5).
A dramatic and enigmatic mortality event, which has brought


this species to the edge of extinction, was recently reported
among fire salamanders (Salamandra salamandra) in The Neth-
erlands (5). Since 2010, the species has declined, with only 4% of
the population remaining in 2013. This rapid decline coincided
with the finding of dead animals in the field (5). The recent start-
up of an ex situ conservation program for 39 of the remaining fire
salamanders was compromised by the unexplained death of 49%
of the captive animals between November and December 2012.
Attempts to identify known amphibian infectious agents, including
B. dendrobatidis, in these salamanders yielded negative results (5).
Instead, we found, isolated, and characterized a second, highly
pathogenic chytrid fungus from this decline event that occupies
a different niche compared with B. dendrobatidis.


Results and Discussion
The chytrid fungus was isolated from the skin of fire salamanders
from the affected population in Bunderbos (N50°54′51″, E5°44′


59″), The Netherlands. Phylogenetic analyses including a broad
range of representative chytrid species show that this fungus
represents a previously undescribed lineage that forms a clade
with B. dendrobatidis (Fig. 1; Table S1). Its considerable ge-
netic distance from B. dendrobatidis (3.47–4.47% for the 1,513
18S + 28S rRNA base pairs) compared with the shallow diver-
gences between B. dendrobatidis isolates (6) warrants the de-
scription of a unique species within the chytridiomycote order
Rhizophydiales (family incertae sedis): Batrachochytrium salaman-
drivorans spec. nov. The unique chytrid represented by isolate
AMFP13/1 (the holotype in liquid nitrogen at Ghent University) is
the second chytrid known to parasitize and kill amphibians. In
vitro, the unique taxon produces motile zoospores, which emerge
from colonial (a single thallus containing multiple, walled sporan-
gia) or monocentric thalli (Fig. 2A). The most obvious morpho-
logical differences, compared with the B. dendrobatidis type strain,
are the formation of germ tubes in vitro (Fig. 2B; Fig. S1) and the
abundant formation of colonial thalli both in vitro and in vivo (Fig.
3B). B. salamandrivorans grew at temperatures as low as 5 °C, with
optimal growth between 10 °C and 15 °C and death at ≥ 25 °C, a
markedly lower thermal preference compared with B. dendrobatidis
(7) (Fig. 4).


Significance


Chytridiomycosis has resulted in the serious decline and ex-
tinction of >200 species of amphibians worldwide and poses
the greatest threat to biodiversity of any known disease. This
fungal disease is currently known to be caused by Batracho-
chytrium dendrobatidis, hitherto the only species within the
entire phylum of the Chytridiomycota known to parasitize
vertebrate hosts. We describe the discovery of a second highly
divergent, chytrid pathogen, Batrachochytrium salamandrivorans
sp. nov., that causes lethal skin infections in salamanders, which
has resulted in steep declines in salamander populations in north-
western Europe. Our finding provides another explanation for
the phenomenon of amphibian biodiversity loss that is emblem-
atic of the current global biodiversity crisis.
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Infected fire salamanders died within 7 d after a short episode
of anorexia, apathy, and ataxia. The pathology consistently
comprised multifocal superficial erosions and deep ulcerations in
the skin all over the body. Keratinocytes with eosinophilic ne-
crosis and marginated nuclei were at the periphery of the ero-
sions. Each of these keratinocytes contained one centrally
located thallus, the majority being segmented (colonial thalli).
Bacteria superficially colonized the ulcers. Additionally, any-
where in the skin, small foci of keratinocytes immediately below
the damaged keratin layer were found. These presented similar
eosinophilic necrosis, marginated nuclei, and centrally located
colonial thalli. The intraepidermal organisms did stain with im-
munohistochemistry (8) (Fig. 3A). Transmission electron mi-
croscopic examination of the skin lesions confirmed the presence
of intracellular structures consistent with the colonial thalli (Fig.
3B). All animals were also screened for a wide array of other
infectious diseases, but no evidence for any other pathology was
found: neither PCR (9) nor quantitative PCR (qPCR) (10)
suggested the presence of chytrid B. dendrobatidis DNA in the
skin samples. Virological examination [including PCR for the
detection of herpes viruses (11), adenoviruses (12), and ranavi-
ruses (13) and inoculation of IgH2 (iguana heart epithelial cells)
and RTG (rainbow trout gill) cell cultures for general virological
investigation] was negative. Ziehl Neelsen staining, PCR for
Chlamydiaceae (14), and bacterial isolation attempts did not
yield any evidence of bacterial infections.
To further demonstrate that salamandrid mortality was caused


by B. salamandrivorans, we performed infection experiments on
healthy fire salamanders (n = 5) by exposing them to 5,000
zoospores of B. salamandrivorans for 24 h. All animals died 12–
18 d after inoculation after a 1- to 2-d episode of ataxia. Isolation


was attempted and succeeded from one deceased salamander.
PCR (described below) showed that B. salamandrivorans DNA
was present in all five infected animals, coinciding with histo-
pathological lesions consisting of focal epidermal ulceration with
very high numbers of colonial thalli of B. salamandrivorans, which
matched the lesions found in wild animals. B. salamandrivorans–
induced lesions are characterized by marked skin ulceration, op-
posed to those caused by B. dendrobatidis, which typically induces
epidermal hyperplasia and hyperkeratosis (15). No clinical signs or
histopathological lesions were observed in the uninfected negative
control animals (n = 5). Additionally, we put two healthy fire
salamanders in a terrarium with an infected individual for 2 d. One
salamander died 22 d after contact and the other 27 d after being
placed with the infected animal. Histology, immunohistochemistry
(8), and PCR demonstrated the presence of high numbers of
B. salamandrivorans in their epidermal layers, with lesions identical
to those described above. Cohousing on damp toweling effectively
transmitted B. salamandrivorans and caused death in <1 mo. Ex-
perimentally infected midwife toads (Alytes obstetricans), the spe-
cies that is most highly susceptible to infection by B. dendrobatidis
in Europe (16, 17), did not show any signs of colonization by
B. salamandrivorans, as determined by immunohistochemistry
and PCR, or disease, suggesting a differential amphibian host
range for the two chytrids.
Amphibians will clearly benefit from the rapid identification of


areas in which B. salamandrivorans is present. We therefore
designed diagnostic species-specific PCR primers to amplify the
5.8S ribosomal RNA gene and its flanking internal transcribed
spacer regions: ITS1 and ITS2. Our set of primers STerF and
STerR amplified B. salamandrivorans in all positive tissues ex-
amined. Importantly, these primers did not amplify any of the
nine tested strains from all three B. dendrobatidis lineages known
to infect Europe and therefore provide a rapid noninvasive
method for detecting of B. salamandrivorans infections. Fur-
thermore, by using the newly developed PCR primers, we were
also able to detect B. salamandrivorans DNA in remains of the
epidermises of six wild fire salamanders (from Bunderbos, The
Netherlands) that were found dead in 2010 or 2011 and were
stored at −70 °C. B. salamandrivorans was found present in skin
swabs from all five experimentally infected and moribund fire
salamanders, but in none of the midwife toads and noninfected
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Fig. 1. Maximum likelihood tree (−Ln L = 9,562.04266) for the analysis of
a 1,513-bp data matrix of partial 18S + 28S rRNA genes. Together with
B. dendrobatidis, B. salamandrivorans sp. nov. forms a well-supported clade
[maximum parsimony bootstrap support = 100; maximum likelihood boot-
strap support (MLBS) = 100; Bayesian posterior probability (BPP) = 100] of
Chytridiomycota that parasitize amphibians with potentially lethal con-
sequences. Squares on branches indicate MLBS > 70 and BPP > 95; triangles
indicate MLBS < 70 and BPP > 95.


Fig. 2. In vitro culture of B. salamandrivorans in TGhL broth at 15 °C. (A)
Monocentric thalli predominate, with the rare presence of colonial thalli
(black arrow). Sporangia develop discharge tubes (white arrow) to release
zoospores (Scale bar, 100 μm.) (B) Scanning electron microscopic image of
a mature sporangium with rhizoids (R), discharge tubes (D), and germ tube
formation (arrow) (Scale bar, 10 μm.)


15326 | www.pnas.org/cgi/doi/10.1073/pnas.1307356110 Martel et al.



www.pnas.org/cgi/doi/10.1073/pnas.1307356110





fire salamanders. Additionally, 13 of 33 swabs collected from live
fire salamanders from the declining population in Bunderbos,
The Netherlands, in 2010 tested positive with this PCR, in con-
trast to 0 of 51 swabs from fire salamanders from a stable pop-
ulation in Belgium. Our PCR method thus allows the rapid
screening of both extant populations and archived specimens for
the presence of B. salamandrivorans–induced chytridiomycosis.
Chytridiomycosis in amphibians can no longer be attributed to a


single species of chytrid, but can be caused by either B. dendrobatidis
or B. salamandrivorans. Our results reveal striking similarities and
differences between B. salamandrivorans and the behavior of the
hypervirulent global pandemic lineage of B. dendrobatidis (18). Both
fungal species share at least the following hallmarks: (i) induction
of a lethal skin disease and (ii) association with mortality events
and severe population decline. In contrast, it is as yet unclear to
what extent B. salamandrivorans is capable of infecting a broad
amphibian host range, as is the case for B. dendrobatidis (3).
However, development of erosive vs. hyperplastic/hyperkeratotic
skin lesions, failure to experimentally infect midwife toads, and
relatively low thermal preferences of B. salamandrivorans suggest
differential host specificity of the two pathogens and possibly
a differential effect on amphibian assemblages. Because the ma-
jority of recent B. dendrobatidis surveillance worldwide is based on
the B. dendrobatidis–specific qPCR (10), it is currently impossible
to estimate the extent and impact of B. salamandrivorans on am-
phibian populations worldwide using the B. dendrobatidis map-
ping framework (19). However, the emergence of the pathogenic
B. salamandrivorans chytrid fungus is worrying and warrants close
monitoring, urgent risk analysis, and its inclusion in any monitoring
program assessing amphibian population health.


Taxonomy. Batrachochytrium salamandrivorans Martel, Blooi, Bos-
suyt and Pasmans sp. nov. MycoBank accession no. MB803904.
In vitro (tryptone-gelatin hydrolysate-lactose broth). Thalli predomi-
nantly monocentric, although some colonial. Development ex-
ogenous with sporangia forming at tip of germ tube. Rhizoids
fine, isodiametric, extending from a single or several areas, lacking
subsporangial swelling; Sporangium diameter 15.7–50.3 μm (av-
erage, 27.9 μm). One to several discharge papillae; cell wall at tip
discharge papillae forms plugs that deliquesce resulting in release


of motile zoospores. Motile zoospores roughly spherical, with
highly irregular surface and cell surface projections; diameter 4.0–
5.5 μm (average 4.6 μm). Resting spore not observed. Growth at 5,
10, 15, 20, and 22 °C, but not at temperatures ≥24 °C. Death of
thalli after 5 d at 25 °C. Five-day generation time at 15 °C.
In Vivo. In epidermis of amphibians; forming predominantly co-
lonial thalli that contain several walled sporangia. Thalli located
inside keratinocytes; diameter 6.9–17.2 μm (average 12.2 ± 1.9
μm, n = 50).
Zoospore Ultrastructure. Ultrastructure highly similar to that of
B. dendrobatidis. Nucleus located outside the ribosomal mass,
multiple mitochondria and numerous lipid globules. Position of
the nonflagellated centriole in free swimming zoospores varies
from angled to parallel to kinetosome.
rDNA Sequences. Partial nucSSU rDNA GenBank accession no.
KC762294, partial nucLSU rDNA GenBank accession no.
KC762293, partial ITS1-5.8S-ITS2 rDNA GenBank accession
no. KC762295.
Holotype. Isolate AMFP13/1 (CBS 135744) from a fire salamander
(Salamandra salamandra), kept in liquid nitrogen at Ghent
University.
Etymology. The species epithet salamandrivorans (sa.la.man.dri.
vo’rans. L. n. salamandra, salamander; L. part. adj. vorans, eating,
devouring; N.L.part. adj. salamandrivorans, salamander-devour-
ing) refers to the extensive skin destruction and rapid mortality
observed in infected salamanders.


Materials and Methods
Postmortem Examination of Fire Salamanders. Six S. salamandra that died in
captivity between November and December 2012 were subject to gross
necropsy, histopathology, and routine bacteriological, mycological, and vi-
rological examinations. Histological examination of liver, spleen, kidney,
lung, gonad, midgut, and skin was done using microscopic examination of
paraffin-embedded, 5-μm tissue sections stained with H&E, Ziehl Neelsen, or
periodic acid shift. A 1:10 (vol:vol) tissue suspension of these organs in PBS
was inoculated on sheep blood and tryptic soy agar and incubated at 20 °C
and 30 °C. A liver suspension was inoculated on IgH2 and RTG cells. PCRs were
performed to detect the presence of herpesviruses (11), adenoviruses (12),
iridoviruses (13), Chlamydiales (14), and B. dendrobatidis (9, 10). Immuno-
histochemistry was performed on all skin samples to detect B. dendrobatidis
antigens (8). Transmission electron microscopy of epidermal samples was
performed with glutaraldehyde fixation in 0.05 M sodium cacodylate buffer,


Fig. 3. Microscopy of the skin of a fire salamander that died due to in-
fection with B. salamandrivorans. (A) Immunohistochemical staining of
a 5-μm skin section. Intracellular colonial thalli abound throughout all epi-
dermal cell layers and are associated with erosive lesions. (Scale bar, 20 μm.) (B)
Transmission electron microscopy picture of an intracellular colonial thallus of
B. salamandrivorans inside a keratinocyte (Scale bar, 4 μm.)
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Fig. 4. Growth of B. salamandrivorans in TGhL broth at different temper-
atures. (A) Growth was quantified by calculating the average percentage ±
SD of the surface area of three wells covered by the fungus after 10 d of
incubation at a given temperature. Motile zoospores were present at 5–20 °C,
but not at 22, 24, and 30 °C. (B) B. salamandrivorans growth after 10 d at 4 °C
(a), 15 °C (b), 20 °C (c), and 30 °C (d) (Scale bar, 200 μm.)


Martel et al. PNAS | September 17, 2013 | vol. 110 | no. 38 | 15327


EC
O
LO


G
Y







1% osmium tetroxide postfixation, and en bloc staining for 1 h in a 1% so-
lution of uranyl acetate. Five S. salamandra specimens were found dead in
the field during 2010 and 2011. Due to the severe autolysis of these animals,
the postmortem examination was limited to skin histopathology and PCR for
the detection of herpesviruses, adenoviruses, iridoviruses, Chlamydiaceae,
and B. dendrobatidis.


B. salamandrivorans Strain Isolation and Culture Conditions. Chytrid isolation
on tryptone-gelatin hydrolysate-lactose (TGhL) agar plates containing pen-
icillin/streptomycin (200 mg/L) at 20 °C was attempted from the dead S.
salamandra as described previously for the isolation of B. dendrobatidis (7).
Skin samples without contaminating bacterial or fungal growth were
transferred to TGhL broth once zoospores were seen on the agar plates. The
isolate was subsequently subcultured in TGhL broth in cell culture flasks at
15–20 °C. A 10-d-old subculture was frozen in liquid nitrogen (20). To obtain
zoospores, 1 mL of a culture growing in TGhL broth was transferred to a TGhL
agar plate and incubated for 5–10 d at 15 °C. Zoospores were obtained by
washing the agar plate with 2 mL of 0.2-μm filtered pond water. The number
of zoospores in the suspension was determined using a hemocytometer.


To determine thermal growth conditions, 200 μL of a 5-d-old
B. salamandrivorans culture in TGhL broth at 15 °C was transferred to the wells
of a 24-well plate, and 0.8 mL of TGhL broth was added. The plates were in-
cubated at 5 °C, 10 °C, 15 °C, 20 °C, 22 °C, 23 °C, 24 °C, 25 °C, and/or 30 °C ± 1 °C
for 10 d. Growth was defined as a significant increase of the surface of the
well covered by the fungus compared with wells incubated at 30 °C (which is
above the lethal temperature for B. salamandrivorans) and the presence of
motile zoospores. The surface coverage was determined by image analysis
(GNU Image Manipulation Program) of pictures, taken through an inverted
light microscope (Nikon Eclipse ts100, 20× magnification). Each condition was
tested in triplicate. If no growth was seen after 10 d of incubation, the plates
were further incubated at 15 °C. Cultures were considered dead if no growth
occurred within 10 d.


B. salamandrivoransMolecular Characterization and Diagnostic PCR Development.
PCRs were done on the chytrid culture obtained to amplify the 18S, 28S, and
the 5.8S rRNA genes and the flanking ITS regions ITS1 and ITS2 (21). Based on
the ITS1-5.8S-ITS2 sequence, the primer set (STerF 5′TGCTCCATCTCCCCC-
TCTTCA3′ and STerR 5′TGAACGCACATTGCACTCTAC3′) was developed and
used to detect the 5.8S rRNA gene of B. salamandrivorans in skin samples
from the six S. salamandra found dead in the field, six animals that died in
captivity, and 33 swabs collected from S. salamandra in Bunderbos in 2010.
Amplification reactions consisted of 10 ng DNA, 1 μM of each primer, 1.5 mM
MgCl2, 1× Taq buffer, 0.2 mMof each dNTP, and 0.8 units of Taq polymerase in
a volume of 20 μL. PCR amplification was performed under the following
conditions: 10 min at 93 °C, followed by 30 cycles of 45 s at 93 °C, 45 s at 59 °C,
60 s at 72 °C, and 10 min at 72 °C. DNA of a pure culture of B. salamandrivorans
was used as a positive control. Using primer set STerF and STeR, we assessed
whether DNA of nine B. dendrobatidis strains would be amplified—Cape lin-
eage (BdCAPE) isolates: SA1D, TF5a1, and CCB1; Swiss lineage (BdCH) isolates:
Con2A, APEP, and 0739; and the global panzootic lineage (BdGPL) isolates:
MAD, IA042, and JEL197. All derived amplicons were sequenced.


Phenotypic Characterization. The morphology of the chytrid isolate in TGhL
agar and broth was examined using inverted, phase contrast, and scanning
(22) and transmission electron microscopy (23). Zoospores were collected
from growth on TGhL agar plates and fixed for transmission electron mi-
croscopy with s-collidine buffer followed by osmium tetroxide (23).


Experimental Infection of Fire Salamanders and Midwife Toads. The animal
experiment was performedwith the approval of the ethical committee of the
Faculty of Veterinary Medicine (Ghent University, EC2013/10) under strict
BSL2 conditions. Ten captive bred fire salamanders (S. salamandra) and
midwife toads (Alytes obstetricans) were housed individually at 15 ± 1 °C on


moist tissue, with access to a hiding place and a water container. All animals
were clinically healthy and free of B. dendrobatidis as assessed by sampling
the skin using cotton-tipped swabs and subsequent performing qPCR (10).
Using the PCR described above, all swab samples were negative for the pres-
ence of DNA of B. salamandrivorans. After 1 wk of acclimatization, 1 mL of
a zoospore suspension in filtered (0.2 μm) pond water, containing 5,000
zoospores/mL, was dripped on the five animals of each species. Animals were
fed twice weekly with crickets and followed up by clinical examination and
weekly collection of skin swabs until 3 wk after exposure. The skin swabs
were examined for the presence of B. salamandrivorans DNA as described
elsewhere.


Skin Swabs from Declining and Stable S. salamandra Populations. Skin swabs
were collected from 33 S. salamandra from the Dutch fire salamander
population experiencing the decline during 2010. For comparison, skin
swabs were collected from 51 clinically healthy fire salamanders from
a population without a history of decline (N50°57′13″; E3°43′15″, Merelbeke,
Belgium). DNA from the swabs was extracted in 100 μL PrepMan Ultra
(Applied Biosystems) (8). Samples were examined for the presence of DNA of
B. dendrobatidis using qPCR and for the presence of DNA of B. salaman-
drivorans using the PCR described above.


Phylogeny. In addition to the unique chytrid fungus, our taxon sampling
consisted of three B. dendrobatidis strains and 27 species representing
a broad evolutionary range of Chytridiomycota. In addition, Rozella allo-
mycis and two Blastocladiomycota (Allomyces arbuscula and Catenaria
anguillulae) were used as outgroup taxa. Alignment was done with ClustalX
2.0.10 (24), and ambiguously aligned fragments were excluded for further
analysis, resulting in a 1,513-bp reliably aligned data matrix. Maximum
parsimony (MP) and maximum likelihood (ML) analyses were performed
using PAUP* 4.0b10 (25). Heuristic MP searches were executed in 10,000
replicates, with all characters unordered and equally weighted, and using
tree bisection reconnection (TBR) branch swapping. The strict consensus tree
of 81 equally most parsimonious trees (tree length = 1,471) supported the
(B. dendrobatidis, B. salamandrivorans) sister relationship and received an MP
bootstrap support of 100. Bayesian and likelihood analyses were performedwith
the GTR +G + I model of DNA substitution. For the likelihood analyses, heuristic
searches were performed with substitution rates, γ-shape parameter, and pro-
portion of invariable sites estimated from neighbor joining trees. These
parameters were reestimated from the best ML tree found thus far, and the tree
was submitted to additional rounds of TBR swapping; this procedure was re-
peated several times. These maximum likelihood analyses resulted in a single
best tree [−ln L = 9,562.04266; pinvar = 0.301311; shape parameter α = 0.60887].
ML bootstrapping was done in 1,000 replicates with fixed parameters.


Bayesian analyses were done with MrBayes 3.1.2 (26). Two runs of four
Markov chain Monte Carlo (MCMC) chains each were executed in parallel for
5,000,000 generations, with a sampling interval of 500 generations and a burn-
in corresponding to the first 1,000,000 generations. Posterior probabilities for
clades were obtained by combining the post–burn-in trees from parallel runs in
a single consensus tree. Convergence of the parallel runs was confirmed by split
frequency SDs (<0.01) and potential scale reduction factors (approximating 1.0)
for all model parameters.
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Memorandum

To:		Regional Refuge Supervisors and Biologists



From:		Jennifer Ballard, DVM PhD, Wildlife Veterinarian



Subject:	Refuge response to Salamander Chytrid Disease

Salamander Chytrid Disease, caused by Batrachochytrium salamandrivorans (Bsal), is an emerging wildlife disease of global importance. Native to Asia, this fungus has caused massive population declines in wild salamanders in Europe, where it was likely introduced through the pet trade. To date, Bsal has not been detected in the U.S., but evidence suggests that an introduction would be devastating to our native salamander species. To prevent the introduction of this pathogen, the U.S. Fish and Wildlife Service’s Branch of Aquatic Invasive Species has issued an Interim Final Rule listing 201 salamander species as injurious under the Lacey Act (18 U.S.C. 42 as amended) due to their potential to spread this pathogen. This listing includes native and foreign species as well as live and dead specimens but does not ban movement of all salamanders. 

The interim final rule is a tremendous step toward preventing a Bsal introduction, but for ultimate success, a multifaceted approach to disease prevention and detection is necessary. To assist in this, a spatial risk analysis was performed by USGS that highlights areas of the U.S. most at risk for a Bsal introduction. The areas at risk include large portions of Regions 1, 3, 4, 5, and 8. 

The Wildlife Health office is working with the Aquatic Animal Health Program to develop a Bsal surveillance strategy (and associated funding) for refuges at risk of Bsal introduction. We need to identify refuges with significant salamander resources and determine their interest in being a part of the Bsal surveillance effort. 

Activities associated with this effort may include: 1) monitoring salamander populations for evidence of mortality or unexplained decline, 2) collecting specimens from observed mortality for disease testing, 3) implementing biosecurity protocols when working in salamander habitats, 4) preparing Bsal response plans, and 5) conducting active surveillance for the presence of Bsal on refuge properties.

Refuge personnel interested learning more or becoming involved are encouraged to contact Dr. Jennifer Ballard (Jennifer_Ballard@fws.gov; 970-266-2933) in the Wildlife Health office.  https://sites.google.com/a/fws.gov/fws-wildlife-health/amphibians-and-reptiles
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---------- Forwarded message ----------
From: Barr, Chris <chris_barr@fws.gov>
Date: Fri, Apr 29, 2016 at 12:55 PM
Subject: Fwd: Salamander Disease Testing
To: Diane Kodama <diane_kodama@fws.gov>, Don Brubaker <Don_Brubaker@fws.gov>,
Gerry McChesney <Gerry_McChesney@fws.gov>, Ivette Loredo <Ivette_Loredo@fws.gov>
Cc: Anne Morkill <Anne_Morkill@fws.gov>, Joy Albertson <Joy_Albertson@fws.gov>

FYI- The FWS Wildlife Health Office is putting in a funding proposal for materials to help
collect salamander skin swabs for testing for Bsal on high risk refuges. Attached is more
information. Please coordinate with Joy Albertson who will have the lead in replying back to
this request from the health office.

Thanks

Chris

Chris Barr
Deputy Complex Manager
San Francisco Bay National Wildlife Refuge Complex

Chris_Barr@fws.gov
510-792-0222 (office)
530-520-5614 (cell)

---------- Forwarded message ----------
From: Ballard, Jennifer <jennifer_ballard@fws.gov>
Date: Fri, Apr 29, 2016 at 12:29 PM
Subject: Salamander Disease Testing
To: Joy Albertson <joy_albertson@fws.gov>
Cc: Chris Barr <chris_barr@fws.gov>

Hello Joy,

I spoke with Chris Barr earlier today about salamander disease testing in the San Francisco Bay NWRC. He asked me to share
some information with you about our proposed project. Bsal is a newly emerging pathogen in wildlife. It has caused
tremendous population declines in European salamander species, but to date, it has not been detected in North America.
Currently, I am writing a funding proposal to provide supplies, shipping, and testing costs for refuges that are willing/able to
collect salamander skin swabs for Bsal testing. Our short-term goal is to help confirm the absence of Bsal on high-risk
refuges. Eventually, we will be looking at options for long term monitoring for future introductions of this disease. Based on a
USGS risk model, Don Edwards San Francisco Bay NWR, Ellicott Slough NWR, and San Pablo Bay NWR are all considered
high risk for a possible introduction of Bsal. I'm attaching a recent memo that was sent to the regional offices about our
proposed project as well as two articles about the discovery and risk of Bsal.

The Wildlife Health office is a division of the NWRS Natural Resource Program Center. We are here to assist refuges with
any wildlife health issues, including surveillance, research, mortality response, biosafety, biosecurity, public health, and
disease contingency planning. I'm the office point of contact for Regions 2 and 8, and I also work on reptile and amphibian
disease issues nationwide. Please feel free to contact me if I can ever be of assistance with regard to Bsal or any wildlife
health issue.
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Thank you for your time,
Jenn Ballard

Jennifer R. Ballard, DVM, PhD
Wildlife Health Office
Natural Resource Program Center
National Wildlife Refuge System
U.S. Fish and Wildlife Service
1201 Oakridge Drive Suite 320
Fort Collins, CO 80525
970-266-2933 (o)
970-215-9918 (c)
For DOI personnel - please see https://sites.google.com/a/fws.gov/fws-wildlife-health/

https://sites.google.com/a/fws.gov/fws-wildlife-health/

