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WILDLIFE DISEASE

Recent introduction of a chytrid
fungus endangers Western
Palearctic salamanders

A. Martel,™* M. Blooi,">{ C. Adriaensen,'t P. Van Rooij,’t W. Beukema,® M. C. Fisher,*

R. A. Farrer,” B. R. Schmidt,*” U. Tobler,*” K. Goka,® K. R. Lips,® C. Muletz,’ K. R. Zamudio,'"’
J. Bosch," S. Létters,'” E. Wombwell,’>'* T, W. J. Garner,'* A. A. Cunningham,™*

A. Spitzen-van der Sluijs,'® S. Salvidio,'® R. Ducatelle,' K. Nishikawa,'” T. T. Nguyen,'®

J. E. Kolby," 1. Van Bocxlaer,?° F. Bossuyt,° F. Pasmans’

Emerging infectious diseases are reducing biodiversity on a global scale. Recently, the
emergence of the chytrid fungus Batrachochytrium salamandrivorans resulted in rapid
declines in populations of European fire salamanders. Here, we screened more than
5000 amphibians from across four continents and combined experimental assessment
of pathogenicity with phylogenetic methods to estimate the threat that this infection
poses to amphibian diversity. Results show that B. salamandrivorans is restricted to, but
highly pathogenic for, salamanders and newts (Urodela). The pathogen likely originated
and remained in coexistence with a clade of salamander hosts for millions of years in Asia.
As a result of globalization and lack of biosecurity, it has recently been introduced into
naive European amphibian populations, where it is currently causing biodiversity loss.

merging infectious diseases play an impor-

tant role in the ongoing sixth mass extinction

(I). Fungi comprise a greater threat relative

to other taxonomic classes of pathogens and

have recently caused some of the most severe
die-offs and extinctions among a wide range of
organisms (2). The classical cause of amphibian
chytridiomycosis (Batrachochytrium dendrobatidis)
has resulted in extensive disease and declines in
a wide variety of amphibian species across the
three orders [i.e., frogs and toads (Anura), sala-
manders and newts (Urodela), and caecilians
(Gymnophiona)] (2). Recently, a second highly
pathogenic chytrid fungus (B. salamandrivorans)
emerged as a novel form of amphibian chytridio-
mycosis and extirpated fire salamander popula-
tions in northern Europe (3, 4) in a region where
B. dendrobatidis is in a state of stable coexistence
with the amphibian communities (5).

To predict the potential impact of B. salaman-
drivorans on amphibian diversity more broadly,
we first estimated its host range by experimentally
exposing 35 species from the three amphibian or-
ders (10 anurans, 24 urodelans, and 1 caecilian) to
controlled doses of 5000 zoospores for 24 hours
(8) (table S1). Except for five urodelan taxa for
which wild-caught specimens were used, all other
experimental animals were captive bred. With the
exception of four urodelan taxa, all experimental
animals derived from a single source population.
After exposure, animals were monitored daily for
clinical signs until at least 4 weeks after exposure.
Infection loads were assessed weekly using quanti-
tative polymerase chain reaction (QPCR) on skin
swabs (6), and histopathology was performed on
all specimens that died. Our results show that col-
onization by B. salamandrivorans was limited to
Urodela, whereas none of the anuran and caecilian
species became infected (Fig. 1, squares). Alarmingly,
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41 out of 44 of the Western Palearctic salamanders
(Salamandridae and Plethodontidae) rapidly died
after infection with B. salamandrivorans. The
propensity of B. salamandrivorans to infect these
species was confirmed by its ability to successfully
invade the skin of several urodelan, but none of
the anuran, species. This was demonstrated with
an immunohistochemical staining of the abdom-
inal skin of amphibians after exposure to 10,000
zoospores for 24 hours (table S1 and fig. S1).

To estimate the current range of B. salaman-
drivorans infections, we used qPCR to screen
5391 wild amphibian individuals from four con-
tinents for the presence of B. salamandrivorans
DNA in their skin (6) (tables S2 and S3). In ac-
cordance with the results of the experimentally
determined host range, infections were detected
only in urodeles. Furthermore, the detection of
B. salamandrivorans DNA (all sequences were
100% identical with GenBank accession number
KC762295) was limited to East Asia (Thailand,
Vietnam, and Japan) in the absence of obvious
disease, and Europe (Netherlands and Belgium)
where it is associated with severe disease out-
breaks [Netherlands, 2010 (3, 4), and Belgium,
2013 (Eupen, N50°3723"; E6°05'19”) and 2014
(Robertville, N50°27'12"; E6°06'11")]. These find-
ings suggest long-term endemism in Asia and a
recent incursion in Europe.

We used the results of our infection experi-
ments as a proxy for classifying amphibians
into four categories of response to B. salaman-
drivorans: resistant, tolerant, susceptible, and
lethal (Fig. 1, squares). Although the limited num-
ber of source populations used does not allow
estimation of within-species variation, responses
to infection were highly consistent within a given
population. Lethal responses were observed in
specimens from both captive-bred (10 of 19 taxa)

and wild (2 of 5 taxa) urodelans. Our infection
experiments indicated three Asian salamanders
(Cynops pyrrhogaster, Cynops cyanurus, and
Paramesotriton deloustali) as potential reservoirs.
Seven specimens of these species were capable
of limiting clinical disease and either persisted
with infection for up to at least 5 months with
recurring episodes of clinical disease, or even
totally cleared the infection (table S1 and fig. S2).
The combined evidence of natural occurrence
and experimental maintenance of B. salaman-
drivorans infections indicates that at least these
three species may function as a reservoir in Asia.

To investigate whether these amphibian
communities may have constituted a reservoir
of infection in the past, we estimated when B.
salamandrivorans diverged from B. dendrobatidis
and used present-day patterns of susceptibility
to reconstruct amphibian susceptibility through
time. Our Bayesian estimates of divergence time
with a broad prior calibration range resulted in
a mean estimate of 67.3 million years ago (Ma)
(fig. S3) and a 95% highest posterior density
interval of 115.3 to 30.3 Ma, indicating that B.
salamandrivorans diverged from B. dendroba-
tidis in the Late Cretaceous or early Paleogene
(Fig. 1, gray bar). Maximum parsimony and max-
imum likelihood ancestral reconstructions (Fig. 1)
of amphibian susceptibility suggest that the
potential of being a reservoir evolved in the
ancestors of modern Asian newts between 55
and 34 Ma in the Paleogene (Fig. 1, orange

!Department of Pathology, Bacteriology and Avian Diseases,
Faculty of Veterinary Medicine, Ghent University, Salisburylaan
133, B-9820 Merelbeke, Belgium. “Centre for Research and
Conservation, Royal Zoological Society of Antwerp, Koningin
Astridplein 26, Antwerp, Belgium. 3CIBIO/InBIO, Centro de
Investigacdo em Biodiversidade e Recursos Genéticos da
Universidade do Porto, Instituto de Ciéncias Agrarias de Vairdo,
Rua Padre Armando Quintas, Vairso, Portugal. “Department

of Infectious Disease Epidemiology, Imperial College London,
Norfolk Place, London W2 1PG, UK. 5Genome Sequencing and
Analysis Program, The Broad Institute of MIT and Harvard,
Cambridge, MA 02142, USA. ®Koordinationsstelle fiir amphibien-
und reptilienschutz in der Schweiz (KARCH), Passage
Maximilien-de-Meuron 6, 2000 Neuchétel, Switzerland. “Institut
fur Evolutionshiologie und Umweltwissenschaften, Universitét
Zurich. Winterthurerstrasse 190, 8057 Ztirich, Switzerland.
8lnvasive Alien Species Research Team, National Institute for
Environment Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-
8506, Japan. “Department of Biology, University of Maryland,
College Park, MD 20742, USA. °Department of Ecology and
Evolutionary Biology, Cornell University, Ithaca, NY 14853, USA.
Museo Nacional de Ciencias Naturales, Consejo Superior de
Investigaciones cientificas (CSIC), José Gutiérrez Abascal 2,
28006 Madrid, Spain. “?Biogeography Department, Trier
University, 54286 Trier, Germany. “Durrell Institute of
Conservation and Ecology, University of Kent, Kent CT2 7NR,
UK. “Institute of Zoology, Zoological Society of London, London
NW1 4RY, UK. ®Reptile, Amphibian and Fish Conservation the
Netherlands (RAVON), Post Office Box 1413, 6501 BK Nijmegen,
Netherlands. ®Department of Earth Science, Environmental and
Life (Di.S.T.A.V.), University of Genova, Corso Europa 26, |-16132
Genova, ltaly. "Graduate School of Human and Environmental
Studies, Kyoto University, Yoshida Nihonmatsu-cho, Sakyo-ku,
Kyoto 606-8501, Japan. *Vietnam National Museum of Nature,
Vietnam Academy of Science and Technology, 18 Hoang Quoc
Viet, Cau Giay, Hanoi, Vietnam. **James Cook University, One
Health Research Group, School of Public Health, Tropical
Medicine and Rehabilitation Sciences, Townsville, Queensland,
Australia. 2°’Amphibian Evolution Lab, Biology Department, Vrije
Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium.
*Corresponding author. E-mail: an.martel@ugent.be tThese
authors contributed equally to this work.

sciencemag.org SCIENCE

Downloaded from www.sciencemag.org on November 21, 2015


http://www.sciencemag.org/
http://www.sciencemag.org/

RESEARCH | REPORTS

350 300 250 200 150 100 50 0 (Mya)
| 1 | 1 | 1 | 1 | 1 | l | l |
|Carboniferous | Permian | Triassic | Jurassic | Cretaceous |Paleogene.| Neog.
Origin Bs
= Typhlonectes compressicauda () —— Typhlonectidae
GYMNOPHIONA m Bombina variegata (4) ————————— Bombinatoridae
L. m Alytes obstetricans (5) j Alvtid
m Discoglossus scovazzi (5) ylidae
m Silurana tropicalis (5) Pipidae
ANURA m Pelobates fuscus (5) Pelobatidae
—————@ m Pelodytes punctatus (5) Pelodytidae
Y 4+ Epidalea calamita (4) Bufonidae
S m Hylaarborea (5) Hylidae

URODELA

Legend

W Resistant
Tolerant

W Susceptible

W Lethal

Fig. 1. Amphibian susceptibility to Batrachochytrium salaman-
drivorans (Bs) through time. Molecular time scale (millions of
years ago) for 34 species; rectangles indicate the species category
based on the experimental infection tests. Resistant: no infection,
no disease; tolerant: infection in the absence of disease; susceptible:
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infection resulting in clinical disease with possibility of subsequent recovery; lethal: infection resulting in lethal disease in all infected animals. Colored dots on
nodes indicate the results of the maximum likelihood ancestral reconstructions (P > 0.95). The clade of susceptible Asian salamanders that originated in the early
Paleogene is indicated in orange. The 95% highest posterior density for time of divergence between B. salamandrivorans and B. dendrobatidis is indicated in gray.

branch), shortly after the origin of their pathogen.
These ancestors reached Asia after withdrawal
of the Turgai Sea (7), suggesting that Asia has
been a natural reservoir for B. salamandrivorans
for the past 30 million years. Our detection of
B. salamandrivorans in a >150-year-old museum
sample of the Asian newt Cynops ensicauda (table
S4, RMNH RENA 47344 is consistent with this
reservoir hypothesis.

Given the discontinuity of the global distribu-
tion of B. salamandrivorans, introduction from
Asia into Europe must have been human-mediated.
Asian salamanders and newts are being traded
internationally in large numbers annually (for
instance, more than 2.3 million individuals of
Cynops orientalis were imported into the United
States from 2001 to 2009) (8). To assess the
potential of B. salamandrivorans spread by cap-
tive amphibians, we tested 1765 skin samples
from amphibians in pet shops in Europe, Lon-
don Heathrow Airport, and an exporter in
Hong Kong (tables S5 and S6) and 570 sam-
ples from other captive amphibians (tables S7
and S8) for B. salamandrivorans. We found
three positive samples from captive individ-
uals of the Asian newt species Tylototriton
vietnamensts, two of which were imported to
Europe in 2010. Furthermore, our transmission
experiments showed that B. salamandrivorans
can effectively be transmitted across multiple
urodelan species (e.g., from Cynops pyrrhogaster
to Salamandra salamandra, fig. S4) by direct
contact, demonstrating the potential for path-
ogen spillover.
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Our infection experiments show that B. sala-
mandrivorans is lethal to at least some of the
New World salamandrid species (genera Taricha
and Notophthalmus). Although these combined
genera contain only seven species, together
they have a widespread distribution and are
often very abundant. The outcome of exposure
of three lineages of plethodontids (a family
comprising 66% of global urodelan diversity)
to B. salamandrivorans ranged from a lack of
any detectable infection (Gyrinophilus), to tran-
sient skin invasion (Plethodon) and lethal infec-
tion (Hydromantes), making it likely that other
species in this large family are vulnerable.

Our study demonstrates that the process of
globalization with its associated human and ani-
mal traffic can rapidly erode ancient barriers to
pathogen transmission, allowing the infection of
hosts that have not had the opportunity to es-
tablish resistance. Thus, pathogens, such as those
we describe here, have the potential to rapidly
pose a threat of extinction.
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