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Abstract

The amphibian fungal disease chytridiomycosis is considered one of the greatest
threats to biodiversity. This lethal skin disease is caused by chytridiomycete fungi
belonging to the genus Batrachochytrium. Although sudden amphibian popu-
lation declines had occurred since the 1970s in the Americas and Australia, mass
mortalities were not observed until the 1990s. The fungus Batrachochytrium
dendrobatidis (Bd) was identified as the cause of these declines. It is estimated
that Bd has caused the rapid decline or extinction of at least 200 amphibian
species, which is probably an underestimation due to the cryptic behaviour of
many amphibians such as many salamanders and also the lack of monitoring. A
second chytrid species, B. salamandrivorans (Bsal), has recently emerged and
caused mass mortality in salamanders in Belgium, the Netherlands and Germany,
affecting most salamander and newt taxa in the amphibian community and is
considered a major threat to the western Palearctic amphibian biodiversity. In this
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chapter we review the epidemiology, host pathogen interactions and mitigation
strategies of both chytrid pathogens.

14.1 Chytrids

The causative agents of the disease chytridiomycosis belong to a “lower” fungal
phylum: the Chytridiomycota (Longcore et al. 1999). Bd and Bsal belong to the order
of the Rhizophydiales and are, together with the enigmatic fish pathogen
Ichthyochytrium vulgare (Plehn 1920), to date the only known members of this
phylum, which are adapted to vertebrate hosts.

Chytridiomycota are unusual among the fungi in that they produce zoospores.
Asexual reproduction in Bd and Bsal occurs through the release of motile flagellated
spores (zoospores) from the reproductive body or thallus in which they are produced
(zoosporangium) (Fig. 14.1) (Longcore et al. 1999). Neither Bd nor Bsal have yet
been observed in culture to reproduce sexually. However, as several genetic studies
have identified Bd isolates with a hybrid genotype, sexual recombination and
hybridization must have been important mechanisms in its evolutionary history
(Farrer et al. 2011; Schloegel et al. 2012; Rosenblum et al. 2013).

In vitro, both pathogens grow well in tryptone broth and have a similar life cycle
(Van Rooij et al. 2015). The zoospore first encysts by developing a cell wall and
absorbing its flagellum and forms a germling with fine threadlike rhizoids. The
germling matures into a zoosporangium in which the cytoplasm cleaves mitotically
to form new zoospores. Discharge papillae or tubes are formed during the growth of
the sporangium. At maturity, the plug blocking the papillae dissolves, and the
zoospores are released into the environment to continue their life cycle (Longcore
et al. 1999; Berger et al. 2005; Van Rooij et al. 2015). Bd zoosporangia are, in
contrast with Bsal thalli, predominantly monocentric (a thallus containing a single

Fig. 14.1 In vitro culture of
Bsal in TGhL broth at 15 °C.
Monocentric thalli
predominate, with the rare
presence of colonial thalli.
Sporangia (S) with rhizoids
(R) develop discharge tubes
(D) to release zoospores
(Scale bar, 100 pm)
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sporangium) rather than colonial (a thallus containing more than one sporangium).
Despite the difference in thermal preference (Bd 22 °C, Bsal 15 °C), the life cycle of
both chytrids in culture is completed within 5 days (Berger et al. 2005; Martel et al.
2013). The life cycle of Bd in amphibian skin is largely similar to that observed in
culture (Van Rooij et al. 2015).

14.2 Global Epidemiology of Batrachochytrium dendrobatidis
Emergence

Following the discovery that Bd was a key driver of declines in amphibian species in
Australia and the Americas (Berger et al. 1998; Longcore et al. 1999), attention has
been focused on determining where outbreaks of chytridiomycosis have occurred
and whether there were any spatiotemporal patterns that indicate the original sources
of infection as well as pathways of spread. A key technological advance has been the
development of a Bd-specific quantitative PCR reaction that has been widely used to
screen amphibian populations for infection (Boyle et al. 2004). A global mapping
project (http://www.bd-maps.net) (Olson et al. 2013) showed Bd occurred in 56 of
82 (68%) countries and, in 516 of 1240 (42%) species tested, determined using a
dataset of more than 36,000 individuals (Bd-maps.net data snapshot August 2012).
Across the world, broadscale distribution patterns are evident, with Bd widely
detected in the Americas and detected only patchily in Australia, Africa, Asia, and
Europe.

Combining data on amphibian population health alongside molecular gPCR
surveys has uncovered regional epidemiological trends. In eastern Australia, pro-
spective and retrospective sampling of amphibian populations showed that
populations were Bd-negative prior to 1978 followed by an expansion north and
south from an inferred centre in Southern Queensland, reaching its northern limits in
the mid-1990s. Western Australia was Bd-negative until mid-1985 where upon the
arrival and spread of disease was documented (Berger et al. 2009). Mesoamerica has
witnessed a very rapid wave-like front of expansion from a putative origin in Mexico
in the 1970s (James et al. 2006), through Guatemala to Monteverde, Costa Rica, in
the 1980s, and then southwards at estimated rates of up to 50 km yfl, until the
infection jumped the Panama Canal. This epidemic front of chytridiomycosis along
the North-South transect of Central America was predictable to the extent that
researchers were able to anticipate the arrival of Bd in uninfected regions, such as
El Copé in Panama in 2004, and to then document the subsequent collapse of the
amphibian community (Lips et al. 2008). North America saw steep declines across
populations of the Sierra mountain yellow-legged frogs (Rana muscosa and R.
sierrae), most notably in the Sequoia-Kings Canyon National Park, where regional
populations were sequentially extirpated as Bd invaded lakes in 2004 (Vredenburg
et al. 2010). However, historical declines across other regions of the Sierras suggest
that the infection had been present since at least the 1970s, and elsewhere in the
United States, retrospective surveys of museum collections have demonstrated a
widespread prevalence since as early as 1888 in Illinois (Talley et al. 2015).
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Although the pattern of declines in Ecuador, Venezuela, Bolivia and Peru are
consistent with chytridiomycosis, most of South America lacks convincing evidence
for outbreaks of chytridiomycosis, and retrospective analyses of museum specimens
have shown Bd to be enzootic in the Brazilian Atlantic Forests for over a century
(Rodriguez et al. 2014). Surveillance in Europe showed that outbreaks occurred
around the 1990s in Spain (Bosch et al. 2001; Walker et al. 2010); however, it is
suspected that asymptomatic infections were widespread prior to the 1990s as
outbreaks of the disease have only been witnessed at high altitudes (Walker et al.
2010). In Southeast Asia, Bd has a low prevalence, patchy distribution and outbreaks
of chytridiomycosis, or cryptic population declines have not been recorded
(Swei et al. 2011).

Given these patterns of declines, is it possible to determine whether there is a
single original ‘source’ of the panzootic of chytridiomycosis or are we rather
witnessing multiple regional and perhaps unlinked foci? Answers to this question
have been sought by attempting to identify geographic regions where Bd has had a
long and stable association with host species (which is possibly indicative of long-
term co-evolutionary associations), as well as through phylogenomic analyses.
Histological studies from Southern African museum collections (Weldon et al.
2004; Soto-Azat et al. 2010) identified Africa as a potential source of the panzootic,
leading to the ‘Bd Out of Africa’ hypothesis being coined to suggest that Bd was
spread around the world via the extensive trade in the African clawed frog Xenopus
laevis from the 1930s onwards. However, the widespread occurrence of century-old
infections from similar retrospective studies means that Brazil, the United States and
Asia are now also included as possible origins (Goka et al. 2009; Rodriguez et al.
2014; Talley et al. 2015; Fong et al. 2015).

A paradigm shift in our understanding of Bd’s epidemiology occurred with the
onset of high-throughput whole-genome sequencing (WGS). The phylogenetic
resolution afforded by being able to align and detect single-nucleotide
polymorphisms (SNPs) across the ~24 Mb genome of Bd has uncovered over
500,000 polymorphic sites. An initial phylogenetic analysis of 20 global isolates
showed that Bd is composed of at least 3 deeply diverged lineages (Farrer et al.
2011). Of these, one was found to have a global distribution and showed low levels
of genetic polymorphism as well as a lack of genetic structure among continents.
These data are consistent with a rapid global emergence that was dated to sometime
in the twentieth century, and accordingly the lineage was named the ‘Bd Global
Panzootic Lineage’ (Bd GPL). Alongside Bd GPL, two other regionally endemic
lineages were identified: one was found in Switzerland (Bd CH), while the other was
found widely occurring in South Africa (Bd CAPE). Subsequent genome sequencing
of Bd isolates from other global regions identified a fourth endemic lineage that
infects amphibians in the Brazilian Atlantic forest (Bd Brazil) (Rodriguez et al.
2014). Further genome sequencing from a broader spatial collection of isolates
will undoubtedly uncover further endemic lineages, consolidating the finding that
Bd is an amphibian pathogen with a broad global distribution and ancient
associations with its amphibian hosts.
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These phylogenomic analyses have shown that the worldwide emergence of
chytridiomycosis is mostly likely explained by the rapid transmission of Bd GPL
across a global scale as this lineage has now been found to co-occur in all continents
alongside endemic lineages. In support of this hypothesis is that all mass mortality
and extinction events thus far attributed to chytridiomycosis are associated with the
presence of Bd GPL. In vivo laboratory assessments of Bd’s virulence have shown
that the lineage is hypervirulent when compared against other lineages, a feature that
confers “superbug” status on Bd GPL (Farrer et al. 2011). However, the origin of Bd
GPL remains currently unknown, as are details on the historical timing of this
lineage’s emergence across different continents. Answers to these questions await
the accumulation of genome sequences from a more representative set of spatial
regions and a more nuanced understanding of the molecular clock rates that govern
Bd’s evolution (Rosenblum et al. 2013; Farrer et al. 2013).

What is clear, however, is that the global trade in amphibians is a potent force in
spreading Bd into naive populations and species. This statement is especially true for
the so-called ‘Typhoid Mary’ species such as X. laevis and the North American
bullfrog Lithobates catesbeianus; these species carry Bd infections but rarely
become diseased (Fisher et al. 2009). They are also widely traded and are often
highly invasive when introduced by accident or deliberately into new environments
(Lips et al. 2008). Therefore, these two species constitute ideal vectors for
introducing Bd into uninfected regions of the globe (Garner et al. 2006) and are
likely a major source of new Bd infections when released into naive environments.
Molecular epidemiology from whole-genome sequencing is now being used to
identify the sources of regional outbreaks. The best understood example of this is
the introduction of Bd onto the Balearic island of Mallorca where genome sequenc-
ing showed that Bd CAPE was found to be infecting two populations of Mallorcan
midwife toads Alyfes muletensis. Retrospective analyses identified a spillover event
within a zoo captive assurance population of A. muletensis that had been subse-
quently released onto the island in order to supplement the wild populations. In this
example, the co-housing of Southern African Xenopus species alongside A.
muletensis led to cross-transmission and the vectoring of Bd CAPE onto the island
(Walker et al. 2008; Doddington et al. 2013).

14.3 Global Epidemiology of Batrachochytrium
salamandrivorans Emergence

The outbreak of chytridiomycosis caused by Bsal in the European low countries
shares many features with the emergence of Bd. While population genomic analyses
have not yet been published, the rapid development of a qPCR-based molecular
diagnostic has enabled the use of global surveillance to map the distribution of the
pathogen which has indicated likely sources of European infection (Blooi et al.
2013). In total, over 5000 amphibians were screened by qPCR from across four
continents (Martel et al. 2014). These data showed that detections of Bsal were
limited to East Asia, namely, Thailand, Japan and Vietnam. The data also point to a
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likely Asian origin of Bsal, and assessments of host associations have strengthened
this hypothesis by demonstrating that, while Palearctic caudates from Europe and
North America suffer clinical disease following infection by Bsal, Asian species
tolerate or clear their infections. Molecular surveys of museum collections have
shown that Bsal DNA can be detected in museum specimens of Asian Cynops
ensicauda that were collected over 150 years ago and molecular dating shows that
Bsal separated from Bd over 30 million years ago. Taken together, these data
strongly indicate an Asian evolutionary centre of origin for Bsal infections that
have spilled over to infect European salamander and newt species.

As with Bd, there has been much focus on how the transcontinental vectoring of
Bsal may have occurred. It is clear now that the international trade in Asian caudate
species is enormous, with, for instance, over 2.3 million individuals of Cynops
orientalis imported into the United States from 2001 to 2009. Further, the infection
is associated with outbreaks of disease in captive European caudates, which consti-
tute a continuous threat to vectoring the disease to wild amphibians (Cunningham
et al. 2015; Sabino-Pinto et al. 2015). Therefore, the international movement of
traded species of amphibians is a key mechanism contributing to the spread of Bsal
and its invasion of naive disease-free ecosystems.

14.4 Pathogenesis

Whereas the pathogenesis of Bd infections is relatively well known, Bsal has only
recently been discovered, and its pathogenesis is incompletely understood. This
chapter will focus on the pathogenesis of Bd, while highlighting any known
differences to Bsal.

14.4.1 Skin Colonization

The different steps in the infection process comprise attraction of the free swimming
zoospore to a suitable host with subsequent attachment to and invasion into the host
skin, leading to impairment of the skin function. Bd is attracted to keratin and to
carbohydrate components of the mucus and epidermis (Meyer et al. 2007; Moss et al.
2008; Van Rooij et al. 2015). If the zoospores resist the defence mechanisms of the
mucus (see below), adhesion to the skin surface occurs within 2—4 h after exposure
(Van Rooij et al. 2012), after which the zoospores mature into thick-walled cysts.
Cysts are anchored to the skin surface by fine fibrillar projections. Several adhesion
proteins such as vinculin, fibronectin and fasciclin are expected to contribute to this
process (Rosenblum et al. 2008, 2012). Besides, Bd is equipped with a chitin binding
module (CBM18) that is hypothesized to facilitate survival on its amphibian host by
limiting access for foreign chitinases by binding to the chitin of their proper cell wall.
In addition, CBM18 would also allow attachment of the pathogen to non-host
chitinous structures (e.g. insect or crustacean exoskeletons) allowing vectored
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disease spread (Abramyan and Stajich 2012; McMahon et al. 2013; Liu and Stajich
2015; Van Rooij et al. 2015).

Bd further develops endobiotically (with sporangia located inside the host cell).
Colonization is established via a tubular extension or germ tube arising from the
zoospore cyst that penetrates the host cell membrane and enables transfer of genetic
material into the host cell. The distal end of the germ tube swells and gives rise to a
new intracellular chytrid thallus. The pathogen then uses the same tactics to dig its
way to deeper skin layers: older “mother” thalli develop rhizoid-like structures
spreading to deeper skin layers, forming a swelling inside the host cell to finally
give rise to a new “daughter” thallus (Berger et al. 2005; Van Rooij et al. 2012;
Greenspan et al. 2012; Van Rooij et al. 2015). This intracellular proliferation occurs
within the cells of the stratum corneum and the stratum granulosum. Immature
sporangia are carried from the deeper skin layers to the skin surface by
differentiating epidermal cells. At the time sporangia have developed discharge
tubes and contain mature zoospores, they occur in the stratum corneum, where the
zoospores are released in the environment (Longcore et al. 1999; Berger et al. 2005;
Van Rooij et al. 2015).

Conversely, in explanted skin of the infection tolerant X. laevis, the pathogen
develops merely epibiotically (with sporangia developing upon the skin) (Van Rooij
et al. 2015). Here, the affected epidermal cells seem to be solely used as nutrient
source for the growing sporangium upon the epidermis (Van Rooij et al. 2012). Due
to the lack of conclusive histological evidence, it is not clear how infections manifest
in this species under natural conditions (Van Rooij et al. 2015). As this “saprobic”
type of development has only been observed in vitro, further in vivo evidence is
needed. Skin invasion by Bsal was also shown to occur within 24 h (Martel et al.
2014), although the mechanism of Bsal invasion is not known.

Bd selectively colonizes keratinized, stratified epidermis. In anuran larvae, colon-
ization is limited to the keratinized mouthparts, i.e. tooth rows and jaw sheaths, but
absent from the body, limbs, tail, mouth and gills. Studies in Mixophyes fasciolatus
and Osteopilus septentrionalis tadpoles show that during metamorphosis, coloni-
zation of the skin by Bd progresses following the distribution of keratin (Marantelli
et al. 2004; McMahon and Rohr 2015). In contrast with anuran larvae, no coloni-
zation of salamander larvae by Bd has been demonstrated so far (Van Rooij et al.
2015).

Susceptibility to Bsal infection was equally shown to be life stage dependent.
Whereas Bsal infects all fire salamander (Salamandra salamandra) life stages post
metamorphosis, larvae seem to be refractory to infection (Van Rooij et al. 2015).

14.4.2 Pathophysiology

Severe chytridiomycosis causes functional disruption of the epidermal barrier. Bd
possesses a large number of proteolytic enzymes, including serine-type proteases
and fungalysin metallopeptidases, which can cause damage to skin integrity by
disturbing the host’s intracellular junctions (Joneson et al. 2011; Brutyn et al.
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2012 Rosenblum et al. 2013). Furthermore, infection due to Bd triggers a decreased
expression of host genes encoding essential skin integrity components such as
keratin, collagen, elastin and fibrinogen (Rosenblum et al. 2012).

Physical disruption of the epidermis directly affects the osmoregulatory function
of the skin: it impairs the electrolyte transport across the skin, accompanied by a
reduction in transepithelial resistance and leakage of ions, giving rise to ion
imbalances, and a reduced ability of amphibians to osmoregulate or rehydrate.
Blood samples from amphibians with clinical chytridiomycosis show significantly
reduced plasma sodium, potassium and chloride ion concentrations and reduced
overall blood plasma osmolality. The low plasma potassium concentrations
(or hypokalaemia) are linked to abnormal cardiac electrical activity and cardiac
arrest and are thought to be the proximate cause of death in diseased amphibians
(Campbell et al. 2012, Van Rooij et al. 2015).

Besides the detrimental effect on the skin, Bd also actively suppresses host
responses (Rosenblum et al. 2009; Ellison et al. 2014; Ribas et al. 2009; Woodhams
et al. 2012a, b; Young et al. 2014). Bd culture supernatant inhibits lymphocyte
proliferation and induces apoptosis (Fites et al. 2013, 2014). Fungal proteases, such
as a subtilisin-like serine protease, inhibit antimicrobial peptide (AMP) release from
dermal granular glands and/or selectively degrade AMPs (Woodhams et al. 2012a,
b; Thekkiniath et al. 2013).

14.5 Clinical Signs and Lesions

Clinical signs of chytridiomycosis due to Bd in juvenile and adult anurans may
include erythema of ventral surfaces, abnormal posture such as splayed limbs,
depression, slow righting reflex, abnormal skin shedding and tetanic spasms upon
handling (Berger et al. 2009). Signs generally occur in the terminal stages of disease
and correlate with heavy infections, severe skin pathology and loss of plasma
electrolytes due to disturbance of epidermal ion transport (Voyles et al. 2009).
Therefore most of the course of infection remains subclinical, and dead frogs are
often in good body condition. With Bsal, there is also lethargy and excessive skin
shedding, but widespread multifocal ulceration is a marked and typical sign
(Martel et al. 2013; Van Rooij et al. 2015).

Both Batrachochytrium species occur only within epidermal cells, but sporangia
of Bd infect the superficial epidermal layers (including the stratum granulosum),
whereas Bsal grows in all layers (Berger et al. 2005; Martel et al. 2013). Bd generally
has a predilection for ventral skin areas and feet, but Bsal occurs over all the skin
including the dorsum. Histopathology of Bd infection includes hyperkeratosis,
disordered epidermal cell layers, spongiosis, erosions and occasional ulcerations.
Hyperplasia may occur resulting in diffuse or focal thickening, whereas other
regions of epidermis may be thin and eroded. Bacteria often colonize the layers of
sloughing keratin and grow within “empty” sporangia. A mild inflammatory
response may occur as a slight increase in mononuclear cells in the dermis and
epidermis but is often negligible (Berger et al. 2009). The deeper infection by Bsal
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leads to more erosive and ulcerative changes without hyperkeratosis or hyperplasia
(Van Rooij et al. 2015).

Electron microscopy revealed a zone of apparently condensed host cytoplasm, up
to 2.5 pm thick, around some Bd sporangia that appeared fibrillar and excluded
organelles (Berger et al. 2005). It is possible this host reaction provides protection of
sporangia from antimicrobials or immune response. Keratinization appears to occur
prematurely in infected cells, compared with uninfected cells in the same epidermal
layer (Berger et al. 2005).

Specific internal lesions are not observed in frogs with severe chytridiomycosis,
besides some terminal changes. In an Australian survey, concurrent diseases were
diagnosed in 12% of frogs with severe chytridiomycosis, but most frogs had no other
specific lesions (Berger et al. 2004).

14.6 Susceptibility to Chytridiomycosis

Considerable variation in susceptibility to chytridiomycosis has been observed
between hosts at the individual, population and species levels and is attributable to
both extrinsic and intrinsic host factors including immunological defences
(Blaustein et al. 2005; Tobler and Schmidt 2010; Pilliod et al. 2010; Searle et al.
2011).

14.6.1 Extrinsic Host Factors

At the broad scale, population declines due to Bd appear strongly linked to species’
distribution and habitat use. Declines have been particularly severe among tropical
high-altitude, stream-associated anurans, although in many cases, susceptibility and
population declines are likely associated with environmental suitability for the
fungus rather than innate variations between species (Lips et al. 2006; Fisher et al.
2009). Even among syntopic species, however, habitat use may differ which may
explain some degree of variation in perceived susceptibility to chytridiomycosis
(Rowley and Alford 2007).

In Central and South America, the Atelopus genus of neotropical toads appears to
have been most severely affected (La Marca et al. 2005). In Australia, diverse
species of Myobatrachid and Hylid frogs have become extinct or are critically
endangered (Skerratt et al. 2016). Globally, Bd-associated declines and extinctions
have been recorded in numerous other amphibian taxa, particularly other anurans
(Fisher et al. 2009). Many salamanders may also have been significantly affected
(Rovito et al. 2009; Cheng et al. 2011). There are several host species that are
predominantly resistant to or tolerant of infection and may serve as reservoirs or
carriers of infection. These species may have been responsible for the widespread
dissemination of Bd and include, for example, Pseudacris regilla, L. catesbeianus,
L. pipiens, X. laevis, Eleutherodactylus coqui, Litoria lesueurii complex, L. ewingii
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and Crinia signifera (Retallick et al. 2004; Weldon et al. 2004; Beard and O’Neill
2005; Ricardo 2006; Schloegel et al. 2010; Reeder et al. 2012).

Behaviour that increases exposure to the pathogen may constitute an important
extrinsic host factor contributing to variation in susceptibility. This may be through
types and degrees of host contact with conspecifics, contaminated water and envi-
ronmental substrates containing Bd (Rowley and Alford 2007). Importantly, how-
ever, other general movement patterns, including thermoregulatory behaviours such
as basking, and the use of retreat sites may also play a role by altering existing
infection intensities or pathogen growth rates due to the optimal thermal range of the
fungus (Rowley et al. 2007; Richards-Zawacki 2010; Puschendorf et al. 2011;
Daskin et al. 2011). Behaviour may differ particularly between life stages due to
aquatic and terrestrial or arboreal habitats as well as between male and female adults
due to their differing seasonal utilisation of the environment (Duellman and Trueb
1994). Other factors may include the density of individuals within the population
(higher densities may increase environmental zoospore load; Hudson and Dobson
1998), the age structure of the population (tadpoles may act as reservoir hosts, or
dispersal patterns and habitat use differ between stages; Rachowicz and Vredenburg
2004) and the presence of and interactions with any syntopic species and vectors
(Reeder et al. 2012; Rivas 1964).

14.6.2 Intrinsic Host Factors

Intrinsic host factors associated with signalment (life stage, age and body size) have
been found to differentiate susceptibility to chytridiomycosis between individuals in
laboratory experiments and field observations. Infections are limited to the
keratinized mouthparts of larval anurans and are typically not fatal during this
stage (Berger et al. 1998; Pessier et al. 1999; Fellers et al. 2001; Rachowicz and
Vredenburg 2004), although infection prevalence and intensity has been found to
increase with larval development (Smith et al. 2007). Tadpole mouthpart
abnormalities may affect feeding efficiency leading to the smaller body size seen
in experimentally infected animals (Parris and Beaudoin 2004). Despite interspecific
variation, metamorphosis from larval to adult form and the immediate post-
metamorphic phase appear to be the most susceptible periods (Berger et al. 1998),
which may be associated with immune restructuring. The immune system of
tadpoles, while competent, is functionally less well developed compared with that
of adult anurans and undergoes substantial remodelling accompanied by immuno-
suppression during metamorphosis (Rollins-Smith et al. 2011). There is little evi-
dence from experimental infections to suggest an intrinsic difference between sexes
in susceptibility to chytridiomycosis (Grogan 2014), suggesting that any observed
variation from field studies may be more likely associated with extrinsic factors such
as differences in behaviour, and hence fungal exposure or infection development
(Johnson and Hoverman 2014). Other putative intrinsic determinants of susceptibil-
ity may include concurrent infection, nutritional level and the presence of stressors
(Murphy et al. 2011; Kinderman et al. 2012; Young, unpublished).



14 Chytridiomycosis 319

Controlling for the factors described above, experimental evidence suggests the
importance of both genetic and phenotypic immunologic mechanisms in
differentiating susceptibility between individuals, clutches, populations and species
(Rosenblum et al. 2012; Grogan 2014). These variations in response may be
associated with inherent or evolved differences in innate immunity (Savage and
Zamudio 2011; Bataille et al. 2015), previous exposure history and the development
of adaptive immunity (Cashins et al. 2013; McMahon et al. 2014) or phenotypic
differences in pathogenesis and differing functional expression of immune
responses. While predisposing immunosuppression is not necessary for epidemics
to occur, apparent immunosuppression has been observed in Bd-infected individuals
(detected via skin histopathology, and corroborated via gene expression and in vitro
immune studies (Berger et al. 2005; Ribas et al. 2009; Rollins-Smith et al. 2011;
Rosenblum et al. 2012). Thus it appears that Bd may have low inherent antigenicity
perhaps due to intracellular localization, may suppress adaptive immune responses
in susceptible hosts and may elicit immunopathologic responses in late infection
(Ellison et al. 2015).

14.6.2.1 Innate Immune Response

Many components of the innate immune response to Bd infection differ between
experimental groups and may be associated with differential host susceptibility. The
secreted mucus and epidermal layer of amphibian skin provide a constitutive
physical and chemical defence barrier against pathogen invasion and may include
variable expression of lysozyme (Rollins-Smith 2009), mucosal antibodies, induc-
ible AMPs (such as defensins, cathelicidins and histatins; Ramsey et al. 2010;
Pask et al. 2013) as well as commensal symbiotic bacterial communities and their
antimicrobial metabolites (Lauer et al. 2007; Harris et al. 2009a, b).

14.6.2.2 Antimicrobial Peptides

AMPs are small (12-50 amino acid residues), cationic and hydrophobic peptides
produced in the dermal granular glands. Most of our current knowledge concerning
amphibian AMPs stems from studies on Anura (Van Rooij et al. 2015). To date,
approximately 40 anuran AMPs inhibiting Bd have been characterized. Both purified
and natural mixtures of these AMPs effectively inhibit in vitro growth of both Bd
zoospores and sporangia (Woodhams et al. 2007; Rollins-Smith 2009; Ramsey et al.
2010). However, it is not clear to which extent these peptides provide protection
against chytridiomycosis in vivo (Van Rooij et al. 2015). Species with peptides
active in vitro such as the mountain yellow-legged frog (Rana muscosa) may still be
very susceptible to Bd (Rollins-Smith et al. 2006). Moreover, the efficacy of skin
peptide defences may vary at species and population level (Tennessen et al. 2009).

14.6.2.3 Bacteria and Their Antifungal Metabolites

Several secondary metabolites secreted by symbiotic bacteria present on amphibian
skin have been shown to inhibit Bd growth in vitro and in vivo (Van Rooijj et al.
2015). In the bacteria Janthinobacterium lividum, Lysobacter gummosus and Pseu-
domonas fluorescens, these metabolites are 2,4-diacetylphloroglucinol (2,4-DAPG),
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indol-3-carboxaldehyde (I3C) and violacein (Brucker et al. 2008; Myers et al. 2012;
Lam et al. 2010; Harris et al. 2009a, b). In addition, the metabolites 2,4-DAPG and
I3C seem to exert a repellent action on Bd zoospores (Lam et al. 2011). Besides,
coculture of skin bacterial isolates can lead to secretion of new, more potent
metabolites than when grown in monoculture. As such, the inhibitory metabolite
tryptophol was found to emerge from coculturing an unknown Bacillus skin bacte-
rium and Chitinophaga arvensicola (Loudon et al. 2014). Myers et al. (2012)
showed that these metabolites work synergistically with AMPs to inhibit growth
of Bd, at lower minimal inhibitory concentrations (MIC) than necessary for inhibi-
tion by either metabolites or AMPs. As for AMPs, variation in infection susceptibil-
ity among populations is thought to result in part from differences in skin bacterial
communities (Van Rooij et al. 2015). By comparing bacterial communities on the
skin of a declining R. muscosa population and a population coexisting with Bd,
researchers found a significantly higher number of individuals with culturable
bacterial species displaying antifungal properties in coexisting populations than in
those at decline. Alteration of this microbial community composition, for example,
by environmental factors, can considerably increase susceptibility to disease
(Lam et al. 2010).

14.6.2.4 Other Inducible Pathways of the Innate Immune System
Zoospores that survive to invade beyond the skin mucus layer induce host innate
immune responses via antigens that are either secreted or expressed on the pathogen
cell surface or released through lysosomal degradation within host cells. These
antigens often contain epitopes of widely recognized pathogen-associated molecular
patterns (PAMPs) that are common to many different microorganisms. These
PAMPs bind to host pattern recognition receptors (PRRs; including toll-like
receptors, mannose receptors, scavenger receptors, glucan receptors, C-type lectin
receptors and NOD-like receptors, among others), activating the inflammatory and
complement cascades and stimulating the release of cytokines (including
interleukins, tumour necrosis factors, interferons, chemokines, and stress proteins
among others). Gene expression studies in Bd-infected frogs have demonstrated
mixed results on the expression of various PRRs and cytokines, and more research is
needed to tease apart these interactions, their roles in host defence and their associ-
ation with infection susceptibility (Ribas et al. 2009; Rosenblum et al. 2012; Ellison
et al. 2014). Leukocyte recruitment and infiltration to the site of infection is typically
lower than expected in infected susceptible amphibians (examined via haematology
and histopathology; Woodhams et al. 2007; Davis et al. 2010; Peterson et al. 2013;
Young et al. 2014).

14.6.2.5 Adaptive Inmune Response

There is currently little evidence to suggest the effective activation of the adaptive
immune response to chytridiomycosis in terms of a systemic or localized lymphocyte
response (Pessier et al. 1999; Berger et al. 2005; Peterson et al. 2013; Young et al. 2014;
Nichols et al. 2001) that may differentiate susceptible from resistant individuals.
Mapping of transcriptomic changes in immunologically important tissues (skin,
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liver, spleen, small intestine) from frogs with chytridiomycosis demonstrated the
absence of a robust adaptive immune response at various time points post exposure
in various species (e.g. lymphocyte, immunoglobulin, MHC and classical comple-
ment pathway genes; Ribas et al. 2009; Rosenblum et al. 2009; Ellison et al. 2014).
Attempts to immunize frogs by subcutaneous or intraperitoneal injection of formalin
(R. muscosa; Stice and Briggs 2010) or heat-killed Bd (Bufo boreas; Rollins-Smith
2009) failed to elicit a protective immune response. Only in X. laevis, Bd-specific
IgM, IgX (mammalian IgA-like) and IgY (mammalian IgG-like) antibodies were
found in skin mucus after injection with heat-killed zoospores (Ramsey et al. 2010).
Although repeated exposure to Bd did not result in increased resistance in all
experiments (Cashins et al. 2013), repeated cycles of exposure to Bd with subsequent
temperature treatment of infection resulted in a marginally higher survival rate,
reduction in the infection load (Ramsey et al. 2010; McMabhon et al. 2014), which
coincided with increased lymphocyte proliferation and abundance in the spleen. As
such, some species of frogs are capable of acquiring at least some degree of
immunity against Bd (McMahon et al. 2014), although in general, adaptive immune
responses are suppressed by Bd.

14.6.3 Host Defences Against Bsal

Little is known about amphibian defences against Bsal. Unlike for anurans, infor-
mation about the AMP arsenal in skin secretions of urodelans is scant (Van Rooij
et al. 2015). To date only a single antimicrobial peptide (the defensin CFBD) has
been described from Cynops fudingensis (Fuding fire belly newt) (Meng et al. 2013).
Although the antimicrobial action of CFBD against both Batrachochytrium species
has not (yet) been evaluated, it is suggested that AMPs may be involved in the
pronounced anti-Bd activity of salamander skin secretions (Sheafor et al. 2008;
Pasmans et al. 2013). Infection trials demonstrated that host responses vary dramati-
cally, not only within but also between urodelan species (Martel et al. 2014).
Interestingly, in some species that are likely Bsal reservoirs, a proportion of the
exposed individuals do not develop lethal skin disease but are capable of self-cure
after initial infection, in some cases with complete fungal elimination. This process
can take several months and is most likely due to either increased innate defence
mechanisms or the buildup of protective acquired immunity. Other urodelan species,
however, which were shown to invariably develop lethal disease, do not seem to
increase resistance against Bsal, even after five cycles of exposure and thermal
treatment (unpublished results).

14.7 Diagnosis

Laboratory tests are needed to diagnose chytridiomycosis, as tolerant species are
infected without being sick, and because in susceptible hosts clinical signs of
chytridiomycosis only occur in late terminal stages and are often non-specific.
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With heavy infections, changes that are suggestive of chytridiomycosis may include
erythema of ventral surfaces, abnormal posture such as splayed limbs, slow righting
reflex and abnormal skin shedding (Fig. 14.2a) (Berger et al. 2009). With Bsal,
susceptible salamanders usually develop obvious ulcers (Fig. 14.2b) (Martel et al.
2014). These signs are typical in sick amphibians, and two major diseases that can
present similarly are ranaviral disease and bacterial septicemia “redleg.” In tadpoles
with Bd, infections cause mouthpart abnormalities including loss of dark tooth rows
which can lead to emaciation (Rachowicz and Vredenburg 2004).

Details of diagnostic methods for Bd are available in Berger et al. (2009) and the
online OIE Manual of Diagnostic Tests for Aquatic Animals 2017 (Chapter 2.1.1),
and for Bsal see Martel et al. (2013). A nationwide survey protocol for detecting Bd
is also available (Skerratt et al. 2008).

Quantitative polymerase chain reaction (QPCR) is the gold standard for testing. As
sampling for PCR involves taking skin swabs, which can be stored at room tempera-
ture, this method is non-invasive and is convenient for researchers, veterinarians and
conservation managers testing wild or captive animals. For Bd, qPCR was shown to
be much more sensitive (72.9%) than histology (26.5%) although was less specific
(94.2% versus 99.5%) (Skerratt et al. 2011a, b). Quantitative PCR permits relative
quantification of conserved Bd 18S and 28S ribosomal DNA from skin swabs down
to a resolution of one genomic zoospore equivalent from as soon as 7 days post
infection (Annis et al. 2004; Boyle et al. 2004; Kriger et al. 2006; Hyatt et al. 2007).
Standard PCR, however, is also accurate and may be cheaper (Garland et al. 2011). A
qPCR to detect Bsal is based on the 5.8S rRNA gene (Martel et al. 2013). Besides, a
duplex qPCR detecting Bd and Bsal is available (Blooi et al. 2013, 2016).

Microscopy was the original diagnostic method for chytridiomycosis and is
highly accurate in sick animals which have heavy burdens. Microscopy includes
histology, wet preparations and immunostaining, and requires pieces of whole or
shed skin. Also histological examination of all organs by a pathologist is important if
ill or dead frogs are found, as part of general disease surveillance (Duffus 2009). For

Fig. 14.2 (a) Bd-infected frogs (Phyllobates bicolor) that develop chytridiomycosis show abnor-
mal posture such as splayed limbs and abnormal skin shedding, with remnants of shed skin. (b)
After infection with Bsal, susceptible salamanders (Salamandra salamandra) usually develop
obvious skin ulcers, here coinciding with haemorrhages (© Pasmans and Martel 2015. All Rights
Reserved)
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Fig. 14.3 Immunohistochemical staining of the skin of a Bd-infected frog, which died due to
chytridiomycosis (Alytes obstetricans) (reprinted from Berger et al. 2002) (a) and a Bsal-infected
fire salamander (b). Bd causes focal epidermal hyperplasia and hyperkeratosis (with abundant thalli
present in the keratin), whereas Bsal causes focal necrosis with subsequent erosive and ulcerative
lesions. For both chytrids, intracellular thalli (stained dark brown) abound in the lesions
(© Pasmans and Martel 2015. All Rights Reserved)

histology, skin from body, digits, or tadpole mouthparts can be examined with
haematoxylin and eosin (H&E) staining (Berger et al. 2000, 2009). Sporangia
occur in clusters within the epidermis and appear spherical or oval (5-13 pm) with
a smooth eosinophilic wall. Discharge papillae are occasionally seen and project
towards the skin surface. Focal hyperkeratosis and erosions are common in Bd-
infected areas, whereas Bsal causes necrosis with subsequent erosive and ulcerative
lesions (Fig. 14.3). To confirm suspect cases, sporangia can be highlighted using
other stains, such as periodic acid-Schiff (PAS) or silver, or an immunoperoxidase
stain using polyclonal antibodies with high affinity for Bd and Bsal (Berger et al.
2002; Van Ells et al. 2003; Martel et al. 2013). Wet preparations are quick to prepare
using shedding stratum corneum, whole skin or excised tadpole mouthparts that are
spread on a slide and cover-slipped (Berger et al. 2009). Diagnosis requires some
practice, but the observation of internal septa within sporangia increases confidence
in the diagnosis. As Batrachochytrium species are slow-growing compared with
microorganism contaminants, culture is difficult and is not used for diagnosis
(Berger et al. 2009).

14.8 Treatment
14.8.1 Treatment with Antimicrobial Compounds
The most important class of antifungal drugs used to treat chytridiomycosis in

amphibians is that of the imidazole, triazole and thiazole or “azole” group. The
most widely used azole antifungal in treating chytridiomycosis is itraconazole. In
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general, most itraconazole treatment protocols are based on a study performed by
Nichols et al. (2000) describing successful treatment of chytridiomycosis by bathing
Bd-infected amphibians in a 0.01% solution (100 mg/L) of itraconazole diluted in
0.6% saline, daily for 5 min during 11 days (Nichols et al. 2000; Forzan et al. 2008;
Une et al. 2008; Pessier and Mendelson 2010; Georoff et al. 2013). Studies describ-
ing successful treatment of chytridiomycosis with minor adaptations to this protocol
(other concentration, other diluting agent and longer exposure time or treatment
period) also exist (Garner et al. 2009; Tamukai et al. 2011; Jones et al. 2012; Georoff
et al. 2013). However, treatment failure and adverse side effects due to itraconazole
toxicity at this concentration (and even lower concentrations) have also been
reported for some amphibian species (Brannelly et al. 2012; Woodhams et al.
2012a, b). Variable outcome of itraconazole treatment in clearing Bd infections
might be explained not only by the used concentration but also by the frequency
of exposure to itraconazole (Woodward et al. 2014). Other antifungals belonging to
the azole group used to treat chytridiomycosis are miconazole and voriconazole.
Nichols et al. (2000) demonstrated that treatment by using miconazole baths at a
concentration of 100 pg/ml, once daily for 5 min during 8 days was effective in
clearing Bd infections. Voriconazole has been shown to have potent Bd inhibitory
effects both in vitro and in vivo (Woodward et al. 2014, Martel et al. 2011), with
successful clearance of Bd in experimentally and naturally infected amphibians
using a treatment protocol composed of topically spraying voriconazole once daily
during 7 days at a concentration of 1.25 pg/ml (Martel et al. 2011).

Topical treatment of Bsal-infected animals with a combination of polymyxin E
(2000 IU/ml) and voriconazole (12.5 pg/ml) at an ambient temperature of 20 °C
results in clearance of Bsal infections (Blooi et al. 2015a, b). For all treatments, post-
treatment assessment for clearance of infection is necessary, and treatments may
need to be repeated.

14.8.2 Physical Therapy

Short exposure to relatively high ambient temperatures (37 °C less than 16 h
(Woodhams et al. 2003) and 30 °C, 10-day exposure (Chatfield and Richards-
Zawacki 2011) and longer exposure to lower ambient temperatures (27 °C, clearance
after 98 days; Berger et al. 2004) have been able to clear Bd infections from adult
amphibians. Exposure to 26 °C during 5 days was able to clear Bd infections in
midwife toad (Alytes obstetricans) larvae (Geiger et al. 2011). Ten-day exposure at
25 °C is able to clear salamanders from Bsal infections (Blooi et al. 2015a, b). The
main disadvantages linked to temperature treatment of chytrid infections is that
elevated temperature might not be endured by all amphibian species and that thermal
shock might occur (especially when taking into account that the treatment is applied
on sick individuals). Furthermore, strain dependent thermal preferences of Bd or
Bsal may compromise thermal treatment protocols.
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14.9 Mitigation

Mitigation of chytridiomycosis has two broad aims: (1) reducing spread and
(2) reducing impacts. By the time Bd was recognized widely as the cause of global
declines, it had already spread to most areas that contain suitable habitats. The faster
recognition of Bsal, however, has meant that there is potential for biosecurity
measures to keep countries disease-free, such as the United States (Martel et al.
2014). However, for both fungi, there is a risk that spread of different strains could
lead to dangerous recombinations; hence, reducing movement across already-
infected areas is recommended. Long-distance spread is most likely to have occurred
due to movement of infected amphibians, particularly through the pet trade but also
via accidental movement in produce and in the frog meat industry (although the latter
is likely more important for viruses such as ranaviruses, since most frog products are
frozen; Kolby et al. 2014). The listing of chytridiomycosis as an internationally
notifiable disease by the OIE represents the first disease listed that is solely a
biodiversity concern, with the aim to improve trade safety. However, although
rigorous quarantine and surveillance protocols are often in place for livestock
diseases, improved standards are needed for wildlife (Grogan et al. 2014). Fortu-
nately, the US Fish and Wildlife Service announced restrictions from January 2016
on the importation and interstate movement of salamanders in the United States. In
the United States, planning and surveillance for early detection of Bsal incursions
and emergency responses is underway (Grant et al. 2016). Ideally, however, all
amphibian trade should be restricted. A good example is Australia, where exotic
frogs are rarely allowed to be imported and are restricted to biosecured facilities such
as zoos or research institutes.

Within a region, risk of anthropogenic spread of chytridiomycosis to naive
populations, and between infected regions, may be mitigated through containment.
This is a priority for isolated populations such as those on islands or in habitats
where natural spread is unlikely to or could not occur (Berger and Skerratt 2012). In
moist wilderness areas with abundant wildlife, attempts to stop natural spread appear
unlikely to succeed. Control of anthropogenic spread involves restricting access to
sites and the use of stringent hygiene protocols on equipment (Murray et al. 2013;
Phillott et al. 2010). However, the efficacy of reducing the risk of spread by focusing
on humans has not been assessed. Educating the community about basic disease
management and the risks of transport of potentially infected amphibians and water
is important.

Much research has focused on reducing impacts of Bd, which also has high
relevance to Bsal where studies have recently commenced. Although small-scale
eradication of Bd has been achieved in a specific type of isolated or ephemeral
habitat (Bosch et al. 2015), this approach is not broadly applicable. Hence in areas
where chytridiomycosis has established, the emphasis is on ensuring the persistence
of amphibian populations and species (Skerratt et al. 2016). Extinction has been
prevented via establishing amphibian ex situ captive assurance colonies, but
methods to ensure self-sustaining wild populations are obviously the goal
(McFadden et al. 2013; Scheele et al. 2014; Skerratt et al. 2016).
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Currently, reintroductions have had low success, with the continued presence of
the pathogen in the environment leading to eventual mortality of reintroduced
individuals. Research and trials are currently underway on potential management
strategies to improve survival rates in the wild; however these are largely in the
experimental phase.

As infected frog populations can thrive in naturally suboptimal habitats for the
fungus, which may include warmer, drier or more saline regions (Heard et al. 2015;
Puschendorf et al. 2011; Stockwell et al. 2015a, b), eradication of disease is not
necessary for successful mitigation. This also shows the importance of assessing
suitability for Batrachochytrium species when choosing habitats to preserve for
amphibians. This may lead to conservation of areas that may not have previously
been considered prime habitat (Skerratt et al. 2016).

Another angle involves altering the environmental suitability for
chytridiomycosis. Physical modifications of the environment might be used on a
local scale for critically threatened amphibians in situ and may render the habitat less
suitable for Bd. These include drying, drainage or alteration of waterflow, provision
of shallow warm-water areas, reduction in canopy cover to increase temperature or
the addition of basking sites or artificial heat (Scheele et al. 2014). A number of
chemical treatments have been proposed or trialled in the field, including the
application of salt (Stockwell et al. 2015a, b) and agricultural fungicides (Johnson
et al. 2003; Woodhams et al. 2011). Reducing transmission might also be achieved
by removal of reservoir hosts or by making habitat less favourable for reservoir
species (Scheele et al. 2014; Skerratt et al. 2016).

Other ideas for fighting the pathogen directly include manipulating microbial
competition via bioaugmentation of the host or environment with probiotic bacteria
that express antifungal metabolites (Becker et al. 2009; Muletz et al. 2012;
Vredenburg et al. 2011), augmenting the numbers of Bd predators such as zooplank-
ton (Schmeller et al. 2014) and pathogens such as mycoviruses (Skerratt et al. 2016)
and the identification or engineering and release of nonvirulent strains of Bd
(Woodhams et al. 2011).

Management strategies aimed at improving host immunity have long-term poten-
tial. Manipulation of the host adaptive and innate immune response (via vaccination
and assisted selection for disease resistance) is a proven strategy in humans and
domestic animals, with potential to reduce the impact of chytridiomycosis in the
field. Although adaptive immunity is not heritable and hence immunization may be
perceived as a short-term approach, it could assist in providing a population size
buffer for the natural evolution of innate immunity, although the artificial mainte-
nance of susceptible genotypes may counter this beneficial effect (Harding et al.
2005). Unfortunately, reinfection trials in the few species examined to date have not
demonstrated strong acquired immunity against Bd (Cashins et al. 2013; McMahon
et al. 2014).

The innate immune system is generally considered responsible for the evolution
of inter-generational immunity, and disease resistance or tolerance may be
upregulated within a population via assisted selection for less susceptible individuals
(Venesky et al. 2012). Comparative techniques (e.g. marker-assisted selection and
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estimated breeding values) have been widely and successfully used for breeding of
disease resistance in plant and domestic animal agriculture (Heringstad et al. 2007,
Miedaner and Korzun 2012). This may present a sustainable approach for
repatriating the numerous amphibian species that are now extinct in the wild and
only persist in ex situ captive programs. Two main approaches that might be feasible
in practice for promoting disease resistance include (1) direct selection via exposure
of post-metamorphic individuals to Bd, then breeding from those with lower sus-
ceptibility, and (2) identifying molecular markers of resistance to advance selection
to earlier life stages, removing the need to regularly expose individuals to infection.
Some progress has been made towards this latter goal via studies of the major
histocompatibility complex (MHC; Bataille et al. 2015; Savage and Zamudio
2011). The increasing longevity of some recovering wild populations suggests
evolution of resistance may occur naturally (Newell et al. 2013), although in other
species individual annual survival rates remain very low despite a long history of
infection (i.e. 15-20 years) (Phillott et al. 2013; Brannelly et al. 2015).

Scheele et al. (2014) present immediately applicable suggestions for bolstering
overall population size and recruitment to counteract disease-associated mortality.
This strategy is based on the observation of species with high mortality rates
persisting via high recruitment (Phillott et al. 2013, Scheele et al. 2015).
Interventions may involve removal of other threatening processes from small and
declining populations such as improving habitat or excluding competitors and
introduced pests (Scheele et al. 2014). Increase of population size can be achieved
through reintroductions and minimizing the effect of early predation by head-starting
larval stages through metamorphosis in captivity (Hunter et al. 1999; Scheele et al.
2014). An alternative to establishing long-term captive assurance colonies is to rear
wild-caught eggs or tadpoles in captivity to ensure higher survival rates before
release. Direct translocation to ‘disease refugia’ sites could be an efficient way to
create sustainable populations (Puschendorf et al. 2011; Skerratt et al. 2016).

As disease ecology varies greatly between species and habitats, management will
be context-specific; hence research aimed at understanding each situation is needed
to devise effective local strategies. A proactive approach is crucial, as many of the
most endangered species occur in already protected areas and will not survive
without intervention (Skerratt et al. 2016).
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