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Abstract: Population declines of amphibian species in many parts of the world are associated with a lethal

fungal pathogen, Batrachochytrium dendrobatidis. Using laboratory challenge assays, we describe the inhibition

of B. dendrobatidis by members of eight genera of bacteria isolated from the skin of two amphibian species that

exhibit parental care behavior (Plethodon cinereus and Hemidactylium scutatum). We found that members of

three genera of bacteria isolated from the skins of the salamander P. cinereus and members of seven genera

isolated from the salamander H. scutatum inhibited the growth of B. dendrobatidis. Understanding how B.

dendrobatidis interacts with an ecological community of cutaneous flora may be important in explaining and

preventing amphibian population declines.
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INTRODUCTION

The fungal pathogen Batrachochytrium dendrobatidis causes

amphibian mortality and is associated with population

declines and extinctions in various locations in the world,

such as Central America, western areas of the United States,

and Australia (Berger et al., 1998; Daszak et al., 1999; Carey

et al., 2003; Lips et al., 2005). This Chytridiomycete fungus

grows on amphibian skin, where it is associated with ker-

atinized tissues (Carey et al., 2003). The fungus can be

inhibited by antimicrobial peptides secreted by some frog

and salamander species (Rollins-Smith et al., 2005). Among

species exposed to B. dendrobatidis, some populations have

declined while others have not declined or have recovered

after a decline (McDonald and Alford, 1999; Retallick et al.,

2004; Lips et al., 2005). There are several possibilities for

this pattern, including variation in the pathogenicity of

B. dendrobatidis, variation in the effectiveness of amphibi-

ans’ antimicrobial peptide secretions, and population-level

variation in skin shedding rate, life history, and behavior.

Another possibility is population-level variation in the

amphibians’ cutaneous microflora.

Species of bacteria that live on the epidermis of

amphibians produce antibiotics that are effective against

pathogenic fungi (Austin, 2000). Many species of frogs and

salamanders lay eggs in terrestrial nests, which are brooded

(attended by parents). The antifungal flora of brooders can

inhibit fungi that are pathogens of embryos (Austin, 2000).

We hypothesize that species that brood their embryos may

be less affected by postembryonic pathogens, such as

B. dendrobatidis, than species that do not attend their

embryos. Observational evidence that supports this

hypothesis is that of the known species of terrestrial-
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breeding, direct-developing Australian microhylid frogs,

none is known to have declined (McDonald and Alford,

1999). All of these microhylid species for which repro-

ductive behavior is known brood their eggs. Almost all of

these microhylid species are sympatric with nonbrooding

anuran species that have had severe population declines in

association with B. dendrobatidis (McDonald and Alford,

1999). In this report, we document that members of eight

genera of the cutaneous bacterial flora of the salamanders

Plethodon cinereus and Hemidactylium scutatum strongly

inhibit B. dendrobatidis in laboratory challenge assays.

METHODS

A sample of 28 individuals of P. cinereus was collected in

October 2004 in Rockingham County, Virginia. This

species is entirely terrestrial, and females brood their

embryos in nests. A population sample of 88 individuals

of H. scutatum was collected during April and May 2005

in Rockingham County, Virginia. This species has a

complex life cycle, with aquatic larvae and terrestrial

juveniles and adults. Females brood their embryos in

terrestrial pond-side nests. All individuals were rinsed

twice in sterile dechlorinated tap water to remove tran-

sient cutaneous flora. Individuals were swabbed on their

left, right, and ventral surfaces with a sterile cotton swab,

which was then streaked onto plates containing Difco R2A

(Becton, Dickinson and Co., Sparks, MD) medium (e.g.,

Matos et al., 2005). Several hundred bacterial isolates were

obtained from both salamander species. These were

challenged against Mariannaea sp., which is an ascomy-

cete fungus that is pathogenic to salamander eggs

(unpublished data). Isolates that showed strong inhibition

to Mariannaea sp. in challenge assays were identified by

sequence analysis of 1,400 bases of the 16S rRNA gene.

Identifications were based on sequence similarity to

GenBank sequence database entries (http://www.

ncbi.nlm.nih.gov). These bacterial isolates were subse-

quently challenged against B. dendrobatidis. Challenge

assays were conducted by growing B. dendrobatidis

(strains JEL197 and JEL 310, University of Maine, Orono,

ME) on 1% tryptone plates containing 1% agar and

waiting until maximum zoospore production was ob-

served. No differences between strains of B. dendrobatidis

were observed in the challenge assays presented below.

Approximately 3 ml of distilled water was added to the

plates, which were tilted in order to pipette off the water

and zoospores. These zoospores were then added to fresh

1% tryptone plates and spread across their entire surface.

The plates were dried in a laminar flow hood. Bacteria

from freshly growing cultures were streaked across the

plates in one line, and bacteria from a freshly growing

culture that was known not to inhibit B. dendrobatidis

were streaked across the same plate in another parallel line

as a negative control. The plates were incubated inverted

at room temperature (23�C). Bacterial isolates were scored

as either not inhibitory if no zone of inhibition developed

or inhibitory if a clear zone of inhibition developed be-

tween the bacterial streak and the B. dendrobatidis culture.

These zones were often large (>1 cm). Additional control

plates contained a lawn of zoospores of B. dendrobatidis

and only one bacterial streak from a species known not to

inhibit B. dendrobatidis.

Isolates of Mariannaea sp. were tested against bacterial

isolates by streaking the bacteria on R2A medium in the

bottom third of a plate, waiting 1 day, and introducing a

square centimeter of fungi in the top third of the plate.

Some additional challenge assays were conducted between

bacterial isolates and Basidiobolus ranarum (strain

NRRL34594; United States Department of Agriculture

Agricultural Research Service, Peoria, IL) and Allomyces sp.

(strain 47-04; U.C. Berkeley Microgarden, Berkeley, CA) to

test for the generality of inhibition. These assays were

conducted in the same way as those conducted for Mari-

annaea sp. Bacterial isolates were scored as inhibitory if a

zone of inhibition was maintained. All inhibitory bacterial

isolates were stored in tryptic soy broth with glycerin at –

80�C for future use and for sharing with other members of

the scientific community.

RESULTS

Control plates showed a complete lawn of B. dendrobatidis

across the plate (Fig. 1). We isolated members of seven

genera of bacteria from the skin of H. scutatum (Table 1)

and members of three genera of bacteria from the skin of P.

cinereus that showed strong inhibition of B. dendrobatidis

(Table 1, Fig. 2). For both species of amphibians, the

majority of genera were isolated from multiple individuals.

For Arthrobacter, Pedobacter, and Pseudomonas, several

species of each genus were isolated that inhibited B. dend-

robatidis. The bacteria that did not inhibit B. dendrobatidis

exhibited the same variation in pattern of confluent growth

as did the bacteria that did inhibit B. dendrobatidis. This
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pattern suggests that general nutrient depletion is not an

adequate explanation for the observed zones of inhibition

in the performed challenge assays and supports the expla-

nation that inhibitory compounds are produced by bacte-

rial isolates. Examination of the plates under the

microscope revealed swimming zoospores of B. dendro-

batidis near the control streak of bacteria and no evidence

of living B. dendrobatidis near the streaks of inhibitory

bacteria. All tested antichytrid bacterial species also dem-

onstrated broad antifungal abilities by inhibiting the

growth of Mariannaea sp., and members of the genera

Bacillus, Lysobacter, and Pedobacter also inhibited the

growth of Basidiobolus ranarum and Allomyces sp.

DISCUSSION

Our results demonstrate that diverse bacterial species

inhabiting the skins of two species of salamanders inhibit

the growth of fungi, including the pathogen B. dendrobat-

idis in vitro. There is no reason to believe that similar ef-

fects do not occur in vivo and that antimicrobial skin flora

are likely to have a major role in determining the suscep-

tibility of amphibians to chytridiomycosis. An important

determinant of the outcome of infection is likely to be the

density of inhibitory bacteria and the density of pathogen

fungi to which the amphibian is exposed.

Amphibian population declines in various parts of the

world are associated with B. dendrobatidis and are ongo-

ing (Ron and Merino, 2000; Bosch et al., 2001; Hansel-

mann et al., 2004). Surveys and experiments are urgently

needed to test the efficacy of a diversity of amphibian

species’ cutaneous flora in preventing chytridiomycosis.

Experimentally, individuals with and without cultured

antichytrid flora can be exposed to B. dendrobatidis and

the pathogenicity of chytridiomycosis can be assayed.

Populations that have declined due to B. dendrobatidis

and then recovered can be surveyed with the prediction

that survivors will have more potent antimicrobial pep-

tides (Rollins-Smith et al., 2005), an antichytrid cutaneous

flora, or both. Species that brood their embryos, such as

P. cinereus, H. scutatum, and many frog species, may be

more likely to harbor antifungal bacteria because they

have been selected to apply their antifungal skin flora to

their embryos. Such parent-to-offspring vertical trans-

Figure 1. Control plate with a dense lawn of B. dendrobatidis

zoospores and zoosporangia and a streak of a bacterial isolate that

did not inhibit B. dendrobatidis.

Table 1. Bacterial Isolates Belonging to These Genera Were

Sampled from the Skins of Salamanders H. scutatum and P. cinereus:

Members of These Genera Inhibited B. dendrobatidis in Challenge

Assays

Amphibian species

Isolates of genera that

inhibited B. dendrobatidis

H. scutatum Arthrobacter

Bacillus

Kitasatospora

Paenibacillus

Pedobacter

Pseudomonas

Streptomyces

P. cinereus Bacillus

Lysobacter

Pseudomonas

Figure 2. Lysobacter gummosus strain Rb27-11 from the skiin of the

salamander P. cinereus did inhibit B. dendrobatidis.
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mission could explain the observed pattern that terrestrial

species that brood their embryos are less likely to show

fungus-related population declines than pond- and

stream-dwelling species (McDonald and Alford, 1999),

although other explanations are possible (Lips et al.,

2003). In initial studies with a pond-breeding frog that

does not brood its eggs, Rana muscosa, we have isolated

bacteria that inhibit B. dendrobatidis, which suggests that

nest attendance behavior is not a requirement for an

antifungal cutaneous flora. Antifungal cutaneous bacteria

may be widespread among amphibian species. The anti-B.

dendrobatidis compounds produced by these bacteria have

yet to be characterized and are the focus of ongoing re-

search. The ecological interactions between bacteria and B.

dendrobatidis on amphibian skin are likely to be complex

and important in understanding amphibians’ susceptibil-

ity to this fungal pathogen.

Current ideas on ameliorating the effects of B.

dendrobatidis on amphibian populations include practices

that limit movement of the fungus among areas, such as

quarantine (Australian Government, 2004). While such

practices are important, it appears that this fungal species

is already geographically widespread in many areas of the

world and that containment will be difficult to achieve

(Speare and Berger, 2000). An exciting aspect of a cuta-

neous antichytrid flora is that it could be harvested from

resistant individuals and inoculated onto susceptible

individuals. In addition, amphibians would likely transmit

the beneficial skin flora among themselves during activi-

ties such as mating, aggressive interactions, and congre-

gating in hibernacula. A flora that inhibits B.

dendrobatidis may help amphibian individuals already af-

fected by stressors such as pesticides, drier conditions, and

high population density, to avoid the lethal effects of

chytridiomycosis.
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