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Abstract

Chytridiomycosis is an emerging fungal disease of amphibians responsible for mass mortalities and population declines globally.

One hypothesis for its recent emergence is anthropogenic introduction of the causative agent Batrachochytrium dendrobatidis

through trade in amphibians for pets, food and biocontrol. In this study, we examined histological samples from apparently healthy

American bullfrogs Rana catesbeiana that have been introduced into the Venezuelan Andes. B. dendrobatidis was present in 96% (46/

48) of the individuals examined. In contrast to cases of chytridiomycosis outbreaks, the majority (44/46) of frogs had few, small

lesions consistent with little or no clinical disease and no unusual mortality was observed. These findings have implications for

amphibian declines in Venezuela and elsewhere. First, the high prevalence of Batrachochytrium but lack of clinical signs or chy-

tridiomycosis-related mortality suggests that R. catesbeiana may be a good reservoir for this parasite in Venezuela. Second, the

presence of this emerging pathogen in an introduced amphibian species suggests that trade and introduction of amphibians should

be monitored and controlled to halt the spread of this pathogen nationally and internationally.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Amphibian populations have been declining globally

over the past few decades (Halliday, 1998; Houlahan et

al., 2000). Among the hypothesized causal factors are

habitat loss, unsustainable harvesting, environmental

contaminants, increasing UV radiation, climate change,

introduced predators, and emerging diseases (Young

et al., 2001; Collins and Storfer, 2003). Until recently,
the cause of population declines in montane amphibian

species in temperate and tropical regions of North,

Central and South America and Australia remained

enigmatic. In 1998, an emerging disease, chytridiomy-
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cosis, caused by a non-hyphal zoosporic (chytrid) fun-
gus Batrachochytrium dendrobatidis was identified as the

cause of amphibian mass mortality events associated

with these declines (Berger et al., 1998; Longcore et al.,

1999; Daszak et al., 2003). Chytridiomycosis has since

been reported causing amphibian mass mortalities and

population declines in North America (Muths et al.,

2003), Europe (Bosch et al., 2001) and New Zealand

(Waldman et al., 2001), and as the cause of at least one
species extinction (Daszak et al., 2003). In South

America, it has been reported from native amphibians in

Ecuador (Ron and Merino, 2000) and Venezuela

(Bonaccorso et al., 2003), and from farmed bullfrogs

(Rana catesbeiana) in Uruguay (Mazzoni et al., 2003).

Venezuela has diverse amphibian fauna, with more

than 300 species, seven of which are listed as threatened

(critically endangered or endangered) and four more
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listed as under lower risk (Gorzula and Se~naris, 1998;
Rodr�ıguez and Rojas Su�arez, 1999). Sharp population

declines have been reported in Atelopus populations

from the Venezuelan Andes (LaMarca and Reinthaler,

1991; Barrio-Amor�os, 2001; Young et al., 2001). Re-
cently, Bonaccorso et al. (2003) reported the presence of

chytridiomycosis in a museum specimen of Atelopus

cruciger from Venezuela. This specimen was one of the

last two individuals of this species found (both were

collected in 1986) and the authors proposed that chy-

tridiomycosis may therefore be involved in Venezuelan

amphibian population declines.

The bullfrog, R. catesbeiana, was first introduced as a
food source into the state of M�erida, Venezuela, prob-
ably in the late 1990s. It has established dense popula-

tions in a series of natural and artificial ponds between

1800 and 2600 m altitude and has now been recorded in

14 water bodies as far as 4.3 km away from the pre-

sumed center of dispersion (D�ıaz de Pascual and

Chac�on, 2002). Recent papers have suggested that

bullfrogs can be infected by B. dendrobatidis but do not
develop chytridiomycosis, therefore can act as efficient

reservoir hosts or carriers (Mazzoni et al., 2003; Daszak

et al., in press). This, and their extensive introduction to

new geographic regions (Kupferberg, 1997) suggests

that bullfrogs may be involved in the spread of chy-

tridiomycosis (Mazzoni et al., 2003; Daszak et al., in

press). The present study involves histological exami-

nation of bullfrogs collected at the original site of their
introduction into Venezuela. Histological data are re-

ported, and the significance of these findings for con-

servation and disease spread is discussed.
2. Materials and methods

Live individuals of R. catesbeiana were collected 6–8
March 2002 from six different sampling sites around the

periphery of a 30 ha pond at Hacienda Altos de Casa

Vieja (08�36,8720N; 071�21,8130W) at 2370 m altitude in

the area of La Carbonera in the State of M�erida,
Venezuela. Bullfrogs were caught using a 6 m-long seine

net. Individuals were sacrificed by pithing, classified

according to their developmental stage, measured,

weighed, and preserved in neutral-buffered 10%
formalin.

Skin tissue was removed from the ventral abdominal

and pelvic regions of adult individuals using a scalpel

blade or a tissue biopsy punch (Baker’s dermal punch 4

and 6 mm, J.A. Webster, Inc.). In addition, toe clips

including interdigital membranes were obtained from

the each individual. Tissue samples were washed in

phosphate buffer, dehydrated through a graded alcohol
series, embedded in paraffin wax, sectioned at 5 lm,

stained with haematoxylin and eosin and examined on a

light microscope (Humason et al., 1997).
3. Results

More than 1400 individuals of R. catesbeiana were

collected in March 2002. We estimate the population at

the site of introduction to be in the order of ten thou-
sand individuals. Large numbers of larvae, recently-

metamorphosed and adult bullfrogs were present at the

site. Surveys conducted in surrounding areas later in the

same year show that bullfrogs have spread from their

original site of introduction to two further ponds: a

natural pond located 900 m away and an artificial

construction situated approximately 1000 m away.

Bullfrogs demonstrated no clinical signs of chytridi-
omycosis when collected. No unusual sloughing of the

skin and no mortality was observed. Stained sections of

skin from 48 post-metamorphic individuals were exam-

ined for the presence of B. dendrobatidis or lesions

consistent with chytridiomycosis. B. dendrobatidis was

found in 96% (46/48) individuals. The majority of these

(96%, 44/46) contained only focal lesions, with less than

40% of the epithelium in any microscope section ex-
amined at low power containing B. dendrobatidis-in-

fected cells. Skin sections from these individuals showed

only very slight hyperplasia, with up to two keratina-

ceous cell layers present at the thickest part of the lesion

(Fig. 1(a)). Two individuals (4% of the infected group, 2/

46) showed mild hyperplasia and hyperkeratosis, with

up to four layers of infected keratinaceous cells present

in some regions and most (>80%) of the section skin
surface infected (Fig. 1(b)). Empty or developing zoo-

sporangia were the most commonly observed evidence

of B. dendrobatidis, and were found in all specimens

(Fig. 1(a) and (b)). Many empty zoosporangia contained

septa characteristic of B. dendrobatidis (Fig. 1(a)).

Zoosporangia containing zoospores were found in some

heavily infected individuals (Fig. 1(c)).
4. Discussion

The histological findings reported here are consistent

with infection by B. dendrobatidis, the causative agent of

chytridiomycosis. This zoosporic fungus can be identi-

fied histologically by the presence of flask-shaped zoo-

sporangia or the presence of characteristic septa in
developing sporangia within the keratinaceous cells of

post-metamorphic amphibian skin or within the kerati-

naceous mouthparts of amphibian larvae (Berger et al.,

1998; Pessier et al., 1999; Green and Kagarise-Sherman,

2001).

The lesions we found in Venezuelan bullfrogs were

not consistent with clinical or fatal chytridiomycosis,

but with low intensity infection by the causative agent.
Wild and experimentally-infected animals that have died

of chytridiomycosis show extensive hyperkeratosis and a

range of clinical signs (Berger et al., 1998; Nichols et al.,



Fig. 1. Infection with Batrachochytrium dendrobatidis in introduced Rana catesbeiana from Venezuela: (a) focal lesion with slight thickening of

keratinaceous cell layer. Developing zoosporangia are visible in the keratinaceous cells in the surface layer of the epithelium (black arrow); (b)

developing zoosporangia and moderate hyperplasia of keratinaceous cells. The surface of the epithelium is on the left; (c) mature zoosporangium with

discharge papilla (Z).
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2001; Pessier et al., 1999). No clinical signs were ob-

served in individuals collected in Venezuela, no mor-

tality was observed and lesions were almost entirely

small, focal and with little hyperkeratosis. Possible ex-

planations for these data include: (1) the presence of an

avirulent strain of B. dendrobatidis in Venezuela; (2) the
majority of animals having recently been infected and

therefore the presence of an early stage in the patho-

genesis of chytridiomycosis; or (3) that bullfrogs are

susceptible to infection by B. dendrobatidis, but are rel-

atively resistant to chytridiomycosis. The first hypothe-

sis is not the most parsimonious because experimental

infections of bullfrogs using virulent isolates of B.

dendrobatidis led to similar mild infections (Daszak
et al., in press). The second hypothesis is unlikely be-

cause chytridiomycosis has a clinical course of around 3

weeks in susceptible frogs (Berger et al., 1998). The

likelihood of sampling this population at the start of an

epizootic is therefore low. Our data support the third

hypothesis, that R. catesbeiana can act as a reservoir

host for chytridiomycosis. The high prevalence of B.

dendrobatidis at our survey site and the rapidly ex-
panding population of the host suggests that chytridi-

omycosis has a negligible effect on bullfrog populations

in Venezuela. Our findings are consistent with reports of

B. dendrobatidis in wild bullfrogs in Quebec, Canada

and California, USA Carey et al., 2003; captive bred

bullfrogs from a supplier in Idaho, USA (Daszak et al.,

in press); farmed bullfrogs in Uruguay (Cunningham et

al., 2003; Mazzoni et al., 2003); and experimentally-in-
fected bullfrogs (Daszak et al., in press). In all of these

cases, infection by B. dendrobatidis caused focal lesions

with mild hyperkeratosis, no clinical signs of chytridi-
omycosis and no evidence of mortality or population

declines due to the fungus.

Two factors may heighten the role of bullfrogs on the

spread and impact of chytridiomycosis in Venezuela.

First, in M�erida, different developmental stages of the

bullfrog were observed at very high densities in the
studied pond, suggesting that adults are breeding con-

tinuously and at a high rate. This may be due to the lack

of significant seasonal changes in temperature and hu-

midity, allowing year-round bullfrog reproduction and

an increase in the reproductive potential. Second, it is

known that in autoclaved lake water B. dendrobatidis

can survive saprophytically outside the amphibian host

for up to seven weeks (Johnson and Speare, 2003) and
therefore, in the wild, may be carried by mechanical

vectors or fomites to geographically distant amphibian

populations outside the range of R. catesbeiana

dispersal.

The precise dates of introduction of R. catesbeiana

into the Venezuelan Andes are unknown. According to

a report filed in the Venezuelan Government Ministry of

Environment, import permits were denied in 1993 for
the settling of breeding farms in Edo. T�achira (Babarro

and Trejo, 2001). The presence of R. catesbeiana in the

Jaj�ı region was first reported in 2001 (Barrio-Amor�os,
2001). The finding of B. dendrobatidis in a native Ven-

ezuelan amphibian collected in 1986 (Bonaccorso et al.,

2003) suggests that the presence of chytridiomycosis in

Venezuela may therefore precede the introduction of

bullfrogs into Venezuela. Even if this is the case, it is still
likely that the presence of dense populations of bullfrogs

that are expanding geographically will affect native

amphibian fauna by increasing the overall number of
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infected hosts (and therefore transmission rate) and

promoting spread of this disease. A similar situation has

occurred in New Zealand, where bovine TB was previ-

ously present, but the recent introduction of an efficient

reservoir host for TB (the brushtail possum) has led to
the re-emergence of this disease in cattle (Atkinson and

Cameron, 1993). For this reason, we urge that measures

be taken to rapidly eradicate this exotic species in

Venezuela while the distribution is still local.

Previous authors have suggested that bullfrogs are

likely involved in the anthropogenic spread of chytridi-

omycosis in South America and elsewhere (Mazzoni et

al., 2003; Daszak et al., in press). Such a scenario is
supported by molecular phylogenetic data and the pat-

tern of geographic spread of amphibian declines

(Morehouse et al., 2003; Daszak et al., 2003, 1999).

Recent papers have demonstrated B. dendrobatidis in

amphibians that are part of national and international

trades as pets, food, lab animals, zoo animals and others

(Cunningham et al., 2003). In South America, an in-

creasingly intensive, international trade in bullfrogs as
food animals has developed and multiple introductions

of North American bullfrog stock have occurred over

the last few decades (Mazzoni et al., 2003). Individuals

raised for this food trade are transported within coun-

tries and internationally, with around 1 million bullfrogs

imported live into the USA annually for the restaurant

trade (Cunningham et al., 2003). This growing trade and

the lack of concern for the negative environmental im-
pact caused by alien species suggest that further estab-

lishment of alien populations is likely.

Bullfrogs have been introduced into the western

USA, Mexico, Asia, Europe and South America (Kup-

ferberg, 1997; Neck, 1981; Stumpel, 2003). Introduced

bullfrogs compete with endemic species and perturb

community structure (Kupferberg, 1997; Kiesecker and

Blaustein, 1997). The potential of R. catesbeiana to act
as an efficient carrier of chytridiomycosis adds to its

capacity as an invasive species threat to amphibian

populations (Kats and Ferrer, 2003). We suggest that

domestic and international trade in amphibians be made

subject to the veterinary surveillance and quarantine

guidelines published by the International Union for the

Conservation of Nature (IUCN) and Office Internatio-

nale des Epizooties (OIE) (Cunningham et al., 2001) and
that stricter controls are put in place for amphibian

trade. Such preventative conservation measures are

likely to be less costly and more effective than future

control and eradication and may help to prevent future

extinction events (Leung et al., 2002; Rodr�ıguez, 2001).
Finally, our paper adds to a growing series of cases

where anthropogenically-introduced diseases threaten

native fauna. This previously underestimated form of
environmental change (termed pathogen pollution) is

responsible for a series of wildlife population declines

and extinctions globally (Daszak et al., 2000; Cunning-
ham et al., 2003). We strongly urge that conservation

biologists recognize the key role that infectious diseases

play as threats to global biodiversity.
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