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EXPERIMENTAL EVIDENCE THAT THE BULLFROG (RANA CA TESBEIANA) IS A 

POTENTIAL CARRIER OF CHYTRIDIOMYCOSIS, AN EMERGING FUNGAL 
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To test the susceptibil ity of bul lfrogs (Rana catesbeiana) to amphibian chytridiomycosis, 
groups of captive bred, recentl y  metamorphosed bullfrogs were inoculated with zoospores of 
Batrachochytrium dendrobatidis, the causative agent of chytridiomycosis, and assayed for 
clinical and pathological signs of infection. A novel technique for counting B. dendrobatidis 

zoospore inocula is described. Inoculation regimes varied from single exposures of 1 - 1 0  mill ion 
zoospores per animal to inocula of I 0 mil lion zoospores per animal per day for a 3 1  day period. 
Twenty-five to fifty percent of each inoculated cohort was histological ly  positive for B. 
dendrobatidis on necropsy. However, lesions were focal ,  smal l  with relatively l ittl e  thickening 
of the keratinized epidermis and no cl inical signs of chytridiomycosis were observed .  Only one 
animal died during the experiment, due to cardiac puncture procedure. A fungal isolate u sed in 
these experiments was inoculated onto four metamorphosed poison dart frogs (Dendrobates 
tinctorius) to test whether B. dendrobatidis had become attenuated fol l owing repeated passage 
in culture. A l l  four animals died within 3 0 .  days with severe chytridiomycosis, whereas two 
uninfected control s  survived, demonstrating that the fungus had not  become attenuated . These 
results provide the first experimental evidence that bul l frogs can be infected by B. dendrobatidis, 

but are relatively resistant to the di sease chytridiomycosis, which is lethal to many other 
amphibian species .  By demonstrating that R. catesbeiana is l ikely to be an efficient carrier of this 
pathogen, our experimental data add weight to the hypothesis that this host species is important 
in the spread of chytridiomycosis ,  particularly by commercial activities .  
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INTRODUCTION 

Chytridiomycosis is an emerging fungal disease of 
amphibians that was first reported causing mass mortal
ity associated with population declines in Central 
America and Australia (Berger et al. , 1 998) .  The causa
tive agent, a non-hyphal zoosporic fungus, 
Batrachochytrium dendrobatidis, was first isolated 
from captive Central American frogs (Pessier et al. , 
1 999) and Koch 's postulates have since been fulfilled 
(Longcore, Pessier & Nichols, 1 999). Chytridiomycosis 
has since been reported as the cause of mass mortalities 
and population declines in North America (e.g. Muths et 
al. , 2003) and Europe (B osch, Martinez-Solano & 
Garcia-Paris, 200 1 ), and as the cause of at least one, and 
possibly several, species extinctions (Daszak et al. ,  
2003 ; Cunningham et al. , in press).  It is emerging in 
south-western Australia (Alpin & Kilpatrick, 2000) and 
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New Zealand (Waldman et al. 200 1 )  and has recently 
been reported from wild and museum specimens of am
phibians from Ecuador (Ron & Merino, 2000), 
Venezuela (Bonaccorso et al. , 2003) and Africa (Lane et 
al. , 2003) .  Outbreaks of chytridiomycosis are often 
characterized by simultaneous die-offs of multiple am
phibian species at affected sites (Berger et al. , 1 998) .  
Experimental infections and field data demonstrate that 
a range of frogs, toads and salamanders are susceptible 
to chytridiomycosis (Berger et al. , 1 998;  Speare et al. , 
200 1 ) .  However, the pattern of amphibian declines in 
the tropics is characterized by the presence of sympatric 
declining and non-declining species (Williams & Hero, 
1 998). It is unknown which, if any, amphibian species 
are resistant to infection, or to the disease 
chytridiomycosis . 

Most emerging diseases of wildlife are driven by an
thropogenic environmental changes such as altered land 
use, introduction of alien species, deforestation and oth
ers (Daszak, Cunningham & Hyatt, 2000; Daszak, 
Cunningham & Hyatt, 200 1 ;  Cunningham et al. , in 
press) . Climate change, anthropogenic introduction of 
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Batrachochytridum dendrobatidis and other factors 
have been hypothesized as drivers of chytridiomycosis 

emergence (Daszak et al. , 1 999; Daszak et al. , 2003) .  
The pattern of amphibian declines (Daszak et al. ,  1 999) 

and DNA sequence phylogeny of B. dendrobatidis iso
lates (Morehouse et al. 2003 ; Daszak, Cunningham & 
Hyatt, 2003) support the hypothesis that 

chytridriomycosis ha s been recently introduced into 
naive populations in some regions. The presence of B. 
dendrobatidis in the national and international trades of 
amphibians for pets (Mutschmann et al. , 2 000), amphib

ians destined for outdoor pond stocking (Groff et al. , 
1 9 9 1 ), laboratory animals (Reed et al., 2000), zoo ani
mals (Pessier et al. , 1 999) and food (Mazzoni et al. , 
2003 ) provides potential mechanisms for the anthropo

genic introduction of this pathogen. 

In this paper, we report the results of a series of ex
perimental infections of bullfrogs (Rana catesbeiana) 
with B. dendrobatidis. Our data suggest that R. 
catesbeiana is susceptible to infection by B. 
dendrobatidis, but resistant to the clinical effects of the 
disease chytridiomycosis, with no evidence of the severe 
lesions that are typical of chytridiomycosis, no evidence 
of behavioural changes associated with this disease and 

no mortality following infection. We discuss the results 
with reference to the ability of R. catesbeiana to act as a 

carrier of chytridiomycosis, and its potential involve
ment in the anthropogenic introduction of B. 
dendrobatidis to new regions.  

MATERIALS AND M E TH ODS 

ANIMALS 

Four experiments were conducted with recently 

metamorphosed, captive-bred bullfrogs (Rana 
catesbeiana), purchased from a commercial breeder 

(Rana Ranch Bullfrog Fann, Twn1 Falls, Idaho). All in

dividuals were shipped Jess than three weeks after loss 
of final portions of tail bud. Frogs were purchased dur

ing July of 2000 (n=4 5 ), August of 2000 (n=20), 
November of 2000 (n=25) and March of 200 1 (11=30). 
Because animals were captive-bred metamorphs, con

cerns about changes in immunological function at 

different seasons were considered irrelevant to the cur
rent study. To determine whether experirnental groups 

were pathogen-free at the start of the experin1ent, five to 
ten frogs from each shipment were killed by soaking in a 

bath of0. 1 5% aqueous tricaine methane sulfonate (MS-

222) buffered to pH 7 .0 with sodium bicarbonate 
(NaHCO) for 1 0  minutes after cessation of respiratmy 

activity, followed by pithing (Fowler, 1 993 ). Three toes 
and webbing from each hind foot and approximately 3 
an 2 of skin from the ventral groin were fixed in neutral
buffered 1 0% fonnalin, embedded in paraffin, sectioned 
and stained with haemotoxylin and eosin and examined 

histologically for the presence of Batrachochytrium 
dendrobatidis zoosporangia (Pessier et al. , 1 999).  

These representative samples from each experimental 
group were negative for B. dendrobatidis. 

All experimenta l  animals were captive bred and were 

acclimatized for one week prior to inoculation. Animals 
were individually housed in autoclaved plastic aquaria 

(29 . 8  cm length x 1 9 .7 cm width x 20.3 cm depth) 
(Kritter-Keepers) within an environmental chamber 
with regulated thermal (20°C) and light conditions (fluo

rescent lighting for 1 4  hours per day) throughout the 
period of study. Deionized water ( 450 ml) was added to 
a bed of 200 ml of autoclaved gravel and a plastic shelter 

placed in the contamers to provide a hiding place for the 
amphibians . Water was changed every three days. 

Frogs were fed commercially-bred crickets every two 
days. Tanks were covered with a mesh lids that pre
vented escape of crickets. All  discarded fomites and 
water were sterilized with a 1 % aqueous solution of so

dium hypochlorite (diluted Chlorox) and containers 

were autoclaved prior to re-use .  Used water was treated 
for 1 0  mill with Chlorox to make a final 1 % solution. 

Six dendrobatid frogs of a species (Dendrobates 
tinctorius) known to be susceptible to chytridiomycosis 

(Nichols et al. , 200 1 )  were purchased from a captive 
breeder. Four were inoculated with B. dendrobatidis to 
test if the pathogen had become attenuated by repeated 
passage in culture and two served as negative controls. 

The numbers used were small due to the difficulty in 

obtaining suitable animals, and for ethi cal (conserva

tion) reasons. 

PATHOGEN CUL TURES AND ZOOSPORE COUNTS 

Cultures of B. dendrobatidis were maintained on 

TGhL agar plates (Long core et al. , 1 999) at l 7°C. 
Zoospores were harvested by flooding plates with a di

lute salt (DS) solution used by mycologists to mimic 
pond water in pH and salt concentration (Fuller & 
Jaworski, 1 987) and incubating at l 5°C for 24 hrs. We 

determined zoospore concentration in the zoospore-rich 

supernatant as follows: First, we added 29 µI of the 

zoospore-rich supernatant to 1 µ l  of Lugols Iodme, 
which killed zoospores and stained them light brown. 
Usillg a Neueberg counti11g chamber and phase contrast 
microscopy, we counted flagellated zoospores and cal

culated the number of zoospores per ml of supernatant. 

Cells without flagella were not counted. 

lNOCULA TIONS 

To maintain unifornuty, inocula were prepared by 
addn1g DS to provide the desired number of zoospores 

for each frog. We pipetted a 5 ml inoculum over each 

frog individually while it sat i:n a small, sterile contailler. 
The containers were shaped such that the only position 

the frogs could mailltain was to sit with their groins, ab

domens and hindlegs submerged in the inoculum. After 
an initial illoculation period, each frog was returned to 

its individual aquarium. The inoculation period was var

ied from 1 hr to overnight (Table 1 ), so as to provide a 
range of intensity of exposures. To mamtain an environ
ment that resembled as natural a situation as possible, 

i .e .  where Batrachochytrium dendrobatidis may persist 
as a saprobe in the water and on the substrate (Daszak et 
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al. , 1 999; Johnson & Speare, 2003), the inoculum that 
had been pipetted over each frog was added to the re
spective aquarium and mixed with the water ah"eady 
present. 

HISTOLOGICAL ANALYSIS 

From each frog necropsied, three toes and webbing 
from each hind foot and approximately 3 cm2 of skin 
from the ventral groin were sampled and fixed in neu
tral-buffered 1 0% formalin, embedded in paraffin, 
sectioned and stained with haemotoxylin and eosin and 
examined histologically for the presence of Batra
chochytrium dendrobatidis zoosporangia (Pessier et al. ,  
1 999). Individuals were considered uninfected if  2 5  
fields o f  view at low power (25 x ) were examined with
out finding B. dendrobatidis developmental stages. All 
carcass remains were autoclaved and discarded. All 
post mortem equipment was autoclaved after use. 

RA TIO NALE FOR EXPERIMENTS 1 -4 
The aim of these experiments was to test whether 

bullfrogs could be infected in the laboratory with B. 
dendrobatidis and whether these infections would pro
duce clinical signs of the disease chytridiomycosis and 
death (Berger et al. , 1 998 ;  Pessier et al 1 999;  Daszak et 
al. , 1 999). 

Experiment 1 .  This involved an initial high inoculum 
(20 million zoospores for one hour), mimicking an indi
vidual moving into a body of water during an epizootic, 
where infected individuals are hypothesized to produce 
large numbers of zoospores. This was followed by a re
peat exposure around three weeks later, to boost 
infection rates. The temperature selected (2 1 °C) was 
within the optimal range for maximum growth of B. 
dendrobatidis in culture (Piotrowski et al. , 2004). The 
isolates used were from North American ranid frogs (no. 
2 1 6, Rana muscosa, California; no. 228,  R .  
yavapaiensis, Arizona) .  The 33-day period of  the ex
periment corresponded to the three week time course of 
chytridiomycosis observed previously (Berger et al. , 
1 998). Within this and other experimental groups, con
trol frogs were housed individually within tanks that 
were placed between rows of inoculated frogs. 

Experiment 2. Following the failure to produce se
vere infections or clinical disease in experin1ent I ,  
infections were conducted that followed the protocols of 
Nichols et al. (200 1 )  by adopting a lower temperature of 
l 5°C, using an isolate known to be lethal to a range of 
frogs in captivity (no. 1 98, Dendrobates auratus, cap
tive National Zoo) and increasing the number of 
inoculations (5 million for 2 hours on days 1, 3, 5, 1 0, 1 5  
& 20). The experiment was terminated on day 28 .  

Experiment 3 .  Following the failure of  the Nichols et 
al. (200 I )  protocol to produce severe infections or clini
cal disease in bullfrogs, the protocol used in experiment 
1 was repeated, using North American ranid frog iso
lates (no. 2 1 7, Rana muscosa, California; no. 270, R. 
catesbeiana, California; no. 260, R. catesbeiana, Que-

bee) but with inoculations of 5 million zoospores for 2 
hours daily for 28 days at a temperature of 2 1°C. 

Experiment 4. This was set up to test ifthe B. dendro
batidis isolates we were usrng had become attenuated 
during repeated passage in culture, i .e. in the absence of 
the amphibian host, or keratin. The isolate used in ex
periment 4 (no. 1 97; Dendrobates auratus, captive 
National Zoo) was collected during an outbreak of 
chytridiomycosis in multiple species of captive frogs, 
and was known to be lethal to dendrobatids and other 
species (Longcore et al. , 1 999; Pessier et al. , 1 999). It 
was one of the first two isolates of B. dendrobatidis col
lected and had been passaged approximately every 
1 0- 1 4  days for over two years, therefore was most likely 
to have become attenuated. Dendrobatid frogs of a 

known susceptible species were inoculated with I 0 mil
lion zoospores for 2 hours daily for 3 1  days. The 
temperature sel�cted (2 1 °C) was within the optimal 
range for growth of B. dendrobatidis in culture. 

Experiment 5. Following the production of lethal in
fections in experiment 4, 1 - 1 0  million of the same 
isolate (no. 1 97, Dendrobates auratus, captive National 
Zoo) was inoculated for 2 hrs daily onto bullfrogs for 29 
days at 2 1 °C to cross check whether this proven virulent 
strnin, known to cause death in multiple frog species, 
would cause cliJ1ical chytridiomycosis or mortality in R. 
catesbeiana. 

R ESULTS 
EXPER I MENTAL INFECTJON OF BULLFROGS 

Histological evidence for the presence of B. 
dendrobatidis was found in 25-50% of the bullfrogs in
oculated in experiments 2, 3 and 5 .  We saw no 
significant differences in the degree of infection or per
centage infected between cohorts kept at 1 5  °C and 2 1 °C 
(x2=0.274,  P>0 .5 ) .  Despite the presence of B. 
denrobatidis (i .e .  infection by this parasite), the lesions 
were not consistent with the disease chytridiomycosis, 
which is characterized by extensive thickening of the 
keratiJuzed epidermal cell layer (hyperkeratosis and hy
perplasia). Experimentally infected frogs positive for B. 
dendrobatidis in experiments 2 ,  3 and 5 showed only 
infrequent lesions, which were focal, small ( approxi
mately I 00-300 µm surface diameter on histological 
section) and consisted of developing and mature 
zoosporangia within areas of minimal thickening of the 
keratinized layer of the epidermis (up to a thickness of3 
cells maximum). No clinical signs of chytridiomycosis 
(inappetance, behavioural abnormalities) were observed 
in the exposed bullfrogs. Bullfrogs from the inoculated 
cohorts fed at the same rate as those in controls and 
gained weight during the experimental periods (data not 
shown) . Only one infected bullfrog (animal no. 6 in ex
periment 1 ,  on day 25)  died during the experiments, 
shortly after a cardiac puncture procedure conducted as 
part of another experiment. One control animal was 
found infected in experiment 3 .  This animal had a low
Jevel of infection with B. dendrobatidis. 
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TABLE I .  Experimental infection of bullfrogs (Rana catesbeiana) and dendrobatid frogs (Dendrobates tinctorius) with 
Batrachochytrium dendrobatidis, the agent ofamphibian chytridiomycosis. *Clinical signs of inappetance and extensive sloughing 
of skin were observed prior to death. 

Experiment number 

Expt. 1 Rana catesbeiana 

Expt. 2 R. catesbeiana 

Expt. 3 R. catesbeiana 

Expt. 4 Dendrobates tinctorius 

Expt. 5 R. catesbeiana 

Frog identification 

number 

1 -5 ,  2 1 -25 (controls) 
6-20 

26-40 

1 -5 (controls) 

6-20 

1 -3 (controls) 

4-7 
8-1 1 

1 ,2 (controls) 

3-6 

2,8, 13 (controls) 
3-7, 9-1 2, 1 4-22 

EXPERIMENTAL INFECTION OF DENDROBATID FROGS 

The inoculated frogs showed clinical signs of 
chytridiomycosis (inappetance, increased sloughing of 
their skin, listlessness). Histological evidence of intense 
B. dendrobatidis infection was found in all four inocu

lated Dendrobates tinctorius. No evidence of infection 
was found in the two controls . Lesions were numerous, 

extensive (70- 1 00% of skin surface on histological sec

tions) and revealed sporangia within areas of marked 

thickening of the keratinaceous layer of the epidermis 
(up to 1 0  cells thick). Two of the inoculated animals 
died (days 25 and 29) before the end of the experiment. 

DISCUSSION 

The experimental data presented here show that bull
frogs (Rana catesbeiana) are able to be infected by B. 
dendrobatidis, without progression to clinical 

chytridiomycosis or death. The distinction between in
fection by B. dendrobatidis and presence of the disease 

chytridiomycosis is based on the presence or absence of 
clinical and pathological signs of chytridiomycosis 

(Berger et al. , 1 998;  Pessier et al. , 1 999;  Nichols et al. , 
200 1 ) . These include ( 1 ) The presence of a substantial 
area of hyperplasia and hyperkeratosis (between 5 and 

1 0  keratinaceous cell layers thick) of the ventral skin 

containing substantial numbers of B. dendrobatidis de

velopmental stages;  (2) clinical signs such as 

inappetance, loss of righting reflex and increased epi

dermal sloughing; and (3) rapid progression to death. 
The absence of any of these signs of chytridiomycosis in 

the bullfrogs inoculated with zoospores in our experi
ments (including those that became infected) suggests 
that they are resistant to the disease, even though they 
can be infected by B. dendrobatidis. Bullfrogs showed 

Isolate used 

2 1 6  
228 

1 98 

270 
260 

1 97 

1 97 

Number positive for 
B. dendrobatidis 

on necropsy 

011 0  
411 5 
0/1 5  

015 
4/1 5  

013 
2/4 
114 

0/2 
4/4* 

1 /3 
4/1 I 

no signs of chytridiomycosis, remained healthy, and did 
not die, even when inoculated with up to 1 0  million 
zoospores daily for over four weeks . This contrasts with 

experimental infections of highly susceptible species 
such as the Australian frog Myxophyes fasciolatus, indi
viduals of which died 3 5  days after a single inoculation 
of 1 00 zoospores (Berger, pers. comm.). Our findings 
suggest that bullfrogs are relatively resistant to clinical 

chytridiomycosis, even though they are susceptible to B. 
dendrobatidis infection. 

Alternative explanations of the data can be ruled out. 
Firstly, repeated passage in culture of a range of patho
gens (viruses, bacteria and others) often leads to 
attenuation, i .e. loss of virulence when inoculated onto 

susceptible hosts (Ford et al., 2002) . Our finding (in ex
periment 4) that an isolate of B. dendrobatidis produced 

clinical and pathological signs of severe 
chytridiomycosis and death in dendrobatid frogs, but 

only very mild, focal lesions, no clinical signs of 
chytridiomycosis and no mortality in buJlfrogs, demon
strates that our cultures of B. dendrobatidis had not 

become attenuated despite repeated passage outside the 
host. It is important to note that this isolate originated 
from dendrobatid frogs during an outbreak that killed 
multiple frog species, therefore is proven to be lethal to 

a range of amphibians. Secondly, some pathogens exist 
as a series of strains that are species-specific, or specific 

to a geographical region. It is conceivable that the iso

lates of B. dendrobatidis are lethal only in amphibians 

from which they are isolated, therefore non-bullfrog iso

lates would not kill or cause disease in bullfrogs. 
However, in the current experiments, we used fungal 

isolates that are known to be lethal to a range of frogs 

(e.g. isolate nos. 197  and 1 98) and others isolated spe-
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cifically from North American ranid frogs, including 
bullfrogs. None of these caused chytridiomycosis or 
death of bullfrogs. Furthermore, molecular data suggest 
that isolates of B. dendrobatidis .collected from a range 
of sites and hosts (including some of those used in this 
study) are a single clonal strain (Morehouse et al. , 2003) 
and there are no significant morphological or physi
ological differences between isolates in culture 
(Longcore et al. , 1 999; Piotrowski et al. , 2004).  Finally, 
experimental infection of Australian frogs using isolates 
collected from other species and geographical sites pro
duced lethal infections (Berger et al. ,  1 998; Berger pers. 
comm.) .  

The finding of an infected control frog in experiment 
4, and other infected animals from the same supplier, 
suggests that it is possible frogs within the supply facili
ty may have been contaminated with B. dendrobatidis. It 
could be hypothesized that the animals we inoculated 
with zoospores may have been partially immune to the 
pathogen, explaining the lack of disease or mortality. 
We doubt that this is a valid hypothesis, because the an
imals used in our studies were purchased less than three 
weeks (i.e. less than the clinical course of chytridiomy
cosis) after resorption of the tail bud. Only 
post-metamorphic amphibians have cutaneous chytridi
omycosis, therefore if animals were infected at the 
beginning of the post-metamorphic period at the breed
ers, they should have been at a late stage of progression 
to chytridiomycosis by the time of arrival, if the species 
were susceptible. Instead, in each experiment, the ani
mals we examined prior to the experiment were negative 
for B. dendrobatidis and no signs of chytridiomycosis 
were found in those used for experiments. The infection 
of this control animal may, therefore more likely be due 
to experimental error or inadvertent trnnsmission of B. 
dendrobatidis between enclosures. It is unknown wheth
er tadpoles infected at the suppliers would develop 
immunity to chytiidiomycosis, or be able to carry immu
nity through metamorphosis. 

In the current paper, we describe for the first time a 
simple, reliable protocol for counting B. dendrobatidis 
zoospores in inocula . Because chytrid pathogens are 
normally transmitted to new hosts via flagellated 
zoospores, this technique provides an accurate way to 
assess the number ofzoospores (and hence the degree of 
challenge) in experimental inocula, while excluding 
non-motile (non-infectious) zoospores .  We also de
scribe a series of detailed techniques for inoculating, 
handling and housing experimental animals for future 
laboratory studies of chytridiomycosis. 

The findings reported here support a simple popula7 
tion model of chytridiomyocsis in which individual 
hosts, host populations and species vary in susceptibility 
to B. dendrobatidis (Daszak et al., 1 999;  Daszak et al. , 
2003 ) . In this model, only a small proportion of biologi
cally and ecologically predisposed populations undergo 
local extinctions and declines due to chytridiomycosis, 
whereas the majority of other species and populations 
remain relatively unaffected. Our data suggest that B. 

dendrobatidis would cause little, if any, mortality in 
populations of bullfrogs, and that the majority of indi
viduals would be able to gro'Y and breed normally. Our 
data are supported by reports of similar low intensity in
fections in farmed (Mazzoni et al. , 2003), feral 
(Hanselmann et al., 2004) and wild-caught (Daszak et 
al. , 2003) bullfrogs. No evidence in any of these reports 
indicated that infection by B. dendrobatidis in bullfrogs 
caused the abnormal behavioural syndromes associated 

with chytridiomycosis or skin lesions consistent with 
those found in frogs that had died of chytridiomycosis 
(Berger et al., 1 998) .  

Our data have conservation significance for two rea
sons . Firstly, they suggest bullfrogs may be an efficient 
reservoir or alternative host of this emerging pathogen 
because they are able to harbour the fungus, but do not 
suffer clinical signs of infection. Although it is so far un

known whether the light B. dendrobatidis infections in 
bullfrogs are sufficient for transmission of the agent 
from one individual to another, the presence of fully 
formed sporangia in many of the positive animals sug
gests this is likely. Other authors have recently 
highlighted the role of such reservoir or alternative hosts 
in "apparent" or "parasite-mediated" competition (Holt 
and Lawton, 1 994; McCallum & Dobson, 1 995 ; Hudson 
& Greenman, 1 998) .  Parasite-mediated competition oc
curs when two sympatric host species share a common 
parasite and the least susceptible host uses the differen
tial impact of the parasite as a competitive edge. In some 
cases, parasite-mediated competition allows the less 
susceptible host to drive the more susceptible host to 
extinction. lI1 areas where susceptible endemic amphibi
ans occur sympatrically with introduced, 
Batrachochytrium-pos itive R. catesbeiana, apparent 
competition mediated by chytridiomycosis may be an 
outcome. 

Secondly, the ability of R. catesbeiana to become in
fected by B. dendrobatidis - but not to suffer clinical 
signs of infection - suggests that iutroduced individuals 
could act as efficient carriers of this pathogen. 
Batrachochytrium dendrobatidis has been reported 
from bullfrogs that are pa1i of an increasingly central
ized and expanding trade in live animals for food within 
South American countries and between South America 
and the USA. (Mazzoni et al. , 2003) .  In Venezuela ,  
bullfrogs introduced as a fanned food source have es
caped, expanded their population locally, and support a 
high prevalence of B. dendrobatidis infection 
(Hanselmann et al., 2004) .  Our findings of infected, but 
otherwise healthy, R. catesbeiana suggest that the trade 
in ranid frogs for laboratory or educational uses is yet 
another source for the introduction of chytridiomycosis. 
Bullfrogs have been introduced into Europe, Asia and 
the western USA. (Kupferberg, 1 997) .  The western 
USA populations are descended from individuals intro
duced as a food source in the late 1 9t11 and early 20'h 
centuries and have successfully colonized large areas, 
competing with endemic species and perturbing com
munity structure (Kupferberg, 1 997;  Kiesecker & 
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Blaustein, 1 997). The potential of R. catesbeiana to act 
as an efficient carrier of chytridiomycosis adds to its ca
pacity as an invasive species threat to amphibian 
populations (Kats & Ferrer, 2003).  

Previous authors have commented on the likely role 
of introduced species in the spread or emergence of 
chytridiomycosis (Berger et al. , 1 99 8 ;  Daszak et al. , 
1 999; Cunningham et al. , 2003 ).  Molecular evidence 
also suggests anthropogenic introduction is involved in 
the spread or emergence of chytridiomycosis 
(Morehouse et al. , 2003; Daszak et al. , 2003).  Amphib
ian chytridiomycosis is a key example of an emerging 
infectious disease of wildlife which, as a group, is re
sponsible for a series of significant population declines 
and extinctions of wildlife species (Daszak et al. , 2000, 
200 1 ;  Dobson & Foufopoulos, 200 1 ). The most com
monly cited driver of these diseases is the anthropogenic 

introduction of pathogens or hosts to new regions, or 
'pathogen pollution' (Cunningham et al. , 2003).  Our 
current paper provides evidence that R. catesbeiana is a 
potentially efficient carrier of chytridiomycosis and 
adds weight to its hypothesized role in pathogen pollu
tion-mediated spread of chytridiomycosis. We urge that 
strong measures be taken to combat this threat to am
phibian biodiversity. These should include quarantine 

regulations (Cunningham et al. , 200 1 ; Johnson & 
Speare, 2003) and efforts to curtail the legal and illegal 
trade in amphibian species. 

ACKNOWLEDGMENTS 

This work was carried out with University qf Georgia 
IA CUC committee approval (AUP number A l  999-
1 0057, with modifications ml and m2), which are 
available, on request, from the senior author. The 
project was supported by National Science Foundation 
IRCEB grants IBN 9977063 and DEB-02 1 33 85 1 ;  fund
ing from the University of Georgia Office of the Vice 
President for Research; core funding for the Consortium 
for Conservation Medicine from the V .  Kann Rasmus
sen Foundation; a Geraldine R. Dodge Foundation 
"Frontiers for Veterinary Medicine" fellowship to Dr 
Strieby; and a University of Georgia Natural History 
Museum Joshua Laerm scholarship to Chris Faggioni. 
We are indebted to the following UGA undergraduate 
assistants for their enthusiastic work on this project: 
Tricia Rodriguez, Chris Faggioni and Geoff Gisler. Jeff 
Dub-man Piotrowski (University of Maine) efficiently 
supplied our group with fresh chytrid cultures. Don Ni
chols (National Zoo, Smithsonian Institution, 
Washington D.C.) kindly provided access to unpub
lished information on experimental chytridiomycosis in 
dendrobatid frogs. Ron Gagliardo (Atlanta Botanical 
Gardens) located a Batrachochytrium dendrobatidis
free source of captive-bred dendrobatid frogs. Juan M. 
Guayasamin (University of Kansas) kindly shared un
published information. A .  Marm Kilpatrick, Lisa 
Schloegel (Consortium for Conservation Medicine) and 
Victoria Vazquez (Dept Plant Sciences, University of 

Georgia) kindly commented on and edited the manu

script. 

REFERENCES 

Alpin, K. & Kirkpatrick, P .  (2000) Chytridiomycosis in 
southwest Australia:  historical sampling documents 
the date of introduction, rates of spread and seasonal 
epidemiology, and sheds new l ight on chytrid ecology. 
Proceedings of a conference titled "Getting the Jump! 
on Amphibian Diseases'', Cairns, 26-291h August 2000. 
Available at http://www .jcu .edu.au/school/phtm/ 
PHTM/frogs/gjoad.htm. 

Berger, L., Speare, R . ,  Daszak, P . ,  Green, D. E . ,  
Cunningham, A .  A . ,  Goggin, C.  L . ,  Slocombe, R . ,  
Ragan, M . A . ,  Hyatt, A .  D . ,  McDonald, K. R . ,  Hines, 
H. B . ,  Lips, K. R. ,  M arantell i ,  G. & Parkes, H. ( 1 998). 
Chytridiomycosis causes amphibian mortality 
associated with population declines in the rain forests 

of Australia and Central America. Proceedings of the 

National Academy (USA) 95, 903 1 -9036. 
Bonaccorso, E., Guayasamin, J . M . ,  Mendez, D. & Speare, 

R. (2003). Chytridiomycosis in a Venezuelan anuran. 
Herpetological Review 34, 33 1 -3 34 .  

Bosch J,  Martinez-Solano I ,  Garcia-Paris M (200 1 ) . 
Evidence of a chytrid fungus infection involved in the 
decline of the common midwife toad (A lytes 

obstetricans) in protected areas of central Spain . 
Biological Conservation 97, 33 1 -337  

Cunningham, A .  A . ,  Daszak, P .  & Hyatt, A.  D. (200 1 ) . 
Amphibia. In Quarantine and Health Screening 

Protocols for Wildlife prior to Translocation and 

Release into the Wild. , 74-79. Woodford, M. H. (Ed). 
Paris: Office International des Epizooties (OJE) IUCN 
& Gland: Species Survival Commission ' s  Veterinary 
Specialist Group. 

Cunningham, A. A . ,  Daszak, P. & Patel, N. (2004). 
Emerging disease threats to tropical forests. In :  
Emerging Threats to Tropical Forests. Eds .  Laurance, 
W.F.  & Peres, C .A . ,  University of Chicago Press, 
Chicago. 

Cunningham A. A, Daszak, P. & Rodriguez, J. P. (2003). 
Pathogen pollution: defining a parasitological threat to 
biodiversity conservation.  Journal of Parasitology 

89(Suppl.), S78-S83 . 
Daszak, P . ,  Berger, L. ,  Cunningham, A. A. ,  Hyatt, A. D . ,  

Green, D.  E .  & Speare, R. ( 1 999). Emerging infectious 
diseases & amphibian population declines. Emerging 

Infectious Diseases 5, 735-748.  
Daszak, P. ,  Cunningham, A. A .  & Hyatt, A .  D. (2000). 

Emerging infectious diseases of wildlife - threats to 
biodiversity and human health. Science 287, 443-449. 

Daszak, P . ,  Cunningham, A. A. & Hyatt, A. D. (200 1 ) . 
Anthropogenic environmental change and the 
emergence of infectious diseases in wildlife. Acta 

Tropica 78, 1 03- 1 1 6 . 
Daszak, P . ,  Cunningham, A. A .  & Hyatt, A .  D. (2003 ). 

infectious disease and amphibian population declines. 
Diversity and Distributions 9, 1 4 1 - 1 50.  



CHYTRIDIOMYCOSIS AND BULLFROGS 207 

Dobson, A .  & Foufopoulos, J .  (200 1 ) . Emerging infectious 
pathogens of wi ld l ife.  Philosophical Tranactions of 
the. Royal. Society London, B 356,  1 00 1 - 1 0 1 2. 

Ford, S. E . ,  Chintala, M .  M .  & B u shek,  D. (2002). 
Comparison of in vitro-cultured and wi ld-type 
Perkinsus marinus. I. P athogen virulence. Diseases of 
Aquatic Organisms 5 1 ,  1 87-20 I 

Fowler, M .  E .  ( 1 993) .  Zoo and Wild A n imal Medicine 
Current Therapy 3 .  Fowler, M .  E .  (Ed) .  Pub l i sher 
W.B. Saunders Co. 

Ful ler, M. S .  & Jaworski, A. ( 1 9 8 7) .  Zoosporic Fungi in 
Teaching and Research. Appendix II p .  294 . 
Southeastern Publ ishing Corp, Athens, GA,  USA. 

Groff, J . M . ,  Mughannam, A. ,  M cDowel l ,  T. S . ,  Wong, A . ,  
Dykstra, M . J  . ,  Frye, F .  L .  & H edrick, R .  P .  ( 1 99 1 ). An 
epizootic of cutaneous zygomycosi s  in cu ltured dwarf 
African clawed frogs (Hymenochirus curtipes) due to 
Basidiobolus ranarum. Journal of Medical and 

Veterina1y Mycology 29, 2 1 5 - 23 . 
Hanselmann, R . ,  Rodriguez, A . ,  Lampo, M . ,  Fajardo

Ramos, L., Aguirre, A. A . ,  K i l patrick, A. M . ,  
Rodriguez, J .  P .  & Daszak, P .  (2004) .  Presence o f  an 
emerging pathogen of amphibians in recently
introduced Rana catesbeiana in Venezuela .  Biological 
Conservation Jn press. 

Ho lt, R. D. & Lawton, J. H .  ( 1 994) .  The ecological  
conseq uences of shared natural enemi es .  Annual  
Review of Ecology and Systematics 2 5, 495-520.  

Hudson, P .  & Greenman, J .  ( 1 99 8) .  Competition mediated 
by parasites: biological  and theoretica l  progress. 
Trends in Ecology and Evolution 1 3 ,  3 87-390.  

Johnson, M .  L.  & Speare, R.  (2003 ) .  Survival of 
Batrachochytrium dendrobatidis in water: quarantine 
and disease control impl ications.  Emerging Infectious 
Diseases 9, 922-925 . 

Kats, L. B .  & Ferrer, R. P .  (2003) .  A l ien predators and 
amphibian declines: review of two decades of science 
and the transition to conservation .  Diversity and 
Distributions 9, 99- 1 I 0. 

Kiesecker, J . M .  & B laustein ,  A. R. ( 1 997) .  Populat ion 
differences in responses of red- l egged frogs (Rana 
aurora) to introduced bu l l frogs (Rana catesbeiana). 

Ecology 78, 1 752- 1 760. 
Kupferberg, S .  J .  ( 1 997) .  B u l l frog (Rana catesbeiana) 

invasion of a Cali fornia  river: the rol e  of l arval 
competition. Ecology 78, I 736- 1 75 I .  

Lane, E .  P . ,  Weldon, C.  & B ingham, J .  (2003 ).  
H istological evidence of chytr id iomycete fungal 
infection in a free-ranging amphib ian ,  Afrana 

fuscigula (Anura : Ranidae) in  South Africa .  Journal of 
South African Veterinary Association 74 ,  20-2 1 .  

Longcore, J . E . ,  Pessier, A .  P .  & N i chols ,  D .  K .  ( 1 999) .  
Batrachochytrium dendrobatidis gen. et  sp .  nov. , a 
chytrid pathogenic to amphibians. Mycologia 9 1 ,  2 1 9-227. 

Mazzoni, R . ,  Cunningham A .  A . ,  Daszak, P . ,  Apolo, A . ,  
Perdomo, E .  & Speranza, G.  (2003 ) .  Emerging 
pathogen of wild amphib ians  in  frogs (Rana 
catesbeiana) farmed for international trade. Emerging 
Infectious Diseases 9, 995-998 .  

McCallum, H .  & Dobson, A.  ( 1 995) .  Detecting d isease and 
parasite threats to endangered species and ecosystems. 

Trends in Ecology and Evo/ution 1 0, 1<90- 1 94. 
M orehouse, E .  A . ,  James, T. Y . ,  Ganley, A. R. D . ,  

Vi lgalys, R . ,  Berger, L . ,  Murphy, P .  J .  & Longcore, J .  
E. (2003 ) .  Mult i locus sequence typing suggests the 
chytrid pathogen of amphibi ans is a recently emerged 
clone. Molecular Ecology 1 2, 395-403 . 

Mutschmann F . ,  B erger, L . ,  Zwart, P .  & Gaedicke, C. 
(2000). Chytrid iomykose bei amphibien-erstmal iger 
nachweiss fur Europa. Berlin er und Munchener 

Tieratzt. Wochenschl. 1 1 3 ,  3 80-3 8 3 .  
Muths, E . ,  Corn, P .  S . ,  P ess ier, A .  P .  & Green, D. E .  

(2003) .  Evidence fo r  d i sease-related amphibian 
decl ine in Colorado. Biological Conservation 1 1 0, 
3 5 7-365 

Nichols,  D .  K . ,  E.  W. Lamirande, A .  P.  Pessier, & 
Longcore, J .  E .. (200 I ) . Experimental transmission of 
cutaneous chytr id iomycos i s  in dendrobatid frogs.  
Journal of Wildlife Diseases 37,  1 - 1  I .  

_Pessier, A .  P . ,  N ichols ,  D. K . ,  Longcore, J . E .  & Fuller, M .  
S .  ( 1 999). Cutaneous chytridiomycosis i n  poison d art 
frogs (Dendrobates spp . )  and White ' s  tree frogs 
(litoria caerulea) .  Journal of Veterinary Diagnostic 
investigation 1 1 ,  1 94- 1 99 .  

Piotrowsk i ,  J .  S . ,  Annis,  S .  L.  & Longcore, J .  E .  (2004). 
Physiology of Batrachochytrium dendrobatidis, a 
chytrid pathogen of amphibians.  Mycologia 96, 9- I 5 .  

R eed K .  D. ,  Ruth ,  G .  R . ,  M eyer, J .  A .  & Shukla ,  S .  K .  
(2000). Chlamydia pneumoniae infection in  a breeding 
colony of African clawed frogs (Xenopus tropicalis). 

Emerging Infectious Diseases 6, 1 96- 1 99 .  
Ron,  S .  R .  & M erino, A .  (2000). Amphibian decl ines in 

Ecuador: overview and fir st report of chytridiomycosis 

from South America Froglog 42, 2-3 . 
Speare R .  & Core Working Group of Getting the Jump on 

Amphibian Disease (200 I ) . Nomination for ·J i sting of 

amphibian chytridiomycos i s  as a key threatening 
process under the Environment Protection and 
B i odiversi ty Conservation A ct 1 999.  Jn: Speare, R. 
and Steering Committee of Getting the Jump! 011 

Amphibian Disease. Developing management 
strategies to control amphibian diseases: Decreasing 
the risks due to commun icable diseases. S chool of 
Publ ic  Health and Tropical  Med icine, James Cook 
University: Townsvi l l e .  Pp. I 86-208.  

Waldman, B . ,  van de Wolfshaar, K. E. ,  Klen a, J .  D. ,  
Andj ic ,  V. ,  B ishop, P.  J .  & Nomian, R.J .  de B.  (200 1 ) . 
Chytridiomycosis in N ew Z ealand frogs. Surveillance 
28, 9- 1 J .  

Will i ams, S .  E .  & H ero, .l . -M .  ( 1 998) .  Rainforest frogs of 
the Austral ian wet tropics: guild c lassification and the 
ecological simi l arity of declining species.  Proceedings 

of the Royal Society of London, Series B 265, 597-602. 

Accepted: 12. 5. 04 


