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The cane toad is an invasive pest that is rapidly colonising northern Australia. The cane toad parotoid
gland secretes cardiotoxic steroids (bufadienolides) that are poisoning native predator species. This study
reveals bufadienolide diversity within the secretions of Australian cane toads is different to cane toads
from overseas, being far more structurally diverse than previously assumed. It is proposed that this var-
iation is mediated by in situ bacterial biotransformation.
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The cane toad, Bufo marinus, is an invasive pest that was intro-
duced to multiple locations around the world as an ultimately
unsuccessful biocontrol agent for beetle pests of sugar cane. In sev-
eral locations, including Australia, Fiji and Hawaii, the species has
had a significant ecological impact on native animal populations.1

The cane toad and other members of the genus Bufo are renowned
for their ability to produce and deploy cardiotoxic steroids (bufadi-
enolides) as a form of chemical defence.1 Bufadienolides are antag-
onists of Na+/K+-ATPase in much the same way as the plant derived
cardenolides (such as digitalis)2 and ingestion can lead to cardiac
arrest and death. The prospect of fatal encounters with cane toads
is enhanced by the presence of specialised parotoid glands that se-
crete high concentrations of bufadienolides in response to preda-
tory attack. In Australia, the cane toad is a threat to native
predator species such as fresh water crocodiles, marsupials, snakes
and lizards, which are highly vulnerable to cane toad poisoning.3–5

Since its release in Australia in 1935,6 the cane toad has ad-
vanced south along the eastern seaboard from Queensland into
New South Wales, and west through the Northern Territory to-
wards Western Australia – colonising >1 million km2 and seriously
impacting native predator populations.1 To date, cane toad control
has been limited to local and short term techniques such as hand
collection and trapping.7 In an attempt to broaden the control
agenda, and identify more permanent solutions effective on a lar-
ger regional or national scale, we recently embarked on an analysis
of cane toad chemical ecology.8 This report describes one aspect of
All rights reserved.
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those investigations, namely an assessment of Australian cane toad
bufadienolides, including the role played by microorganisms in
diversifying and possibly enhancing bufadienolide toxicity.

Of the order of 100 bufadienolides have been described from
toads of the genus Bufo, of which only 30 have been attributed to
B. marinus,9 and only four, marinobufagin (1), telocinobufagin (2),
bufalin (3) and resibufogenin (4), have been reported from the cane
toad parotoid gland secretion. More significantly, none of these re-
ported chemical analyses was performed on cane toads sampled
from the resident Australian population. Our investigations into
the parotoid gland chemistry of cane toads sampled from locations
at the eastern and western extremes of the Australian colonisation
range revealed a bufadienolide composition dominated by 1, with
moderate levels of 2, 3, arenobufagin (5) and marinobufotoxin (6),
lower levels of 4, hellebrigenin (7), marinobufagin-3-pimeloyl-L-
arginine ester (8), bufalin-3-pimeloyl-L-arginine ester (9) and buf-
alitoxin (10), and detectable levels of >30 minor bufadienolides
(Fig. 1 and Scheme 1).10 These studies reveal, for the first time, that
Australian cane toad parotoid secretion chemistry is not identical
to that reported from overseas cane toads,9 and that the bufadien-
olide chemical diversity is far greater than previously assumed.

It has previously been demonstrated that bufadienolides can
undergo biotransformation when exposed to cultures of bacte-
ria11–13 or plant cells.14 Although these biotransformation studies
lack ecological relevance, they do raise the possibility that in situ
bacterial biotransformation could be a mechanism for chemical
diversification within the parotoid gland. To test this hypothesis,
we recovered bacterial isolates from swabs taken from the
parotoid gland, ovary, tongue and stomach of a dissected mature
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Figure 1. (A) HPLC trace (297 nm) of n-butanol soluble fraction of adult cane toad parotoid gland secretion. Peak numbers correspond to compound numbers in Scheme 1. (B)
Expansion of chromatogram showing numerous minor components, each displaying a UV–vis spectrum typical of a bufadienolide. (C) UV–vis spectrum of a typical
bufadienolide showing characteristic absorbance maximum at 297 nm.
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female cane toad. Liquid cultures of these bacteria were incubated
in the presence of 1, followed by solvent extraction and analysis by
HPLC-DAD-MS.15 Three isolates that demonstrated biotransforma-
tion capability were identified as Acinetobacter johnsonii (from the
ovary), and Flavobacterium sp. and Comamonas testosteroni (both
from the parotoid gland). Of note, the Gram-negative bacterium
C. testosteroni is known to grow on C19–C27 steroids as a carbon
and energy source.16–18 Biotransformation products arising from
a 96-h exposure of 1 to a liquid culture of C. testosteroni were ana-
lysed (Fig. 2) and identified by the application of HPLC-DAD-SPE-
Scheme 1. Bufadienolides 1–10 isolated from Australian cane toad parotoid gland
secretions.
NMR and HPLC-DAD-MS, as 3-epi-marinobufagin (11),19 3-oxoma-
rinobufagin (12),20 D1,4-3-oxoresibufogenin (13)21 and D1,4-3-oxo-
bufalin (14)22 (Scheme 2).23

The results of our study demonstrate, for the first time, that
cane toads harbour bacteria with the capacity to biotransform
and diversify cane toad bufadienolides. The specific biotransforma-
tion products identified are not necessarily representative of those
that would be produced in vivo as the environmental conditions
and range of biotransforming microorganisms present within the
toad are significantly different from those present in the labora-
tory. Nevertheless, this study provides an important proof of prin-
ciple, highlighting a hitherto unexplored area of cane toad
chemical ecology. We hypothesise that a broadening of the paro-
toid gland bufadienolide chemical diversity could lead to survival
advantages by increasing the prospects for antagonism of a wider
array of Na+/K+-ATPase isoforms. Genetic variability in Na+/K+-ATP-
ase sensitivity to bufadienolides is exemplified by the observation
that some species are highly susceptible to the effects of toad buf-
adienolides, while others (including the cane toad itself) appear to
be immune.7 Toxic secretions that antagonise a wider subset of
Na+/K+-ATPase isoforms increase the probability that would-be
predators will be susceptible and succumb. Binding constants for
Figure 2. HPLC traces (297 nm) of ethyl acetate extracts obtained from (A) nutrient
broth inoculated with Comamonas testosteroni; (B) uninoculated nutrient broth
containing marinobufagin (1); (C) nutrient broth inoculated with C. testosteroni
containing 1; after incubation at 26.5 �C for 96 h. Peak numbers correspond to
structures shown in Scheme 2.



Scheme 2. Marinobufagin (1) biotransformation products 3-epi-marinobufagin
(11), 3-oxomarinobufagin (12), D1,4-3-oxoresibufogenin (13) and D1,4-3-oxobufalin
(14), and a possible sequence of transformations.
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bufadienolides against Na+/K+-ATPase can range over several or-
ders of magnitude,24 demonstrating that even minor bufadieno-
lides can have ecological (toxic) significance against relevant
species.

The realisation that bacteria may play a role in the chemical
ecology of the cane toad—modifying toxicity and environmental
impact—suggests an exciting new line of research for cane toad
control. More detailed knowledge of the relationship between cane
toads, bacteria and bufadienolides will, we believe, contribute to
our ability to control the impact of cane toads on native predator
species. For instance, more competitive strains of C. testosteroni
(or other microorganisms) that either have no capacity for bio-
transformation, or alternatively over-transform all available buf-
adienolides to non-toxic analogues, could be used to supplant
wild strains. Such a strategy is widely used with probiotics in aqua-
culture25,26 and agriculture27 and shifts in symbiotic microbial
community structure due to invasive bacteria have been shown
to be deleterious to coral populations in the field.28 Alternatively,
cane toads could be infected with bacteriophages specific to bufa-
dienolide biotransforming bacteria, thereby down-regulating tox-
icity, and lessening environmental impact.29 These outcomes
would best be achieved through a multidisciplinary collaboration
involving ecologists, chemists and microbiologists.
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