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INTRODUCTION

Emerging diseases of wildlife are a serious threat
to biodiversity (Daszak et al. 2000) and a number of
fungal diseases have recently had catastrophic ef -
fects on wildlife populations. Chytridiomycosis of
amphibians and mucormycosis of the platypus Orni -
tho rhynchus anatinus and amphibians are 2 impor-
tant fungal diseases that have been selected as prior-
ities for control in Australia (Allan & Gartenstein

2010). Phytophthora cinnamomi (Pc) is an emerging
fungal plant pathogen in native Australian forests.
These 3 pathogens have infectious stages that can
occur outside the host, such as in soil or pond and
stream water. There is concern that these fungi may
be spread by fire-fighting or forestry activities that
involve transporting water and machinery. These
diseases have emerged and spread recently but are
not yet established in all suitable areas (e.g. Murray
et al. 2011); hence, using disinfectants to reduce
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ABSTRACT: Chytridiomycosis in amphibians, and mucormycosis in the platypus Ornitho rhynchus
anatinus and amphibians, are serious fungal diseases affecting these aquatic taxa. In Tasmania,
Australia, the fungi that cause these diseases overlap in range along with Phytophthora cinnamomi
(Pc), an invasive fungal plant pathogen. To identify disinfectants that may be useful to reduce an-
thropogenic spread of these fungi to uninfected wilderness areas, for example by bush walkers and
forestry or fire-fighting operations, we tested 3 disinfectants and a fire-fighting foam against
Mucor amphibiorum (Ma) and tested 1 disinfectant and the foam against Batracho chytrium den-
drobatidis (Bd). Combining the present study with previous work we found Bd was more suscepti-
ble to all 4 chemicals than Ma. Phytoclean, a disinfectant used at 2 to 10% for 30 s to control Pc,
killed cultures of Bd at 0.075% and Ma at 5%, when also applied for 30 s. The disinfectant F10sc
was not effective against Ma at standard exposures, but previous work shows Bd is killed at 0.03%
with a 1 min exposure. Path-X is effective against Bd at 0.001% with a 30 s exposure and killed Ma
at 1% with a 5 min exposure. Forexpan S, a foam added to water at 0.1 to 1% to control forest fires,
killed Bd but not Ma when used at 1% for 2 min. Therefore, Phytoclean and Path-X have broader
efficacy, although Path-X has not been trialled against Pc. Interestingly a positive mating strain of
Ma (from a platypus) was more resistant to disinfectants than a negative strain (from a frog). Cur-
rent protocols against Pc that involve high concentrations (10%) of Phytoclean are likely to reduce
spread of pathogenic wildlife fungi, which is important for protecting biodiversity.
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the risk of further spread is an important control
measure.

Mucormycosis, caused by the zygomycete Mucor
amphibiorum (Ma), is the most significant disease
affecting platypus in Tasmania, although it has not
been detected in mainland platypuses (Connolly et
al. 1998). In the platypus, infection causes an ulcera-
tive dermatitis, and the fungus may disseminate to
internal organs (Obendorf et al. 1993). Infected platy-
puses can develop impaired thermoregulation and
mobility and may die. Mucormycosis also occurs in
mainland Australian amphibians but has not been
detected in Tasmanian frogs (Connolly et al. 1998). It
can cause a fatal, systemic infection in captive and
wild frogs and cane toads Bufo marinus (Berger et al.
1997, Speare et al. 1997, Creeper et al. 1998). A
platypus strain of the fungus was able to experimen-
tally infect amphibians (Stewart & Munday 2005).
Ma is heterophallic; positive strains produce resistant
zygospores if mated with a negative strain, but only
positive strains have been found in Tasmania (Schip-
per 1978, Connolly 2009). Ma also reproduces asexu-
ally via infective sporangiospores (Stewart & Mun-
day 2005). Infection experiments in toads suggest
that the positive strains of Ma are more pathogenic. It
grows on soil and may largely be a saprobic organ-
ism that opportunistically infects animals (Speare et
al. 1994). It has been speculated that the spread of
mucormycosis around Tasmania was caused in part
by human activities (Gust & Griffiths 2009). Mucor -
mycosis was initially discovered in Elizabeth River,
central-eastern Tasmania, in 1982. Since then it
appears to have spread across northern Tasmania
and has been found in 11 river catchments, or about
24% of the state (Gust & Griffiths 2009).

Chytridiomycosis, caused by the chytridiomycete
Batrachochytrium dendrobatidis (Bd), is an invasive
disease that has caused amphibian declines world-
wide (Skerratt et al. 2007). There are 2 main stages in
the life cycle: the motile, waterborne and infective
zoospore, and the zoosporangium that grows within
epidermal cells. A likely mechanism of spread is via
natural and anthropogenic movement of infected
amphibians, but movement via water and moist soil
is also possible (Berger et al. 2009). Saprobic growth
is suspected but has not been proven. In Tasmania
the large southwestern World Heritage Area, which
contains 3 endemic frog species (Driessen & Mallick
2003), appears to be largely free from Bd, while it
occurs throughout much of the rest of the state
(Obendorf & Dalton 2006, Pauza et al. 2010).

In Australia, the introduced plant disease ‘Phytoph-
thora root rot’ or ‘wildflower die-back’ caused by the

zoosporic oomycete Pc, is widespread and is threat-
ening a number of plant species and commu nities
(Rudman 2005). It is of special concern in  Tasmanian
heathlands, dry forests and buttongrass moorlands.
Though primarily a soil-inhabiting pathogen, Pc can
also contaminate creeks and water bodies.

There is concern that these 3 diseases could be fur-
ther spread around the state anthropogenically such
as by tourists, forestry machinery or fire-fighting op-
erations. To prevent further spread of Pc within Tas-
mania, the Department of Primary Industries, Parks,
Water and Environment has developed guidelines
that involve washing machinery, vehicles, hiking
boots and equipment. Where risks are significant the
additional use of the disinfectant Phytoclean (Bold-
scape) is recommended. Phytoclean (active ingredi-
ent: benzalkonium chloride, 30% w/w) is designed
for the control of Pc in earth-moving,  quarrying, hor-
ticultural and plantation industries. In this study we
tested the effectiveness of Phytoclean against Bd and
Ma to check whether current guidelines designed to
minimise the spread of root rot are simultaneously re-
ducing the spread of these wildlife pathogens.

Effective disinfectants for Bd have been identified
for use in laboratories, in captive husbandry and on
field equipment to reduce human-mediated spread
(Johnson et al. 2003, Webb et al. 2007, Phillott et
al. 2010). Two disinfectants were effective at low
 concentrations: F10 super concentrate disinfectant
‘F10sc’ (active ingredients: benzal konium chloride,
5.4% w/w, and polyhexamethylene biguanide hydro -
chloride, 0.4% w/w; Health and Hygiene) and Path-X
(active ingredient: didecyl dimethyl ammonium chlo-
ride, 12% w/w; Nutri-Tech Solutions) (Johnson et al.
2003, Webb et al. 2007). Hence, we tested the effec-
tiveness of F10sc and Path-X against Ma.

We also tested Forexpan S (Angus Fire) for disin-
fectant activity against Ma and Bd. Forexpan S is a
synthetic fire-fighting foam concentrate, added to
water to control forestry or wildland fires. It contains
hydrocarbon surfactants, glycol solvent and a foam
stabiliser and reduces surface tension, which allows
water to penetrate into burning material (Angus Fire
website: www.angusfire.co.uk, accessed 2009). As
water taken into fire trucks may be sourced from any
convenient water body, fire fighters may uninten-
tionally be spreading aquatic pathogens.

MATERIALS AND METHODS

Determining the minimum lethal concentration
(MLC) of a disinfectant is necessary to develop disin-
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fection protocols. The MLC is the lowest concentration
that will prevent the growth of an organism after sub-
culture onto media free from the antimicrobial; it de-
scribes fungicidal effects. Owing to the differences in
growth form between Bd and Ma, different methods
were used for fungicidal tests to determine the MLC.
The methods (Methods 1 and 2) were similar in that
the fungal culture and supporting structure were ex-
posed to a solution of the test compound then rinsed,
returned to culture media, incubated and monitored
for growth. Initially we used concentrations recom-
mended by the manufacturer and if these were effec-
tive, concentrations were decreased until cultures
survived (see Table 1 for concentration and exposure
ranges tested). The minimum inhibitory concentration
(MIC) is the lowest concentration that will inhibit the
visible growth of a microorganism; it describes fun -
gistatic effects and provides further information on
antimicrobial action (Quinn et al. 2002). Method 3 was
used to determine the minimum inhibitory concentra-
tion (MIC) of Phytoclean for both fungi.

Method 1. Fungicidal effects on 
Batrachochytrium dendrobatidis

Fungicidal effects of compounds on Bd were tested
by using a published method (Johnson et al. 2003,
Webb et al. 2007). An active culture of an isolate from
Queensland, ‘Tully-Lrheocola-06-LB-1’ (Berger et al.
2005), was grown as a monolayer in 96-well plates
(Techo Plastic Products) with tryptone, gelatin hydro -
lysate, lactose (TGhL) broth (Sigma and Oxoid) for
4 d, then exposed to the test product at various con-
centrations and exposure times (see Table 1) with 8
replicate wells. Phytoclean and fire-foam were
diluted with sterile water. Positive growth controls
were treated with water only and remained alive dur-
ing the experiment. After exposure the test product
was removed, and wells were rinsed with TGhL
broth, filled with fresh TGhL broth and incubated
at 23°C. The plates were checked daily for 1 wk to de-
tect the presence of motile zoospores, which  indicated
culture survival. A 100% kill of all 8 replicates was
required for the product to be considered effective.

Method 2. Fungicidal effects on Mucor 
amphibiorum

Fungicidal activities of compounds on Ma were
tested by using a method similar to ‘Protocol 2’
described by Alderman (1982), except that the fungi

was grown on glass coverslips rather than filter mem-
branes to enable the fungus to be dipped into the dis-
infectant. This method is similar to routinely used
‘carrier tests’ (Swart & Hilgren 2001). Two isolates of
Ma were obtained from culture collections: isolate
‘40.41’, a positive mating strain isolated from an ulcer
on a Tasmanian platypus, and ‘40.50’, a negative
mating strain, isolated in 1977 from a captive frog
(Dendrobates sp.) in Germany. Ma was grown on
Sabouraud’s dextrose agar (SDA) (Oxoid) for several
days at 25°C. Square pieces (approximately 2 cm2) of
fungi and agar were cut and placed on new SDA with
fungus side up and covered with sterile 40 × 24 mm
glass coverslips (Livingstone). Further squares of
fungi were inverted and placed on top of the cover-
slips. These culture plates were then sealed and
incubated at 25°C for 4 d. Hyphae grew on both sides
of the coverslips and remained attached when the
agar squares were peeled off.

The coverslips with attached hyphae and sporan-
giospores were exposed to disinfectants in individual,
sterile, 70 ml specimen containers (Sarstedt) contain-
ing 50 ml of disinfectant or fire-foam solution (see
Table 1 for concentrations). Coverslips were sub-
merged in the liquid by using sterile forceps. After
the exposure period, the coverslip was removed by
using a new pair of sterile forceps, shaken to remove
excess liquid, submerged in sterile water for 10 s and
shaken again before being placed on a clean SDA
plate. The plates were sealed with Parafilm (Pechiney
Plastic Packaging) and incubated at 25°C. Plates
were checked daily for a week for fungal growth
around the coverslip. Surviving fungi quickly col o n -
ised the surrounding agar indicating that the disin-
fectant exposure was ineffective. Each experiment
included a positive control treatment of sterile water.
A negative control treatment of 70% ethanol was also
included in each experiment to check for contamina-
tion by airborne sporangiospores. The results were
only considered valid if the positive controls showed
growth and the negative controls did not. Each exper-
iment had 2 replicates for a particular concentration/
exposure combination, and if the culture was killed
then the test was repeated at least 3 times on different
days. The MLC was the lowest concentration that
killed all replicates of both Ma strains.

Method 3. Fungistatic effects on Batrachochytrium
dendrobatidis and Mucor amphibiorum

Method 3 was aimed at determining the MIC of
Phytoclean, since it appeared to be a promising
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broad spectrum disinfectant. This method was used
on both fungi, although Bd was grown on TGhL
agar and Ma was grown on SDA. Method 3 is simi-
lar to ‘Protocol 1’ described by Alderman (1982).
Agar was autoclaved at 121°C for 15 min then
allowed to cool for a few hours in hot water. Phyto-
clean was added to the warm liquid agar to produce
various concentrations (ranging from 10% down to
0.001%). Positive growth control plates contained
no Phytoclean. Cultures of Bd and both mating
types of Ma were grown on TGhL and SDA agar at
23°C and 25°C, respectively. After 3 d, 1 cm2 pieces
were cut from the growing edge of the cultures and
placed, fungus side down, onto the agar containing
Phytoclean. Plates were checked daily for 1 wk and
each test was replicated 3 times. Uninhibited fungi
colonised the surrounding agar within a few days.
The MIC was the lowest concentration without
growth.

RESULTS

Phytoclean

With a 30 s exposure, Phytoclean was effective
against Bd at only 0.075%, whereas 5% was required
to kill Ma (Tables 1 & 2). However, the negative Ma
strain 40.50 was more sensitive than the positive
strain 40.41 and was killed by 4% Phytoclean within
30 s.

The MIC testing (Method 3) showed 0.005%
(0.05 ml l−1) Phytoclean inhibited growth of Bd and
0.08% (0.8 ml l−1) inhibited growth of Ma.

Forexpan S

Bd was killed by 1% Forexpan S if the exposure
time was at least 2 min. Ma was not killed by the
maximum concentration and exposure combination
tested, 1% for 5 min. Higher concentrations were not
tested as they are not applicable.

F10sc

The positive mating strain of Ma 40.41 was more
resistant to F10sc than the negative strain 40.50.
F10sc used at 5% for 10 min was effective against the
negative strain, but only killed 40% of positive strain
replicates (Table 1). To kill fungal spores the manu-
facturers recommend F10sc is used at concentrations

between 0.4 and 0.8% for 30 min, which was ineffec-
tive against Ma.

Path-X

Path-X at 1% for 5 min was effective against Ma
and killed the fungus in all 6 replicates tested. Path-
X at 0.5% for 10 min only killed the negative strain.
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Disinfectant and Conc. Exposure Efficacy
target species (%) time (min) (% killed)

Phytoclean
Bd 0.01 0.5, 1, 5 0/8 (0)

0.03 0.5, 1 0/8 (0)
0.03 5 8/8 (100)
0.05 0.5 0/8 (0)
0.05 1, 5 8/8 (100)
0.08 0.5, 1, 5 8/8 (100)
0.1 0.5, 1, 5 8/8 (100)

Ma, +ve strain 2 5 7/8 (87.5)
40.41 4 0.5 1/4 (25)

5 0.5 8/8 (100)
Ma, −ve strain 2 5 8/8 (100)
40.50 4 0.5 4/4 (100)

5 0.5 6/6 (100)

Forexpan S
Bd 0.10 0.5, 1, 5 0/8 (0)

0.50 0.5, 1, 5 0/8 (0)
1 0.5 0/8 (0)
1 1, 5 8/8 (100)

Ma, +ve strain 0.10 0.5 0/2 (0)
40.41 1 0.5, 5 0/2 (0)

Ma, −ve strain 0.10 0.5 0/2 (0)
40.50 1 0.5, 5 0/2 (0)

F10sc
Bd Not tested here; see Webb et al. (2007)
Ma, +ve strain 0.8 30 0/6 (0)
40.41 5 10 2/5 (40)

5 20 5/6 (83)
Ma, −ve strain 0.8 30 5/6 (83)
40.50 5 5 1/4 (25)

5 10 9/9 (100)
5 20 6/6 (100)

Path-X
Bd Not tested here; see Johnson et al. (2003)
Ma, +ve strain 0.5 10 4/6 (67)
40.41 1 5, 10 6/6 (100)

Ma, −ve strain 0.5 10 6/6 (100)
40.50 1 5, 10 6/6 (100)

Table 1. Testing schedule for disinifectants used against in
vitro cultures of  Batrachochytrium dendrobatidis (Bd) and
Mucor amphibiorum (Ma) in the present study. Concentra-
tions refer to diluted commercial disinfectant, not  active in-
gredients. Efficacy = replicates killed / replicates tested; 

percentage killed is indicated in parentheses
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DISCUSSION

The disinfectant Phytoclean was effective against
Bd but not against Ma at the lower concentrations
used widely for control of Pc. The manufacturers
recommend 2% Phytoclean is used for >30 s when
washing down machinery and cleaning benches
and tools, and recommend 10% Phytoclean for foot
baths (Phytoclean website: www.phytoclean. com.au/,
accessed 2009). These concentrations are both well
above the level effective against Bd as 0.075% will
kill sporangia within 30 s. However, the lower rec-
ommended exposure (2% for 30 s) is not effective
against cultures of Ma, which re quired at least 5%
for 30 s. If standard recommendations for footbaths
(10% Phytoclean) are followed, all 3 pathogens
will be killed. Phytoclean is already in use in Tas-
mania, particularly for Phytophthora control in
conservation areas. It is non- corrosive and there
have been no reports of it degrading or damaging
equipment (T. Rudman pers. comm.).

Forexpan S fire foam has only minor potential for
controlling Bd. Forexpan S at a concentration of 1%
for at least 1 min killed Bd, but Ma was not affected
by 1% Forexpan S, even after 5 min. The fire foam
is recommended to be used at between 0.1 and
1%, and is typically added to the water once spray-
ing commences (A. Pyrke, DPIPWE, Hobart, pers.
comm.). Therefore, it has a short exposure time
(<30 s) before the water enters the environment.
However, if a helicopter is used to fight fires, the
exposure time was estimated at 5 min, which would
kill Bd if a consistent concentration of 1% was
achieved. The high temperatures associated with a

bush fire would be expected to kill
both fungi, particularly Bd, which dies
at 37°C within 4 h (Johnson et al.
2003). However, while water landing
on the fire would be sterilised, there is
concern regarding run-off of cold
water, which highlights the need for
investigation into fungicides to add to
water used for fire fighting.

F10sc is an effective disinfectant
against Bd at concentrations as low as
0.033% for 1 min (Webb et al. 2007).
Unfortunately F10sc was not as effec-
tive against Ma, and the manufac-
turer’s lengthy recommended proto-
cols did not completely kill both Ma
strains. To determine the MLC for Ma
requires further work.

Path-X is an agricultural disinfec-
tant and the active ingredient is a quaternary ammo-
nium compound. Path-X is recommended to be used
at a concentration of 1% for at least 10 min for gen-
eral disinfection of equipment and hands and for use
in foot baths. This protocol is effective against Ma
and Bd (Webb et al. 2007), which were killed at con-
centrations of 1 and 0.0001%, respectively. Path-X
has not yet been tested against Pc, but it is likely to
be effective since other quaternary ammonium com-
pounds were shown to inhibit Pc at low exposures
(Noske & Shearer 1985).

Table 2 summarizes disinfectant protocols effective
against cultured Bd and Ma, using data from the pre-
sent study and previous work. At present, Phytoclean
appears to be the best choice as it is known to be
effective against all 3 fungi, is already used widely,
works rapidly and is non-corrosive (Material Safety
Data Sheet No. 24-7755, Chemwatch CD 2010/1).
Currently established protocols for Pc also kill Bd,
but for them to also be effective against Ma requires
increasing the time required for the washdown and
instrument cleaning. As 5% Phytoclean for 30 s
killed cultures of Ma, we suggest applying 5% Phy-
toclean for 1 min or 10% for 30 s.

The MIC and MLC in this study refer to in vitro test-
ing, using pure fungal cultures and sterile materials.
As soil and organic matter can interfere with disinfec-
tion, higher concentrations and exposure times should
be used in the field, after first washing equipment to
remove dirt. Bd is difficult to culture from non-sterile
substrates, so testing its survival in real-world situa-
tions, such as on used equipment, is problematic.

All 3 disinfectants tested here are human irritants
and as they are toxic to aquatic organisms disposal
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Disinfectant Bd Ma
MLC Exposure MLC Exposure

(%) (ml l−1) time (%) (ml l−1) time
(min) (min)

Phytoclean 0.075 0.75 0.5 5 50 0.5
Forexpan S 1 10 2 ne
F10sc 0.033a 0.33 1a ne
Path-X 0.001b 0.01 0.5b 1 10 5

0.0001b 0.001 2b

aFrom Webb et al. (2007); bFrom Johnson et al. (2003)

Table 2. Summary of disinfectant protocols effective against cultured Batra-
chochytrium dendrobatidis (Bd) and Mucor amphibiorum (Ma), using data
from the present study and from previous work. Higher exposure concentra-
tions or times should be used in applied situations. Concentrations refer to di-
lutions of the commercial compounds, not active ingredients. MLC: minimum
lethal concentration; ne: not effective (<100% efficacy at maximum concen-

trations and times tested; see Table 1)
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into the environment, especially water bodies, should
be avoided. Disinfectants can be applied to equip-
ment and then rinsed to reduce environmental cont-
amination. Further work should compare sublethal
effects of low concentrations on tadpoles and other
aquatic organisms. For example Schmidt et al. (2009)
showed that bleach is highly toxic to tadpoles and
zooplankton and recommended Virkon S as a safer
disinfectant for field use. As Virkon S is effective
against Bd (Johnson et al. 2003), it could also be tri-
alled against Ma and Pc.

The susceptibility of Ma to chemical disinfection
differed between the strains. The negative mating
strain 40.50 was more susceptible to Phytoclean,
F10sc and Path-X. Infection experiments using toads
have suggested that the positive strains of Ma are
also more pathogenic and cause more severe infec-
tions. The reason may be that positive strains pro-
duce more spherules containing daughter cells
(Stewart & Munday 2005). The positive mating type
of a plant pathogen, Mucor piriformis, was also more
pathogenic and caused larger lesions than did the
negative mating type (Michailides & Spotts 1986).
Another reason for differences in susceptibility
between the strains of Ma could be related to their
origin (amphibian versus platypus), which is associ-
ated with genetic differences (Connolly et al. 2010).

Our sensitivity trials for Ma only tested the actively
growing hyphae and sporangiospores (asexual re -
production). Zygospores (sexual reproduction) are
assumed to be absent from Tasmania as only the pos-
itive mating strain has been isolated, despite numer-
ous culture attempts from samples including pla -
typus ulcers, frog faeces, soil, water and ticks
(Connolly et al. 1998, Stewart & Munday 2005). How-
ever, both strains do occur in mainland Australia so
further work should test the resistance of zygospores
to chemical disinfectants.

CONCLUSION

From this study and previous work (Johnson et al.
2003, Webb et al. 2007), we conclude Phytoclean and
Path-X are highly effective against Bd and moderate
levels kill Ma. F10sc was effective against Bd but not
Ma when the manufacturer’s directions were fol-
lowed. Forexpan S only killed Bd when the exposure
was higher than is typically used for fire fighting. Out
of the 4 compounds tested, Phytoclean appears the
most useful as it acts rapidly, and current protocols for
Pc are effective against Bd and could be modified to
be effective against Ma. In future, Path-X could be

tested against Pc in case this is an alternative disin-
fectant for all 3 fungi. This knowledge is key to devel-
oping hygiene protocols that will reduce the risk of
spreading pathogens to new wilderness areas, for ex-
ample in washdown stations for bush walkers, field
biologists and forestry or fire-fighting operations.
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