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Abstract: The spread of the amphibian chytrid fungus Batrachochytrium dendrobatidis, which causes the disease chy-
tridiomycosis, has resulted in amphibian declines and extinctions worldwide. Some susceptible amphibian species can persist in
contaminated habitats, prompting the hypothesis that B. dendrobatidis might be sensitive to heavy metals. We tested a panel of
12 metals to rank their toxicity to B. dendrobatidis zoospores and zoosporangia during a 6-h exposure. To better understand the
mechanism for metal detoxification, we also evaluated whether glutathione is required for metal tolerance by depleting cellular
glutathione before metal exposure. In addition, we investigated whether prior exposure to low metal concentrations impacted
tolerance of subsequent exposure, as well as identifying metal combinations that may act synergistically. Silver (Ag), cadmium
(Cd), and copper (Cu) were particularly toxic to B. dendrobatidis, with zoospore minimum lethal concentration values of 0.01 mM
(Ag), 0.025mM (Cd), and 0.5mM (Cu). These three metals along with zinc (Zn) were also inhibitory to zoosporangia, with
minimum inhibitory concentration values of 0.005mM (Ag), 0.04 mM (Cd), 0.075mM (Cu), and 0.04 mM (Zn). The fungicidal
effects of several metals was reduced when assays were conducted in nutrient medium compared with synthetic pond water,
highlighting the need for careful in vitro assay design and interpretation. Glutathione depletion strongly influenced tolerance of
Cd and Ag (85% and 75% less growth, respectively) and moderately influenced tolerance of Cu, Zn, and lead (37%, 18%, and
14% less growth, respectively), indicating the importance of glutathione for metal detoxification. In general, the minimum metal
concentrations that inhibited growth of B. dendrobatidis far exceeded values detected in contaminated amphibian habitats in
Australia, suggesting that metal contamination alone may not have a strong protective effect against chytridiomycosis. We
discuss future research directions to futher understand the potential for dissolved metals to create chytrid refuges. Environ
Toxicol Chem 2024;43:1583-1591. © 2024 The Authors. Environmental Toxicology and Chemistry published by Wiley Peri-
odicals LLC on behalf of SETAC.
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B. salamandrivorans. Chytrids are characterized by their unwalled
motile flagellated zoospores, which allow dispersal through moist
environments. The short-lived zoospores of B. dendrobatidis are
attracted to the host epidermis by chemotaxis (Thekkiniath
et al., 2013) and then penetrate the skin via a germ tube
(Greenspan et al., 2012), before developing into zoosporangia.

INTRODUCTION

The Chytridiomycota, or “chytrids,” are a group of ancient,
early diverging fungi found in almost every environment on earth
(Longcore & Simmons, 2020). Most chytrids are saprobes; how-
ever, there are some parasitic species which infect plants, algae,
and insects (Gleason et al., 2008). Only two species are known to

N . o Mature zoosporangia divide asexually into infective zoospores,
parasitize vertebrates, Batrachochytrium dendrobatidis, the am- P d y P

which are released into the environment via discharge tubes. As

phibian chytrid fungus, and its salamander-infecting sister species
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disease burdens increase, host skin function decreases, leading
to electrolyte imbalance and cardiac arrest.

Chytridiomycosis due to B. dendrobatidis has been named
the worst disease of wildlife (Skerratt et al., 2007), having caused
severe declines and extinctions in hundreds of amphibian spe-
cies. Its epidemiology is strongly influenced by temperature
(Bradley et al., 2019; Greenspan et al., 2017); however, the in-
teraction between chytrid fungi and the chemical properties of
aquatic environments could also drive infection dynamics.
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Batrachochytrium dendrobatidis is sensitive to salt (Stockwell
et al., 2012), and elevated water salinity is associated with lower
disease prevalence and transmission in both experimental
(Clulow et al., 2018) and natural (Heard et al., 2014) settings,
giving rise to the idea of “salt refuges” (Stockwell et al., 2015).
The perplexing observations that vulnerable green and golden
bell frogs (Litoria aurea) can thrive in highly disturbed habitats,
such as disused quarries (White & Pyke, 2014), and that am-
phibian species richness can be higher in polluted urban areas
(Lane & Burgin, 2008) prompted the suspicion that B. den-
drobatidis might be sensitive to metal contamination (Depart-
ment of Environment and Heritage, 2006; Threlfall et al., 2008).
Two metals, copper (Cu) and zinc (Zn), have been shown to in-
hibit in vitro growth of B. dendrobatidis (Boisvert & Davidson,
2011; Threlfall et al., 2008); and Cu can reduce disease in in-
fected hosts (Parris & Baud, 2004). The effect of other metals is
unknown, but if they suppress B. dendrobatidis growth more so
than amphibian health, contaminated habitats may provide
“metal refuges” from chytridiomycosis.

The toxic effect of heavy metals appears largely due to the
induction of oxidative stress (Wysocki & Tamas, 2010), and
therefore it is not surprising that the antioxidant glutathione
can be protective (Jozefczak et al., 2012). Glutathione also
possesses a thiol group with high metal affinity, allowing de-
toxification via chelation and sequestration (Pdcsi et al., 2004).
Glutathione is important during cadmium (Cd) stress in
B. dendrobatidis (Webb et al., 2024), but the role of gluta-
thione in the tolerance of other metals is unknown. Because Cd
stimulates a rapid increase in cellular glutathione (Webb
et al., 2024), it is possible that pre-exposure to metal might
prime cells and protect against future metal stress.

In the present study, we investigated the sensitivity of
B. dendrobatidis zoospores and zoosporangia to a panel of
12 metals. The minimum lethal concentration (MLC) for zoo-
spores is an indication of metal concentrations which may pre-
vent disease transmission. In zoosporangia, which are often more
resistant, we determined the minimum inhibitory concentration
(MIC) as an indication of metal concentrations which may prevent
or reduce disease progression. Because environmental heavy
metals are unlikely to occur in isolation, we also investigated
whether exposure to a mix of two metals produces a synergistic
effect. Previous studies of metal susceptibility involved exposing
B. dendrobatidis to metals in a nutrient-rich growth medium
(Threlfall et al., 2008), which may not represent realistic am-
phibian habitats. Therefore, we tested the effect of exposure
medium on metal toxicity, comparing growth medium to syn-
thetic pond water. Finally, we established whether tolerance of
each metal involves the glutathione system by depleting cellular
glutathione before metal exposure and whether metal pre-
exposure can prime B. dendrobatidis cells for increased metal
tolerance.

METHODS
B. dendrobatidis culture

The three B. dendrobatidis cultures used in the present
study were isolated from two naturally infected wild frogs

collected from remote, sparsely populated locations and from
an invasive newt collected from an urban site: a whistling tree
frog (#46 Waste point—Litoria verreauxii—5-2013-LB,RW), a
Victorian smooth froglet (#107 Eildon—Geocrinia victoriana—
2022-RW), and a smooth newt (#109 Melbourne—Lissotriton
vulgaris—2023-LB) following standard protocols (Fisher
et al., 2018; Waddle et al., 2018). Cultures were maintained in
tryptone—gelatin hydrolysate—lactose (TGhL) medium in 75-cm?
culture flasks (TPP) following standard in vitro protocols
(Longcore et al., 1999; Robinson et al., 2020).

Growth assays

Two assays were used to estimate growth: a methylene blue
assay, which is an inexpensive method based on cell volume, and
BacTitre-Glo, a commercial kit assay based on levels of adenine
triphosphate (ATP). The methylene blue assay is a modified
version of a cell viability assay (Webb et al., 2019) used for MIC
determination. After exposure to metals, medium was removed,
and cells were fixed with 70% ethanol for 1 min. The cells were
stained with 0.2 mg/mL methylene blue for 1 min, followed by
gentle washing with water to remove traces of dye. The dye was
eluted using hydrochloric acid (HCI), with 40 uL 0.1 M HCl added
per well, and incubated for 15 min; the HCl was transferred to a
new 96-well plate and absorbance measured at 650 nM using an
Omega Polarstar spectrophotometer (using 0.1M HCl as a
blank). The amount of growth was determined as relative to the
untreated control after subtracting the value of the negative
control. The BacTitre-Glo assay (Promega) is an ATP cell viability
assay which can detect subtle differences in B. dendrobatidis
growth (Webb et al., 2024). Cell growth was measured per the
manufacturer's instructions. Growth was calculated from the
blank-corrected relative light units as relative to the average
control value.

Metals

Metal solutions were prepared by dissolving metal salts in
MilliQ water, followed by filter sterilization and stored in glass
vials at 4°C. The metals used were silver as AgNO3 (Sigma),
aluminum as AICl3 x 6H,O (BHD), barium as BaCl, x 2H,O
(Univar), Cd as CdCl, (Sigma), cobalt (Il) as CoCl, x 6H,O
(Merck), Cu (Il) as CuCl; (Sigma), chromium (ll) as CrCl, (Sigma),
iron (lll) as FeCl3 x 6H,O (Sigma), manganese (Il) as MnCl, x
4H,0, nickel (Il) as Ni04S x 7H,O (Fluka), lead (ll) as Pb(NOs3),
(Sigma), and Zn as ZnCl, (Sigma). Metal concentrations for each
experiment are listed in the Supporting Information. We used
metal chlorides where possible because this form is commonly
found in the environment.

Toxicity of individual metals to zoospores

The acute toxicity of each metal was determined by exposing
zoospores to a range of metal concentrations for 30min,
adapting a method from Berger et al. (2009). Pure zoospore
suspensions were obtained by removing the TGhL medium from
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mature flasks and incubating the zoosporangia monolayer with
sterile dilute salt (DS) solution (Cashins et al., 2013), pH 6.7, for
approximately 2h (Prostak & Fritz-Laylin, 2021; Robinson
et al., 2020). The zoospore solution was syringe-filtered using a
10-pm isopore filter (Millipore) to exclude zoosporangia and
concentrated by centrifugation at 2500 g for 5 min. Zoospores
(5x10* in 100 uL) were added to 96-well plates along with the
relevant metal, with two replicate wells per concentration. After
30-min incubation, wells were observed under an inverted mi-
croscope (CK2 Olympus), and zoospore viability was ranked
based on movement compared to the control. The MLC was
designated as the lowest concentration with no zoospore
movement after 30 min. Zoospores were observed again after
24h to confirm lack of growth. Zoospore MLC values were
tested using Isolate #107 for all metals, and a subset of metals
were also tested on Isolates #46 and #109.

Toxicity of individual metals to zoosporangia

The MIC of each metal was determined by exposing zoo-
sporangia to metal solutions for 6 h and then monitoring growth.
Zoospores were added to 96-well plates at 5 x 10% zoospores per
well and incubated at 20°C in TGhL overnight to encyst into
zoosporangia. Excess TGhL medium was removed, and the ad-
hered cells were gently washed with sterile DS. Two replicate
wells were exposed to each concentration of metal in 200 uL DS
and incubated at 20 °C. Concentrations for each metal are listed
in Supporting Information, Figure S5. After é6h, 20 uL of 10 x
TGhL solution was added, and the plates were incubated at
20°C. Positive (DS only) and negative (70% ethanol) controls
were included. After 48 h, cells were observed under an inverted
microscope, and growth was calculated relative to the control
using a modified methylene blue assay (Webb et al., 2019). The
MIC was determined as the lowest concentration in which growth
did not differ from the negative control (Rollins-Smith et al.,
2002). The MIC values for all metals were determined using
Isolate #107, and a subset of metals were tested on Isolates #46
and #109. We also quantified the lowest concentration where
zoosporangia started to display negative effects (e.g., stunted
growth or large vacuoles), using the MIC graphs in combination
with light microscopic observations. We have termed this point
the “minimum effect concentration” (MEC). Exposure to the
MEC will produce mild growth inhibition.

Effect of media on metal toxicity

To test whether the exposure solution influenced toxicity,
one concentration (2 X MIC) was chosen for each metal and
formulated in TGhL nutrient medium (pH 7.2) and DS (pH 6.7).
Zoospores were added to 96-well plates at 5x 10% zoospores
per well and incubated at 20 °C overnight to encyst into zoo-
sporangia. Excess TGhL medium was removed, cells were
washed with DS, and 200 uL metal solution was added in either
TGhL or DS. After 6 h, metal solutions were removed and re-
placed with fresh TGhL medium, and the cells were incubated
at 20 °C overnight. Relative growth was measured using the

BacTitre-Glo assay, calculated as the growth in TGhL divided
by the growth in DS for each metal pair.

Metal interactions and toxicity to zoosporangia

Because environmental metals rarely occur in isolation, the
toxicity of metal mixtures was compared to single-metal ex-
posures on zoosporangia. A subset of seven metals was chosen
to produce six pairs. For each pair combination, cells were ex-
posed to the two metals each at 50% MEC, as well as individually
at 100% MEC. Zoospores were added to 96-well plates at 5 x 10*
zoospores per well and incubated at 20 °C ovemight to encyst
into zoosporangia. Excess TGhL medium was removed, and the
adhered cells were gently washed with sterile DS. Zoosporangia
were exposed to single- or combined-metal solutions in 200 uL
DS and incubated at 20 °C. After 6 h, 20 uL of 10 x TGhL solution
was added, and the plates were incubated at 20 °C. Growth was
measured at 48 h using the BacTitre-Glo assay. Metal interactions
were characterized using the “excess over Bliss” approach (Liu
et al.,, 2018), in which synergistic interactions are defined as
producing a greater effect than the additive effect of each metal
individually (e.g., less growth in mix compared to alone S<0).
Similarly, antagonistic interactions are those in which the two
metals produce a reduced effect compared to each metal in-
dividually (S>0); Garza-Cervantes et al., 2017; Hegreness
et al., 2008).

S = (Metalt™ x 2) — (Metal® + Metal?)

Role of glutathione in metal tolerance

The requirement of glutathione for tolerance of each metal
was determined by depleting cellular glutathione before
metal exposure. Zoosporangia were prepared as previously
described, before exposure to 30 mM buthionine sulfoximine
(BSO; Sigma) for 6h to deplete cellular glutathione (Webb
et al., 2024). After BSO treatment, all traces of media/BSO were
removed and replaced with 150 uL metal DS solution corre-
sponding to the MEC for each metal. After 6-h incubation
at 20°C, 20 uL 10 x TGhL and 30 uL 200 MM BSO were added
and the plates returned to 20 °C. Growth was quantified using
the BacTitre-Glo assay after 48 h, and two-way analysis of var-
iance (GraphPad Prism) used to determine if the interaction
between metal and BSO differed from the control. Buthionine
sulfoximine is only minimally effective against zoospores (Webb
et al., 2024); therefore, glutathione depletion experiments can
only be conducted using zoosporangia.

Adaptation of zoosporangia to metal stress

The ability of B. dendrobatidis to adapt to metal stress was
explored by exposing cells to a high metal concentration fol-
lowing preexposure to a low metal concentration. A subset of six
metals was chosen, representing both glutathione-dependent
(Ag, Zn, Cu, Cd) and -independent (Ni, Co, Al) tolerance mech-
anisms, as identified in the above BSO experiments.

wileyonlinelibrary.com/ETC
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Zoosporangia were prepared as previously described, then ex-
posed to 200 pL metal in DS at 50% MEC for 6 h, after which the
metal solution was removed, and cells were allowed to recover in
TGhL overnight. The following day preexposed and naive cells
were exposed to 200 uL metal solution at 150% MEC for 6 h.
Growth was quantified using the BacTitre-Glo assay after 48 h,
and independent t tests (Prism, Ver. 9) were used to determine if
pretreated cells displayed increased metal tolerance (p < 0.05).

RESULTS

Toxicity of individual metals to zoospores and
zoosporangia

Twelve metals were tested against B. dendrobatidis for acute
toxicity (MLC) in zoospores and inhibition of growth in zoospor-
angia (MEC and MIC; Table 1). The most toxic metal was Ag,
causing almost instant zoospore death and a zoosporangia MIC
value in the micromolar range; Cd, Cu, and Zn followed with MIC
and/or MLC values of <0.1 mM. The metals Mn and Ba were not
toxic to B. dendrobatidis and did not cause complete growth
inhibition or zoospore death at any of the concentrations tested.
A subset of metals (Cu, Zn, Pb, Ni, and Cr) was retested with two
additional B. dendrobatidis isolates, which were mostly in
agreement, except lIsolate #46 was more resistant to Cu
(Supporting Information, Figures S7 and S8).

Metal interactions and toxicity to zoosporangia
Experiments with six metal pairs indicated that metal toxicity
did not drastically change when another metal was present
(Figure 1). Mild synergistic interactions (S<0) were observed
between Ag/Cd, Cu/Zn, and Cu/Ni, whereas mild antagonistic

TABLE 1: Toxicity of 12 metals to Batrachochytrium dendrobatidis

MIC MLC BSO Media
Metal Mass MEC (mM) (mM) (mM) effect effect
Silver (Ag) 107 0.00085 0.005 0.01 ++ ++
Cadmium (Cd) 112 0.0075 0.04 0.025 ++ ++
Copper 63 0.01 0.075 05 + ++
(I (Cu)
Zinc (Zn) 65 0.02 0.04 >2 + +
Chromium 51 0.075 0.5 >2 - -
(1N (Cr)
Cobalt (Il) (Co) 58 0.04 0.5 >2 - ++
Nickle (1) (Ni) 58 0.15 1 >2 - +
Iron (ll) (Fe) 55 0.4 >2 0.5 - -
Aluminum (Al) 26 1 >2 0.4 - -
Lead (Il) (Pb) 207 1.5 >2 >2 + ++
Manganese 54 1.5 >2 >2 - -
(1) (Mn)
Barium (Ba) 137 5 >2 >2 - -

The effect of pre-exposure to BSO (a glutathione inhibitor) on growth indicates
whether glutathione is important for metal tolerance. The media effect indicates
the size of the reduction in toxicity of each metal when delivered in
tryptone-gelatin hydrolysate-lactose medium compared to the dilute salt sol-
ution used as our standard.

MEC = minimum effect concentration (6-h exposure causes a noticeable negative
effect on zoosporangia); MIC = minimum inhibitory concentration (6-h exposure
inhibits growth of zoosporangia); MLC =minimum lethal concentration (lack of
zoospore motility within 30 min); BSO = buthionine sulfoximine; ++ =major ef-
fect; + =minor effect; — =little or no effect.
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FIGURE 1: Effect of metal combinations on Batrachochytrium den-
drobatidis zoosporangia. Zoosporangia were exposed to a mixture of
two metals at 50% minimum effect concentration (MEC) and compared
to exposure to each metal separately at 100% MEC. Bars represent
growth relative to the untreated control of two replicate wells per
condition. Mild synergistic effects were observed for Ag/Cd, Cu/Zn,
and Cu/Ni, whereas mild antagonistic effects were observed for Ag/Pb.
No interaction (additive effect) was observed for Cd/Zn and Co/Ni.

interactions (S>0) were observed in Ag/Pb. No interaction
(additive effect, S=0) was observed for Cd/Zn and Co/Ni
(Supporting Information, Figure Sé).

Effect of medium on metal toxicity

The exposure medium affected toxicity in all 12 metals
tested to various degrees (Figure 2). All metals were less toxic
when diluted in TGhL, but this was most apparent in Ag, Pb,
Co, Cu, and Cd. The toxicity of Cr, Mn, and Al was only slightly
reduced in TGhL compared to DS.

Role of glutathione in metal tolerance

Buthionine sulfoximine was used to inhibit glutathione syn-
thesis in cells prior to metal exposure to detect changes in
metal tolerance due to glutathione depletion (Figure 3). Both
Ag and Cd were significantly more toxic to glutathione-
depleted zoosporangia (Ag Fu7=32.75, p=0.0007; Cd
F1,8y=40.16, p=0.0002). Cells treated with BSO displayed
severely stunted growth compared to cells exposed to Ag or
Cd only (85% and 75% less growth, respectively). The metals
Cu, Zn, and Pb were also more toxic to BSO-treated cells, al-
though the effect was smaller (37%, 18%, and 14% less growth,
respectively; Cu Fy,=7.336, p=0.0267; Zn F4g=10.01,
p=0.0133; Pb F1,5=9.710, p=0.0145).

Adaptation of zoosporangia to metal stress

Cells were exposed to low metal concentrations to investigate
whether this primes cells against future metal challenges. Seven
metals were investigated, including four which were influenced
by glutathione (Ag, Zn, Cu, Cd) and three which were not (Ni, Co,
Al). In all cases except Co, pre-exposed cells were significantly
more sensitive when challenged with high metal concentrations

© 2024 The Authors
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FIGURE 2: Relative growth of Batrachochytrium dendrobatidis ex-
posed to metal in tryptone-gelatin hydrolysate-lactose (TGhL) liquid
medium compared to the same concentration in dilute salt (DS) sol-
ution. All metals were less toxic when delivered in TGhL growth me-
dium relative to DS solution.

(Figure 4). Cells pre-exposed to glutathione-dependent metals
had an average of 90%, 36%, 51%, and 53% less growth com-
pared to naive cells for Ag, Cd, Cu, and Zn, respectively. Pre-
exposure to glutathione-independent metals resulted in 39%,
11%, and 43% less growth for Ni, Co, and Al, respectively.

DISCUSSION

Our results show that B. dendrobatidis varies in susceptibility
to 12 metals commonly encountered in the environment. Most
metals produced a typical dose response curve, indicating a lack
of the hormetic effect sometimes reported for low metal con-
centrations (Gajewska et al., 2022; Morkunas et al., 2018). The
only exception was Cu, in which a low conconcentrations resulted
in slightly increased growth. Silver was the most toxic metal to B.
dendrobatidis zoospores and zoosporangia, followed by Cd, Cu,
and Zn. Silver is well known for its antimicrobial properties
(Clement & Jarrett, 1994) and is especially toxic toward aquatic
organisms. Our results align with previous work that established
that B. dendrobatidis is sensitive to Cu (Boisvert & Da-
vidson, 2011; Deknock et al., 2022), with reported inhibitory
concentrations of CuSO, at 200 ppm (~1.2mM). Interestingly,
the toxicity of the four most toxic metals was influenced by
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FIGURE 3: The effect of glutathione depletion on metal tolerance in
Batrachochytrium dendrobatidis. Zoosporangia pretreated with bu-
thionine sulfoximine (a glutathione inhibitor) were more sensitive to Ag
and Cd and slightly more sensitive to Cu, Zn, and Pb. Mean growth
relative to the control calculated from three replicates. Error bars
represent SD: *p <0.05; ***p <0.001. GSH = glutathione.

FIGURE 4: The effect of pretreatment on metal tolerance of Ba-
trachochytrium dendrobatidis. Zoosporangia pretreated with low-level
metal exposure did not display increased tolerance of subsequent
metal exposure, regardless of whether tolerance involves glutathione.
Mean growth relative to the control calculated from three replicates.
Error bars represent SD: *p < 0.05; **p <0.01. GSH = glutathione.

glutathione availability. These metals also tended to be those
with the heaviest mass (Table 1).

Zoosporangia under glutathione deprivation were very sus-
ceptible to Cd and Ag, with 75% to 85% less growth in cells
preexposed to BSO. Tolerance of the next two most toxic metals,
Cu and Zn, also appears to involve glutathione, with 18% to 37%
less growth in response to glutathione depletion. The Pb toler-
ance was also slightly lower in BSO-treated cells. The importance
of glutathione during Cd detoxification has been well docu-
mented in many fungi. Glutathione can remove Cd by either
forming a complex directly or serving as a precursor for a phy-
tochelatin complex, before exportation to a vacuole (Cobbett &
Goldsbrough, 2002; Li et al., 1996). Fungi respond to Cd ex-
posure by upregulating glutathione production (Khullar & Reddy,
2019; Vido et al, 2001) and glutathione deficiency results
in increased Cd susceptibility (Clemens et al., 1999; Glaeser
et al, 1991; Gutiérrez-Escobedo et al., 2013; Khullar &
Reddy, 2019; Mutoh & Hayashi, 1988; Prévéral et al., 2006). The
role of glutathione in Ag, Cu, and Zn detoxification in B. den-
drobatidis is less consistent with reports from other fungal spe-
cies. Tolerance of Ag stress can involve glutathione (Fraser et al.,
2002) but is more frequently associated with metallothioneins,
which are another class of thiols (Osobova et al., 2011; Robinson
et al., 2021). Glutathione was not required for Cu or Zn tolerance
in Saccharomyces cerevisiae (Gharieb & Gadd, 2004), although
glutathione was associated with tolerance of both Cu (Germann
& Lerch, 1987) and Zn (Rama Rao et al., 1997) in Neurospora
crassa. In B. dendrobatidis, the strong growth inhibition after Cd
and Ag exposure indicates that glutathione might be solely re-
sponsible for the detoxification of these two metals, whereas
the mild growth inhibition after Cu, Zn, and Pb suggests that
B. dendrobatidis might employ alternative mechanisms for their
clearance. In the present study we tested three B. dendrobatidis
isolates and found some variation in metal tolerance, especially
regarding Cu. This highlights the importance of expanding in
vitro assays to include multiple isolates if possible. Because Cu is
a common contaminant of freshwater systems (Eisler, 1998), un-
derstanding the mechanism of increased Cu tolerance warrants
further investigation.
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Previous research has found that Cd exposure stimulates a
rapid increase in cellular glutathione concentration, with a
doubling in total glutathione 24 h after Cd exposure (Webb
et al., 2024). Therefore, we reasoned that metal pretreatment
might prime cells for subsequent metal challenges via an
increase in glutathione. However, we found that cells pre-
exposed to low levels of metal were more susceptible to metal
stress. This was most pronounced in the glutathione-
dependent metals such as Ag, Zn, and Cu, suggesting that
perhaps glutathione supplies were exhausted by the first ex-
posure. Future work could investigate whether supplementa-
tion with glutathione precursors such as cystine or methionine
(Wang et al., 1997) could alleviate the constraints of increased
glutathione synthesis, and therefore increase metal tolerance
via priming, or whether long-term exposure over multiple
generations can produce evolution of metal tolerance.

Realistic environmental conditions are likely to contain mul-
tiple metals, so we assessed six pairs of metals to investigate
whether metal interactions might change toxicity. We particularly
wanted to investigate whether metal combinations would pro-
duce unpredictable synergistic effects compromising the ap-
plicability of our in vitro MIC values (Table 1). Selection of metal
ions was based on their co-existence in natural systems and
similarities in their hydrogeochemical and crystal chemical be-
haviors. The metal pairs based on common co-occurrence were
Ag/Pb, Zn/Cd, and Cu/Zn. We also chose metals that are struc-
turally similar (e.g., Co/Ni and Cd/Zn) or that might compete for
glutathione (Ag/Cd and Ag/Pb). We found no indication of dra-
matic interactions between any of the six metal pairs tested.

Instead, the effect on growth generally followed an additive
pattern; for example, 50% Cd + 50% Zn provided the same in-
hibitory effect as 100% Cd or 100% Zn. Therefore, total metal
concentration is a key parameter for prediction of B. den-
drobatidis growth inhibition, and the concentration of all metals
should be considered. The only metal pair showing signs of a
noticable synergistic relationship was Ag/Cd. Because tolerance
of both of these metals is glutathione-dependent, it is possible
that this is due to glutathione competition. This initial inves-
tigation of possible synergistic effects could be expanded by
testing multiple pairwise combinations at different concen-
trations or proportions (Garza-Cervantes et al., 2017).

We found that the choice of exposure medium can drasti-
cally change the results of in vitro metal sensitivity assays.
There was a large discrepancy between the toxicity of Ag, Pb,
Co, and Cu delivered in a pond water substitute compared to
an artificial nutrient broth. Previous studies using TGhL may
therefore have underestimated the effect of metals such as Cu
on B. dendrobatidis. It must be noted that TGhL is slightly
alkaline and DS slightly acidic, and although this is well within
the range that B. dendrobatidis can tolerate (Piotrowski
et al., 2004), the difference in pH may account for some of the
observed difference in metal toxicity between the two ex-
posure media. This highlights the need for careful consid-
eration of experimental design and interpretation of results.

Comparing the metal sensitivity of B. dendrobatidis to other
fungal species is difficult because many studies have been biased
toward highly tolerant species collected from contaminated
sites, often with the aim of bioremediation (Zafar et al., 2007).

TABLE 2: Inhibitory concentrations of metals for Batrachochytrium dendrobatidis in context of levels (1) detected in amphibian habitats, (2) listed as
safe in Australian freshwater guidelines, and (3) that are lethal to amphibians

Bd MEC/MLC from the

Range in habitat (uM;

Metal present study (uM) Threlfall et al., 2008) 99%—-80% ANZECC (uM) Amphibian 96-h LC50 (uM)
Ag 0.85 0.009 0.0002 0.04 (Khangarot & Ray, 1987)
10 0.019 0.002 0.23 (Khangarot et al., 1985)
Al 1000 0.462 1.038 9
400 126 5.769 38 (Freda, 1991)
Cd 7.5 0.009 0.001 0.3
25 0.007 4.5 (Brutyn et al., 2012)
Cr 75 0.020 NA
>2000 0.137
Cu 10 0.032 0.016 0.3
50 1.4 0.040 25 (Freda, 1991)
Fe 400 0.545 NA 35 (Schuytema & Nebeker, 1996)
500 64
Mn 150 0.130 22.222
>2000 20 66.667
Ni 150 0.017 0.138
>2000 0.138 0.293
Pb 1500 0.005 0.005 77 (Enuneku & Ezemonye, 2012)
>2000 0.184 0.045
Zn 20 0.169 0.037 20
>2000 16 0.477 500 (Schuytema &

Nebeker, 1996)

Total dissolved heavy metal concentrations detected in suspected chytrid refuge habitats in Australia, from Threlfall et al. (2008). Also included for context are the default
guideline values based on Australian and New Zealand Environment and Conservation Council and Agriculture and Resource Management Council of Australia and New
Zealand (2000) for 99% and 80% species protection and 96-h median lethal concentration values for various amphibian species. The concentration required to affect B.
dendrobatidis zoosporangia (MEC) or kill zoospores (MLC) far exceeded the habitat values for all metals except Al, Cu, and Zn.

Bd = Batrachochytrium dendrobatidis; MEC = minimum effect concentration; MLC = minimum lethal concentration; ANZECC = Australian and New Zealand Environment
and Conservation Council and Agriculture and Resource Management Council of Australia and New Zealand (2000); LC50 = median lethal concentration.
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In addition, our discovery that growth medium can substantially
affect susceptibility complicates comparisons between studies.
However, despite this, it appears that B. dendrobatidis is rela-
tively sensitive to metals because the MIC values are orders of
magnitude lower than those for similar species. For example, soil
chytrids from New South Wales, Australia, tolerated Cu and Zn at
levels 10 times higher than B. dendrobatidis (Henderson, 2018).
Likewise, the model yeast S. cerevisiae can tolerate 10 times
higher concentrations of Ag, Cu, and Cr (Prévéral et al., 2006).
Despite the sensitivity of B. dendrobatidis to metals, the levels
found in contaminated Australian sites where L. aurea persists do
not appear high enough to reduce disease. The maximum values
detected in L. aurea habitats (Threlfall et al., 2008) were well
below the MEC for most metals (Table 2), although the levels of
Al, Cu, and Zn approached inhibitory levels at one heavily con-
taminated site. Another related chytridiomycosis-susceptible bell
frog species, Litoria raniformis, also appears to persist in urban
environments prone to metal contamination via stormwater
runoff (B. Casey RMIT, personal communication, December 15,
2023). The concentrations of metals (Al, Cu, Fe, and Zn)
detected at these sites (B. Casey RMIT personal communication,
December 15, 2023) were also much lower than the values re-
quired to inhibit B. dendrobatidis in our in vitro assays. Am-
phibians are sensitive to heavy metal contamination (Ficken &
Bymne, 2013), and only Cu and Zn have B. dendrobatidis MEC
values lower than the highest median lethal concentration for
amphibian larvae (Table 2). There is some evidence that Cu can
influence B. dendrobatidis infection dynamics in the field; how-
ever, the results are inconsistent (Chew, in press). Our in vitro
experimental design necessitated an acute 6-h metal exposure,
and it is likely that chronic exposure could cause growth in-
hibition of B. dendrobatidis, or disrupt transmission, at lower
concentrations. Zoosporangia within the epidermis may also
experience higher than background concentrations as a result of
bioaccumulation, or alternatively they may be shielded from di-
rect contact with dissolved heavy metals by the host cells. In
addition, the bioavailability and toxicity of metals in the envi-
ronment will vary depending on numerous factors including the
major ion composition, presence of organic matter, pH, tem-
perature, coastal influence, and rainfall events. Therefore, the
present values cannot be directly extrapolated to the field but
are useful to indicate potential impacts of dissolved metals. Be-
cause water temperature and salinity are known to affect chy-
tridiomycosis dynamics, future work could investigate the
potential interplay of these factors. In addition, rather than pre-
pare metal solutions in the laboratory, future work could test the
chemical content and fungicidal effects of water collected from a
range of sources for a realistic assessment (Boisvert & Davidson,
2011). Measuring skin levels in wild frogs would assess the po-
tential for bioaccumulation to result in exposures above envi-
ronmental levels (Proki¢ et al., 2016). We found that total metal
concentration is a key parameter because of the additive in-
hibitory effect. However, the minimum concentrations observed
to impact B. dendrobatidis growth during acute exposure far
exceed the acceptable safe metal concentrations according to
Australian guidelines, as well as the concentrations detected
in habitats where susceptible amphibians persist. Further

investigation of the effect of chronic metal exposure in combi-
nation with enviromental variables is needed to resolve whether
dissolved metals have potential to create chytrid refuges.
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