
ResearchOnline@JCU 

This file is part of the following work:

Webb, Rebecca Jane (2022) Novel tools to reduce the virulence of

batrachochytrium dendrobatidis. PhD Thesis, James Cook University. 

Access to this file is available from:

https://doi.org/10.25903/ep88%2Dpf63

Copyright © 2022 Rebecca Jane Webb

The author has certified to JCU that they have made a reasonable effort to gain

permission and acknowledge the owners of any third party copyright material

included in this document. If you believe that this is not the case, please email

researchonline@jcu.edu.au

mailto:researchonline@jcu.edu.au?subject=ResearchOnline%20Thesis%20Incident%20


Novel tools against chytridiomycosis 

Novel tools to reduce the virulence of Batrachochytrium dendrobatidis  

 

 

 

A thesis submitted by 

Rebecca Jane Webb 

November 2022 

 

For the degree of 

Doctor of Philosophy in Medical and Molecular Science 

College of Public Health, Medical and Veterinary Sciences 

James Cook University 

 

 

 

  



Novel tools against chytridiomycosis 

 

 

 

 

 

 

 

 

 

 

In memory of Rick Speare 



Novel tools against chytridiomycosis i 
 

Acknowledgements 

I first want to thank my supervisors.  Alex Roberts has been my primary source of advice and 

assistance during my PhD. Alex taught me how to perform many laboratory protocols, and provided 

endless advice on how best to approach the challenges I have faced.  Her attention to detail has 

ensured the validity and integrity of my results. Best of all, she has been a kind, caring and 

approachable supervisor.  Lee Berger is a world leader in chytridiomycosis, and generously shares her 

extensive experience working with this fickle species.  Lee is also an excellent writer and has provided 

detailed edits and suggestions for this thesis, as well as publications and grants.  She has always 

believed in me and gone out of her way to help me succeed.  Lee Skerratt has very patiently helped 

me with statistical advice. Lee has provided a “big picture” perspective, and has been great facilitator 

for networking.  Catherine Rush came on board when my supervisory team moved away from JCU, 

and for that, I am very grateful. Coming from outside the field, Cathy has been a breath of fresh air 

and helped me think outside of the box.  Cathy also took on a lot of the administrative duties and 

paperwork. She has provided support, and was always a friendly face in the audience during my 

seminars and presentations.   

Next I want to thank my lab-mates, collaborators and JCU staff.  I’ve been lucky to work alongside 

some really great people.  Special thanks to Pacific Huynh, Sandip Kamath, Karen Reeks, Anthony 

Waddle and Sieara Claytor for helping me in the lab.  Thanks to all the One Health Research Group 

members, both past and present- I’m grateful to be part of such a fun and friendly team.  Particular 

thanks to Tiffany Kosch and Laura Brannelly for your guidance and friendship.  I also need to 

acknowledge the amazing staff at JCU, especially Tina Cornell and the HDR team at CPHMVS, the 

entire DTHM Doctoral Cohort team, plus AITHM staff and researchers.  I’m also very grateful to the 

scientists who have hosted me in their labs.  Big thanks to Lillian Fritz-Laylin and Andrew Swafford at 

the University of Massachusetts, Claudia Wierzbicki and Thomas Sewell at Imperial College London, 

Jamie Voyles at the University of Nevada and Karl-Heinz Kogel at Justus Liebig University.   

Finally I want to thank my friends and family.  Where would I be without you?  I am lucky to have a 

great bunch of friends who keep me motivated and who never tire of listening to me complain.  

Particularly Debbie Bower, my best friend, collaborator, mentor and inspiration.  My brothers have 

always been there with a beer and some loud music when I needed it.  My parents (and parents in 

law), thanks for your endless support, encouragement and “good vibes”.  And lastly, to Ben and Jello, 

who have been there with me every step of the way.  You have embiggened my thesis and my life. 

 



Novel tools against chytridiomycosis ii 
 

Statement of the Contribution of Others 

This thesis was sparked by Tiffany Kosch, Lee Berger and Lee Skerratt who first suggested that RNAi 

might be useful against amphibian chytridiomycosis.  Alex Roberts then wrote and received a Morris 

Animal Foundation pilot grant to develop RNAi methods, and the rest is history.  The majority of the 

project conception, experimental design, laboratory work and writing presented in this thesis was 

conducted by myself (RW), with guidance and editorial support from my supervisors (AR, LB, LS & 

CR).  The only exception is Chapter 5, in which some of the preliminary laboratory work, such as 

fungal isolation and nucleic acid extraction, was conducted by collaborators including Tiffany Kosch 

(TK), Marcia Merces (MM) and Anthony Waddle (AW), with additional field help from Deborah Bower 

(DB) and Benjamin Cuff (BC).  Illumina sequencing and analysis for this chapter was performed by 

Steve Wylie (SW).  

The laboratory work has primarily occurred at James Cook University (JCU).  Some of the pilot 

experiments in Chapter 4 were conducted at the University of Massachusetts- Amherst, with 

assistance from Lillian Fritz-Laylin and Andrew Swafford.   

Ethics approval was obtained through James Cook University (A2702 & A2595) and the University of 

New England (AEC19-064).  Permits to collect and transport wildlife were obtained from Western 

Australia Government Department of Biodiversity, Conservation and Attractions (F025000060), and 

Queensland Government department of Environment and Science (PTU19-002385). 

Financial support was received from James Cook University, Ecological Society of Australia, 

Australasian Mycological Society, European Molecular Biology Laboratory, University of Tennessee 

and the Australian Society of Herpetologists. 

 

Chapter 2- Viability assay 

RW conceived the project, conducted the laboratory work and wrote the manuscript.  AR, LB, LS and 

CR provided advice and editorial support.  This project was funded by RW’s James Cook University 

SSA funds.  

Chapter 3- Role of glutathione 

RW conceived the project, in consultation with AR.  RW wrote the grant, designed the experiments, 

conducted the laboratory work, analysed the results and wrote the manuscript.  AR provided support 

for data analysis.  AR, LB and CR provided advice and editorial support.  LS provided statistical 



Novel tools against chytridiomycosis iii 
 

support.  This project was funded by the Australasian Mycological Society (Research Award) 

“Glutathione biosynthesis in the amphibian fungus, Batrachochytrium dendrobatidis” with RW as PI. 

Chapter 4- RNAi 

AR and RW conceived the project and designed the experiments.  RW conducted the laboratory 

work, analysed the data and wrote the manuscript.  CR provided software and data analysis support. 

AR, LB and CR provided advice and editorial support.  This project was funded by the Morris Animal 

Foundation “Saving endangered frogs: Using RNA Interference to reduce the virulence of the frog-

killing fungus” with AR as PI, as well as The Ecological Society of Australia (Holsworth Wildlife 

Research Endowment) “Using RNA interference as a novel treatment for amphibian 

chytridiomycosis” with RW as PI.  Travel costs for training and conference attendance were funded 

by the European Molecular Biology Laboratory (short-term travel grant), University of Tennessee 

(travel grant) and James Cook University (HDRES), all with RW as PI. 

Chapter 5: Mycovirus 

LB and RW conceived the project and designed the experiments.  RW wrote the grants, applied for 

the wildlife collection permits, conducted most of the laboratory work and wrote the manuscript.  

RW, TK and MM conducted the preliminary laboratory work. SW conducted the illumina sequencing 

and analysis.  RW collected the majority of new fungal isolates, with field assistance from BC and DB. 

SW, LB and AW contributed the remaining fungi isolates.  AR, LB and CR provided advice and editorial 

support. LS provided statistical support.  This project was funded by the Australian Academy of 

Science (The Margaret Middleton Fund for endangered Australian native vertebrate animals) “A 

novel conservation tool for controlling chytridiomycosis in Australian amphibians”, and James Cook 

University (HDRES), both with RW as PI.  



Novel tools against chytridiomycosis iv 
 

Abstract 

 

The amphibian chytrid fungus, Batrachochytrium dendrobatidis, causes chytridiomycosis, a 

disease responsible for the decline and extinction of hundreds of amphibian species worldwide.  This 

skin infection compromises epidermal function, resulting in electrolyte imbalance and death via 

cardiac arrest. Since its discovery in the late 1990’s, strategies such as vaccination, antifungal 

therapeutics and skin biome augmentation have been trialled.  However, none provide broadly 

applicable or sustained mitigation, and amphibians continue to decline, with many species reliant on 

captive husbandry to prevent extinction.  The purpose of this thesis is to explore the feasibility of 

horticultural antifungal techniques as a novel tool against chytridiomycosis.  Gene silencing using 

RNA interference (RNAi), and viral biocontrol using mycoviruses are two techniques that can reduce 

pathogen virulence and increase host survival, and my thesis investigates application of these 

methods to chytridiomycosis.  To enable this work, I also assessed a putative virulence gene target, 

and developed an assay to measure the effect of these treatments.  

Chapter 2: Quantifying the reduction in B. dendrobatidis growth and viability is necessary to 

assess novel antifungal treatments.  Existing methods to measure B. dendrobatidis growth include 

optical density, which lacks sensitivity, or live cell dye exclusion, which may not be suitable for 

zoosporangia with porous discharge tubes.  In Chapter 2, I developed a rapid viability and growth 

assay using methylene blue, a cheap and commonly used dye.  Methylene blue does not rely on 

membrane exclusion, but instead on the reduction of the blue dye into a colourless substance and 

was reliable in determining the viability of both adherent and suspended zoosporangia.  Since the 

amount of dye retained is proportional to the volume of dead cells, I also developed a new assay 

using eluted methylene blue to estimate cell growth.  By measuring the absorbance of the eluted 

methylene blue, I could detect subtle differences in cell growth that were not apparent using the 

traditional optical density method.  This assay provided the basis for validating molecular studies in 

the subsequent chapters. 

Chapter 3: The first step in the development of RNAi techniques is the selection of a target 

gene.  I chose to target glutathione production.  Glutathione is an antioxidant that can protect fungal 

pathogens from host immune response.  As such, the glutathione biosynthesis gene (glutamate 

cysteine ligase, GCL) is a known virulence factor in many pathogenic fungi, and a suspected virulence 

factor in B. dendrobatidis.  To explore the role of glutathione synthesis in B. dendrobatidis I focussed 

on its importance during tolerance of hydrogen peroxide (H2O2), as a proxy for host immune 
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generated oxidative stress. I tested the glutathione response to H2O2 exposure, as well as other 

stressors such as cadmium and heat.  Although glutathione levels change in response to H2O2, 

chemical depletion of glutathione did not impact tolerance to H2O2 suggesting that glutathione may 

not be essential for evading the host immune response.  In contrast, glutathione is important for 

cadmium tolerance, as cadmium exposure strongly induced glutathione production, and inhibition of 

glutathione synthesis increased the sensitivity to cadmium stress.  Therefore, since glutathione 

depletion produces a measurable phenotypic response (cadmium sensitivity), GCL is an attractive 

target to determine the feasibility of RNAi in B. dendrobatidis. 

Chapter 4: RNAi is a tool used to silence gene expression using double stranded RNA.  In 

horticulture, interfering RNA designed to target essential fungal genes can be sprayed directly onto 

host plants, protecting them from fungal disease.  RNAi based therapeutics could be a novel tool in 

the treatment of chytridiomycosis, but very little is known about the RNAi system in B. dendrobatidis.  

In Chapter 4, I conducted a series of experiments to determine if RNAi can be used to reduce gene 

expression in B. dendrobatidis.  I designed two types of short interfering RNA (siRNA) to target the 

glutathione biosynthesis gene, GCL.  I found that both types reduced gene expression, with ~50% less 

mRNA in siRNA treated cells, peaking at 36-42 h after treatment.  However, mRNA knockdown did 

not correlate with an observable phenotypic effect, suggesting that either siRNA design, or siRNA 

delivery methods require further optimisation.  The discovery that the RNAi pathway appears 

operational in B. dendrobatidis is a significant advancement in the use of RNAi for both functional 

genetics studies and as a potential treatment against chytridiomycosis.  

Chapter 5: Mycovirus biocontrol is another antifungal approach that has been successful in 

horticulture.  Mycoviruses infect fungi, and in some cases can reduce virulence and improve host 

survival.  Mycoviruses are an attractive control option due to their host specificity and potential for 

transmission through wild populations with minimal intervention.  However, no mycoviruses have 

been detected in B. dendrobatidis.  In Chapter 5, I screened B. dendrobatidis isolates for evidence of 

mycoviral infection.  I used a combination of Illumina sequencing and cellulose chromatography with 

gel electrophoresis to screen 38 isolates, most of which were collected from Australia, but also 

included some Korean and Brazilian isolates.  I did not find mycoviruses in any of the isolates.  This 

may be a founder effect, due to limited B. dendrobatidis introductions in Australia, or perhaps the 

species is generally free of mycoviruses.  This research prompts further questions on how B. 

dendrobatidis can evade viral infection.  

Overall, my thesis provides a novel platform for antifungal therapies to manage 

chytridiomycosis.  I found that manipulation of gene expression via RNAi appears possible in B. 
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dendrobatidis, although further optimisation is required.  Although I did not detect mycovirus 

infection in Australian B. dendrobatidis, potential remains for mycovirus mediated biological control 

and I suggest further screening of isolates in other countries.  In addition, I developed an easy growth 

and viability assay and characterised the role of glutathione in stress response, which contributes to 

further understanding of this interesting pathogen.  
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  General Introduction 

 

 

 

“It’s not easy being green” Kermit the frog famously said (Kermit 1970), and he was right.  

Amphibians all over the world are suffering due to the fungal disease, chytridiomycosis.  This disease 

has caused declines and even extinctions in hundreds of amphibian species, with these impacts 

continuing in the three decades since its discovery.  My thesis aims to help mitigate the effects of 

chytridiomycosis with two approaches: understanding virulence and reducing virulence.  In this 

review, I will outline our current understanding of virulence factors in the chytrid fungus and discuss 

why methods to quantify virulence are required.  Next, I will explore two approaches used to 

successfully control fungal disease in plants and explore their potential application in mitigating 

chytridiomycosis.  
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Mitigating Chytridiomycosis: What can we learn from horticulture? 
 

Abstract 

Fungal diseases of wildlife pose a threat to biodiversity.  None more so than the amphibian 

chytrid fungus, Batrachochytrium dendrobatidis, the cause of chytridiomycosis.  Mitigation of wildlife 

fungal diseases often relies on the use of traditional antifungal chemicals, which can be labour 

intensive and only offer a short-term, small-scale solution.  Furthermore, application of disinfectants 

and antifungal drugs into wildlife habitats raises environmental and health concerns.  Fungal diseases 

of agricultural plants have received more attention because of their economic impact.  Advances in 

the treatment of plant diseases have revealed novel and targeted treatment options extending 

beyond antifungals, which could be implemented in the field of wildlife conservation.  This review 

assesses the potential for virus biocontrol and RNA interference as novel interventions in the fight 

against chytridiomycosis and appraises various methods from discovery through to implementation.    

Introduction  

Pathogenic fungi have long been a major threat to crop production.  Historically, plant fungal 

diseases have caused famine and economic ruin (Fisher et al. 2012), and the threat to crop plants and 

global food security still persists today (Dean et al. 2012).  Currently, wildlife are experiencing a rise 

in emerging fungal diseases that are predicted to cause significant biodiversity loss and are already 

the leading cause of pathogen-driven extinctions (Fisher et al. 2012).  Most notable is the amphibian 

chytrid fungus, the cause of chytridiomycosis, which is one of the worst wildlife diseases due to its 

devastating impact on biodiversity (Skerratt et al. 2007).  

Due to the long history and commercial implications of fungal plant diseases, there has been 

investment in developing novel control approaches for plant pathogens.  Fungicides are still heavily 

relied on as the major source of pathogen control in crops (Gianessi and Reigner 2006).  However, 

horticultural fungicides have environmental and human health implications (Margni et al. 2002, 

Wightwick et al. 2010) and there is increasing concern about the development of fungicide-resistant 

strains (Mercier et al. 2010).  To overcome the disadvantages of fungicides, horticultural science has 

begun to develop alternative (non-chemical) therapeutics in the fight against fungal diseases. 

In this review, I focus on chytridiomycosis and the current mitigation strategies for this 

disease.  I then assess the potential application of novel horticultural techniques and provide 

recommendations on their implementation for the control of chytridiomycosis.  
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Fungal diseases of wildlife and their impacts  

Fungal infectious diseases are a global problem and affect a broad range of wildlife species 

from diverse environments.  Pathogenic fungi often thrive in lower temperatures and tend to invade 

the epidermis of ectothermic animals (Berger et al. 1998, Martel et al. 2013, Lorch et al. 2016) but 

can also infect the epidermis of mammals that hibernate (such as bats) (Blehert et al. 2009) or have 

naturally lower body temperatures (such as platypus) (Connolly 2009).  The physiological processes 

of ectotherms are governed by environmental temperature, so it is not surprising that outbreaks of 

fungal disease are often seasonal (Ruggeri et al. 2015, McCoy et al. 2017).  Pathogenic fungi of 

wildlife include filamentous and non-filamentous species, in contrast to horticultural pathogens, 

which are predominantly filamentous (Dean et al. 2012).  The impacts of wildlife fungal diseases 

range from isolated mortality events (Adrian et al. 1978), to devastating large-scale species declines 

(Skerratt et al. 2007, Blehert et al. 2009).  Outbreaks can occur due to the spread of disease into 

naïve populations (Wibbelt et al. 2010), environmental changes (Shinn et al. 2000), or human 

activities (Friend 1999). 

Amphibian Chytrid Fungus  

The worst wildlife disease is chytridiomycosis (Skerratt et al. 2007), caused by the amphibian 

chytrid fungus Batrachochytrium dendrobatidis (Longcore et al. 1999).  This fungus belongs to the 

Chytridiomycota, an ancient and early diverging phylum (Heckman et al. 2001) (James et al. 2006).  

The pathogen likely originated in East Asia, as this region harbours the highest genetic diversity of B. 

dendrobatidis (Bataille et al. 2013, O’Hanlon et al. 2018, Byrne et al. 2019), and endemic amphibians 

from this region appear resistant to chytridiomycosis, with no reports of mass die-off events 

(Rahman 2020).  However, within the last few decades, B. dendrobatidis has spread around the world 

to susceptible populations (Skerratt et al. 2007, O’Hanlon et al. 2018) causing the extinction of at 

least 90 amphibian species, and remains an ongoing threat to hundreds more species (Carvalho et al. 

2017, Scheele et al. 2019).  The host range of B. dendrobatidis is incredibly broad; it can infect over 

700 amphibian species (Lips 2016) and at least 500 species have experienced significant population 

declines due to chytridiomycosis (Scheele et al. 2019).  The fungus has two life stages, the flagellated 

motile zoospore, and the zoosporangium (Figure 1.1).  The zoospore infects the host epidermis 

(Berger et al. 1998) via a germ tube, before developing into a zoosporangium in the stratum 

granulosum and the keratin rich stratum corneum (Berger et al. 2005a, Greenspan et al. 2012, Van 

Rooij et al. 2012).  The zoosporangia reproduce asexually, releasing zoospores via a discharge tube, 

which can reinfect the same host, or infect a new host through direct contact or indirectly via a moist 

substrate.  Only the mouthparts of larval amphibians (tadpoles) are keratinised (Marantelli et al. 
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2004), therefore, infection is limited to the mouthparts and is usually not fatal. As the larvae begin to 

metamorphose however, keratinised skin develops on the growing limbs and the infection spreads 

(McMahon and Rohr 2015).  In juveniles and adults, severe chytridiomycosis presents as lethargy, 

excessive skin sloughing, redness, and loss of righting reflex.  The damage caused by the pathogen 

compromises the physiological function of the epidermis, and the resulting electrolyte loss leads to 

eventual death due to cardiac arrest (Voyles et al. 2009).    

 

 

Figure 1.1  Batrachochytrium dendrobatidis life cycle.  The flagellated motile zoospore infects the 

host epidermis, then develops into a zoosporangium, which asexually produces more zoospores. 

Diagram by R. Webb 

Host factors impacting susceptibility to chytridiomycosis 

With such a broad host range, it is not surprising that hosts differ in their susceptibility to B. 

dendrobatidis (Figure 1.2).  Iconic species such as the Australian southern corroboree frog 

(Pseudophryne corroboree) (Hunter et al. 2010, Brannelly et al. 2015) and the Panamanian golden 

frog (Atelopus zeteki) (Bustamante et al. 2010) are incredibly susceptible to chytridiomycosis.  These 

species die rapidly in the laboratory, and their wild populations have declined to near extinction. 

Conversely, the common froglet (Crinia signifera) co-exists with the corroboree frog but appears 

tolerant of chytridiomycosis, as evident by the low mortality in the field and laboratory (Brannelly et 

al. 2018b).  Some highly susceptible species manage to persist in the wild despite heavy mortality 
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due to life history strategies, such as the alpine tree frog (Litoria verreauxii alpina) (Scheele et al. 

2014, Scheele et al. 2015), which relies on high annual turnover for survival (Scheele et al. 2016).  

Even within species, susceptibility to chytridiomycosis can vary amongst individuals (Savage and 

Zamudio 2011).  Understanding what drives these differences is an important field of research and 

will greatly assist amphibian conservation.  Genetic variation (in immune genes such as MHC) (Savage 

and Zamudio 2011, Bataille et al. 2015), host body size (Burrow et al. 2017), host epidermis 

characteristics (Van Rooij et al. 2012), life history (eg: tadpole vs direct development) (Mesquita et al. 

2017) and age (Brannelly et al. 2018a) have been shown to contribute to disease susceptibility, but in 

many cases the reason for variation in susceptibility is unknown.    

 

Pseudophryne corroboree Atelopus zeteki  

  

 

Crinia signifera Litoria verreauxii alpina  

  

 

Figure 1.2 Frog species variably impacted by chytridiomycosis.  Both Pseudophryne corroboree and 

Atelopus zeteki are examples of highly susceptible species that have experienced severe population 

declines. Litoria verreauxii alpina is also highly susceptible but populations have managed to persist 

in the wild due to high reproduction rates.  Crinia signifera can tolerate infection without mortality.  

Photos by R. Webb 

 

Environmental factors limiting B. dendrobatidis  

With susceptible hosts on every continent (except Antarctica), the main factor limiting B. 

dendrobatidis distribution is temperature.  In general, the thermal optimum of B. dendrobatidis is 17 

–25°C (Piotrowski et al. 2004), but temperature tolerance differs between isolates (Stevenson et al. 
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2013, Sheets et al. 2021).  Continual exposure to 28°C (Stevenson et al. 2013) or acute exposure to 

>37°C is lethal (Johnson et al. 2003).  In addition, B. dendrobatidis is also very susceptible to 

desiccation, with diurnal temperature and annual precipitation the strongest predictors of disease 

presence (Murray et al. 2010).  Thus, landcover and vegetation density are extremely important 

proxies for B. dendrobatidis persistence in the environment (Becker and Zamudio 2011).  

Salinity is another environmental factor that can influence B. dendrobatidis distribution. The 

fungus only occurs in fresh water environments, as relatively low concentrations of sodium chloride 

inhibit growth in vitro (Stockwell et al. 2012).  Amphibians living in salty habitats have reduced 

infection loads and increased host survival (Heard et al. 2014, Stockwell et al. 2015).  

The perplexing observations that vulnerable green and golden bell frogs (Litoria aurea) thrive 

in suboptimal habitats, such as disused quarries (Mahony 1996), and that amphibian species richness 

is higher in polluted urban areas (Lane and Burgin 2008), prompted the suspicion that B. 

dendrobatidis might be sensitive to heavy metals (Threlfall et al. 2008).  Copper inhibits B. 

dendrobatidis growth in vitro (Threlfall et al. 2008, Boisvert and Davidson 2011), and can lessen 

disease in infected hosts (Parris and Baud 2004).  Zinc was also found to inhibit growth (Threlfall et al. 

2008), but the effect of other metals is unknown.   

Salamander chytridiomycosis 

Within the same genus is Batrachochytrium salamandrivorans, which infects urodeles 

(salamanders and newts).  Described in 2013, B. salamandrivorans has caused dramatic declines in 

fire salamander (Salamandra salamandra) populations in Europe (Martel et al. 2013).  The clinical 

presentation of B. salamandrivorans chytridiomycosis is slightly different to that of B. dendrobatidis, 

with multifocal deep erosive skin lesions (Martel et al. 2013).  In addition, B. salamandrivorans 

prefers a lower temperature (15°C) than B. dendrobatidis, and produces a resting spore stage when 

grown in culture (Stegen et al. 2017).  Despite these differences, it is likely that developing methods 

to mitigate B. dendrobatidis would also be applicable to B. salamandrivorans. 
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Understanding virulence 

Virulence factors impact chytridiomycosis severity 

The severity of chytridiomycosis not only depends on host characteristics and environmental 

conditions, but is also influenced by pathogen virulence.  Virulence is defined as the ability of a 

microorganism to cause disease in the host; a quantitative measure of the “disease producing 

power” (Casadevall and Pirofski 1999, Shapiro-Ilan et al. 2005).  Virulence factors are the distinct 

properties or characteristics that allow the organism to damage host fitness.  For example, the 

adhesion or invasion of host tissue, evading host defenses, and surviving and reproducing in the 

hostile host environment.  Traditionally, virulence factors are defined as those that specifically relate 

to host infection and not those necessary for basic survival (Casadevall and Pirofski 1999). However, 

for the purpose of increasing host survival, antifungal therapeutics could either target true virulence 

factors, or an essential gene, with a similar outcome.  

It was recognised early on that virulence differs between various B. dendrobatidis isolates 

(Berger et al. 2005b). Of the five known lineages, BdASIA-1, BdASIA-2/BdBRAZIL, BdASIA-3, BdGPL, 

BdCAPE (O’Hanlon et al. 2018, Byrne et al. 2019), the BdGPL “global panzootic lineage” has been 

shown to be hypervirulent (Farrer et al. 2011, Greenspan et al. 2018, Belasen et al. 2022).  This 

increased virulence likely explains how this lineage recently emerged from the endemic lineages, to 

cause an epizootic disease with global amphibian mortality (O’Hanlon et al. 2018).  Furthermore, 

even within the BdGPL lineage, virulence can vary widely (Greener et al. 2020).  For example, BdGPL 

isolates collected from amphibian mortality events demonstrated higher virulence in the lab than 

those collected from stable populations (Piovia-Scott et al. 2015). 

Detecting differences in virulence 

Detecting differences in virulence requires methods to quantify virulence.  Traditionally, this 

is achieved by infection experiments, in which amphibians are infected with a standardised number 

of zoospores, and host survival is quantified to determine virulence (Berger et al. 2005b, Greenspan 

et al. 2018).  As well as mortality rate and time to death, other disease characteristics that relate to 

virulence include host body condition, onset of clinical signs, and disease burden (zoospore load) 

determined by qPCR (Greenspan et al. 2018, Fu and Waldman 2019).  In vitro immune cell assays 

using human lymphocytes or amphibian splenocytes have also been used to measure virulence, 

avoiding lengthy in vivo experiments (Fites et al. 2013, Piovia-Scott et al. 2015, Rollins-Smith et al. 

2022).  Finally, fecundity is associated with virulence (Fisher et al. 2009, Langhammer et al. 2013, 

Greener et al. 2020), which means characteristics such as zoosporangia size, zoospore density, 

growth and viability can be compared without the need for a host or immune cells (Piovia-Scott et al. 

2015).  These in vitro growth assays are an attractive option due to their simplicity. However, there 
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are still challenges with developing these in vitro assays.  For example, growth assays can be time 

consuming (Lindauer et al. 2019) and current methods to determine cell viability are only valid for 

the zoospore life stage, but not for zoosporangia (McMahon and Rohr 2014).  Therefore, there is a 

need to develop new in vitro methods that could be used as a proxy for B. dendrobatidis virulence. 

Searching for virulence factors  

Identifying virulence factors will help uncover the mechanism behind the observed 

differences in virulence.  Efforts to elucidate virulence factors in B. dendrobatidis have mostly 

focused on analysis of the secretome, as well as comparative transcriptomics and genomics 

approaches.   

Secretions from B. dendrobatidis can inhibit lymphocytes (Fites et al. 2013) and disrupt skin 

cells (Brutyn et al. 2012), so the analysis of its secretome compared to non-pathogenic relatives is 

one method used to identify virulence factors.  Another approach is to use comparative 

transcriptomics to identify differential gene expression.  In initial transcriptomics studies, in vitro 

gene expression was compared between the free-living zoospore stage and the parasitic 

zoosporangial stage to identify genes associated with host tissue invasion (Rosenblum et al. 2008).  

Cultures of B. dendrobatidis are usually maintained in vitro in a simple peptide media, so subsequent 

studies investigated differential expression when exposed to host tissue (Rosenblum et al. 2012) or 

during active host infection (Ellison et al. 2017, Farrer et al. 2017, Verbrugghe et al. 2019).  

Comparative genomic approaches have also been used to identify expanded gene families in B. 

dendrobatidis compared to non-pathogenic fungal relatives (Joneson et al. 2011), or to compare 

between hypervirulent and hypovirulent isolates (Piovia-Scott et al. 2015).  Genes undergoing 

directional selection (Farrer et al. 2013) or that have been acquired by horizontal gene transfer (Sun 

et al. 2011, Sun et al. 2016) may also be important for virulence.  

Candidate virulence factors  

Analysis of the secretome identified factors that can inhibit the host’s immune system. The 

metabolites methylthioadenosine (MTA), tryptophan, and kynurenine inhibit lymphocyte survival 

and proliferation, and these are not produced by a non-pathogenic relative (Rollins-Smith et al. 

2015).  The polyamine spermidine is also secreted by B. dendrobatidis and recently it was discovered 

that it too inhibits lymphocyte proliferation (Rollins-Smith et al. 2019).  In addition to these 

metabolites, the B.dendrobatidis secretome includes several types of proteases (Brutyn et al. 2012), 

which are common virulence factors in other fungi (Monod et al. 2002, Chandrasekaran et al. 2016).  

There is a strong consensus among the transcriptomic and genomic studies that proteases, 

specifically serine type proteases and metalloproteases, are candidate virulence factors in B. 
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dendrobatidis.  These have been shown to be upregulated in the presence of the host (or host tissue) 

(Rosenblum et al. 2012), differentially expressed across life stages (Rosenblum et al. 2008), and show 

expansion compared to non-pathogenic relatives (Joneson et al. 2011).  These proteases may play a 

role in germ tube invasion and subsequent degradation of host skin (Rosenblum et al. 2008, 

Rosenblum et al. 2012, Farrer et al. 2017).  Since epidermal dysfunction leads to electrolyte loss and 

then cardiac arrest (Voyles et al. 2007, Voyles et al. 2009), these proteases are likely to be very 

important for the disease outcome.  

Comparison of gene expression between cells grown in normal media vs media containing 

host tissue also detected upregulation of “crinkler and necrosis” (CRN)  genes (Rosenblum et al. 

2012, Farrer et al. 2017), and expression of these genes was found to be higher in more virulent 

isolates (Greener et al. 2020).  CRN genes are common in pathogenic oomycetes (Stam et al. 2013) 

and are named for the necrotic crinkling effect they have on infected leaves (Torto et al. 2003).  In B. 

dendrobatidis, CRN expression appears to be correlated with the ability to invade cells both in vitro 

and in vivo (Greener et al. 2020).    

The serine type proteases and CRN genes also appear to have been acquired by horizontal 

gene transfer (HGT), indicating they may provide an adaptive advantage to the pathogen (Sun et al. 

2011, Sun et al. 2016).  Other genes acquired by HGT have been identified as putative virulence 

factors, including two genes related to glutathione (Sun et al. 2011).  Glutathione is an antioxidant, 

and an important virulence factor in many other pathogenic fungi as it offers protection from 

oxidative stress generated by host immune cells (Baek et al. 2004, Yadav et al. 2011).  The role of 

glutathione in the virulence of B. dendrobatidis is unknown. However, since the synthesis of 

glutathione is governed by a single pathway that can be chemically inhibited, its importance could be 

determined experimentally.  

Identifying and confirming the function of virulence factors is an important component of 

disease mitigation.  A thorough understanding of virulence factors might help to explain the 

variations in host susceptibility to B. dendrobatidis.  Virulence factors can be also targets for 

antifungal drugs (Nosanchuk et al. 2001) or vaccines (De Bernardis et al. 2012), and the encoding 

genes could be targeted by new techniques, such as gene silencing or mutagenesis.  
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Current mitigation strategies and limitations for treating chytridiomycosis   

Antifungals 

Recommendations for the intervention of wildlife fungal diseases have mostly focussed on 

biosecurity measures to contain any further spread (Fisher et al. 2012, Bower et al. 2019).  However, 

methods to control disease in situ are urgently required for populations that are already infected. 

Traditional antifungal drugs transferred from human and veterinary medicine (such as terbinafine, 

voriconazole and itraconazole) have been the primary treatment option for treating chytridiomycosis 

(Forzán et al. 2008, Bowerman et al. 2010, Brannelly et al. 2012).  Administration of antifungal drugs 

usually involves repeated chemical bath immersion over several days (Brannelly et al. 2012), and 

therefore is chiefly used for individuals in captivity rather than in the wild. However, there are some 

promising examples of treating wild amphibians with antifungal drugs.  In situ treatment of tadpoles 

has been attempted via addition of aquarium antifungals to pond water (Geiger et al. 2017), or via 

capture and bathing of individuals with itraconazole (Bosch et al. 2015, Hudson et al. 2016).  This 

approach only offers a short-term solution and prevalence eventually returns to original levels as 

animals become re-infected.  Thus, while antifungals have had some limited success in situ, they are 

only effective if the animals can be isolated from re-infection (Bosch et al. 2015), and high clearance 

efficiencies are required for success (Canessa et al. 2018).  There is also increasing concern about the 

development of resistance to antifungal drugs (Sanglard 2003), a process already occurring in fungal 

pathogens of humans (Fisher et al. 2020), mammals (Connolly et al. 1998) and birds (Beernaert et al. 

2009).  

Vaccination 

Vaccination of amphibians against B. dendrobatidis has been trialled with mixed results. 

Several early studies found a single prior exposure to be ineffective at reducing disease in frogs (Stice 

and Briggs 2010, Cashins et al. 2013), or salamanders (Kocher et al. 2019), suggestive of a lack of 

adaptive immunity against B. dendrobatidis infection.  It was later discovered that B. dendrobatidis 

inhibits the host immune system via the production of immunosuppressant molecules (Fites et al. 

2013), which may explain why vaccination was not successful in single-exposure experiments.  

However, repeated exposures to B. dendrobatidis can result in decreased pathogen burden and 

increased lymphocytes in Cuban tree frogs (McMahon et al. 2014), suggesting that repeated 

exposures may allow frogs to overcome pathogen immune suppression and gain some protection 

against disease.  Recent research has found that inoculation with a less virulent B. dendrobatidis 

isolate provided protection against subsequent infection with a more virulent isolate (Waddle et al. 

2021).  A hypovirulent isolate could serve as a “transmissible vaccine”, reducing some of the logistical 

challenges of vaccinating wild animals (Waddle et al. 2021).  Creating hypovirulent isolates by 
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inhibition of key virulence genes (such as those that suppress the immune system), or via 

endogenous mycoviruses could increase the efficiency of vaccination.  

Alternative therapies against chytridiomycosis 

Other therapies, such as inoculation with probiotic bacteria, have been explored as a 

prophylactic protection from fungal infection.  Augmentation of individual frogs with probiotic 

bacteria can reduce disease in the short term in the laboratory  (Harris et al. 2009) and field 

(Vredenburg et al. 2011).  However, this strategy is unlikely to have broad scale success because 

probiotics lack comprehensive inhibition against all strains of B. dendrobatidis (Antwis and Harrison 

2018), and probiotics sourced from one individual or species do not necessarily grow well on other 

amphibians (Becker et al. 2011), or the effects are too short lived (Knapp et al. 2022).  Genetic 

engineering of naturally occurring skin biota to boost antifungal production has been trialled, but 

unfortunately did not increase host survival (Becker et al. 2021).  Therefore, this probiotic approach 

has promise, but is not a definitive prophylaxis for preventing death from chytridiomycosis. 

Heat therapy can clear infection in captive frogs.  Adult frogs can be cleared after only 16 h at 

37°C  (Woodhams et al. 2003), and heat therapy can also work for tadpoles (Heuring et al. 2020).  

However, results of heat therapy are inconsistent (Woodhams et al. 2012), and this method is not 

appropriate for amphibians adapted to cold climates.  In the wild, naturally occurring hot 

microclimates are correlated with reduced infection (Forrest and Schlaepfer 2011).  This observation 

has prompted studies on environmental modifications to provide heat refuges, eg: removing tree 

branches or providing heat absorbing bricks (Roznik et al. 2015, Garner et al. 2016, Greenspan et al. 

2017).  The success of this approach will depend on the physical characteristics of the environment 

as well as the thermoregulatory behaviour of the target species.  

In summary, despite numerous approaches towards mitigating chytridiomycosis, protecting 

wild amphibians from chytridiomycosis still remains a major challenge.  
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Novel antifungal strategies from horticulture.  

Due to the social and economic impacts of fungal disease in crops, horticultural science is at 

the forefront of implementing novel strategies to reduce the virulence of fungal pathogens.  Two 

strategies that may be transferable to wildlife are discussed below.  Firstly, RNA interference (RNAi), 

which is a method to reduce gene expression and could be used to target pathogen virulence genes.  

And secondly, mycovirus-mediated hypovirulence, which is a form of biocontrol where viral 

infection reduces pathogen virulence.  

RNA interference 

RNA interference (RNAi) is a natural defence mechanism and regulator of gene expression in 

eukaryotes, and has been harnessed by molecular biologists to investigate gene function (Hannon 

2002).  The term RNAi was first coined after the injection of double stranded RNA (dsRNA) into the 

nematode Caenorhabditis elegans silenced a homologous target gene via the reduction of messenger 

RNA (mRNA) (Fire et al. 1998), although the mechanism was unknown at the time.  It is now 

understood that RNAi-mediated post transcriptional gene silencing (PTGS) typically involves the 

enzymes Dicer (Bernstein et al. 2001) and the multi-protein “RNA-induced silencing complex” (RISC) 

(Hammond et al. 2001).  Dicer is triggered by the presence of exogenous dsRNA (Figure 1.3), which it 

then cleaves into small interfering RNA (siRNA) (Zamore et al. 2000, Bernstein et al. 2001).  These 

siRNAs are relatively stable, double stranded and approximately 20-24 base pairs long (Hamilton and 

Baulcombe 1999, Ding and Lu 2011), and their unique size avoids a nonspecific interferon response, 

while still allowing recognition by RISC (Watts and Corey 2012).  Adenosine triphosphate (ATP) 

facilitates the siRNA unwinding (Nykänen et al. 2001), and the antisense strand (Martinez et al. 2002) 

is loaded onto an Argonaute protein (Hammond et al. 2001), forming RISC.  The siRNA then guides 

RISC to its complementary mRNA, which is cleaved by Argonaute (Liu et al. 2004), preventing 

translation (Zamore et al. 2000).  The degraded mRNA is amplified by an RNA dependent RNA 

polymerase (RdRP) which is subsequently processed by Dicer into additional secondary siRNA 

(Nishikura 2001).  This amplification of siRNA enables potent and sustained RNAi-induced gene 

silencing (Nishikura 2001).   
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Figure 1.3 Simplified RNAi pathway.  Gene knockdown is initiated by dsRNA cleavage, producing 

siRNA, which is loaded onto Argonaute to form the RNA-induced silencing complex (RISC).  The 

resulting complex then guides the destruction of homologous mRNA. The RNA-dependent RNA 

polymerase, RdRp, synthesises additional siRNA molecules to propagate gene silencing.    

RNAi in fungi  

The first observation of fungal RNAi was in the model fungus Neurospora crassa, predating 

the discoveries of Fire et al 1998, and was originally termed "quelling" (Romano and Macino 1992).  

The components of RNAi are highly conserved across fungi, but the number of genes encoding Dicer, 

Argonaute and RdRP (or their homologs) vary across species  (Nuss 2011, Choi et al. 2014), and some 

taxa lack some, or all, the machinery (Nakayashiki and Nguyen 2008).  Foreign dsRNA is usually an 

indication of viral replication, so the RNAi pathway is likely a protective antiviral response (Karpala et 

al. 2005).  The hypovirulence-associated mycovirus CHV‐1 in Cryphonectria parasitica (discussed in 

the next section) supports this virus defence theory, as mutants lacking RNAi machinery were 

severely debilitated by mycovirus infection (Segers et al. 2007).  In contrast, RNAi machinery can be 

lost if mycovirus infection confers an advantage.  This is the case with RNAi-deficient “killer yeast” 

that can kill their competitors via a toxin produced by their mycovirus symbionts (Drinnenberg et al. 

2011).  
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In addition to an antiviral defence system, RNAi can naturally regulate endogenous gene 

expression via micro RNA (miRNA) although these were long thought be absent in fungi (Torres-

Martínez and Ruiz-Vázquez 2017).  Recently, micro RNA-like RNA (milRNAs) have been detected in 

some fungi species (Lee et al. 2010, Jin et al. 2019).  The milRNAs arise from endogenously produced 

hairpin structures called long primary-milRNA (pri-milRNA) which then from RISCs and initiate RNAi 

to control endogenous gene expression (Torres-Martínez and Ruiz-Vázquez 2017).  Exogenous 

synthetic hairpin RNA (hpRNA) can mimic endogenously produced pri-milRNAs and initiate RNAi in 

fungi (Brody and Maiyuran 2009, Leng et al. 2011).  As a result, dsRNA, siRNA and hpRNA can all be 

used by researchers to manipulate RNAi and knockdown homologous genes of interest.   

Manipulation of RNAi occurs naturally between host and pathogen, and this phenomenon is 

termed “cross kingdom RNAi” (Weiberg et al. 2013).  The interaction between the fungus Botrytis 

cinerea and the plant Arabidopsis thaliana demonstrates the remarkable trafficking of RNAi 

molecules between host and pathogen.  The fungal pathogen can hijack the host RNAi pathway to 

reduce the host’s immune response (Weiberg et al. 2013, Wang et al. 2017).  However, cross 

kingdom RNAi can also be harnessed by the host to manipulate RNAi in the fungal pathogen.  The 

plant host can secrete siRNAs within exosomes, which are taken up by the pathogen, reducing 

virulence (Cai et al. 2018).  This naturally occurring use of RNAi as an antifungal defence provides 

hope for manipulating this system for use against chytridiomycosis. 

RNAi as a therapeutic?  

Like many fungal pathogens of wildlife, B. dendrobatidis infects the epidermis and hence is 

amenable for direct topical treatment.  A topical spray technique, termed spray-induced gene 

silencing (SIGS) has shown enormous potential in horticulture and could be adapted for animals to 

replace antifungal drugs.  Koch et al (2016) demonstrated the usefulness of SIGS by using dsRNA and 

siRNA spray pre-treatment on barley leaves to reduce the effect of the fungal pathogen Fusarium 

graminearum (Koch et al. 2016).  The protective effect of the spray extended to unsprayed parts of 

the leaf, indicating that the host RNAi machinery processed the dsRNA for systemic silencing 

throughout its tissues.  This important observation demonstrates the complexity of the system when 

both host and pathogen RNAi pathways are activated.  Since then, SIGS has been utilised to control 

Sclerotinia sclerotiorum (McLoughlin et al. 2018) and B. cinerea (Duanis-Assaf et al. 2022).  This 

demonstrates the potential of using an RNAi spray to control fungi, however, the mode of delivery is 

important to ensure nucleic acid stability and effectiveness of RNA.  Exogenous interfering RNA can 

be delivered naked (Koch et al. 2016), but due to the fragile nature of RNA it will degrade quickly. In 

horticulture, clay nanoparticles have been used to adhere dsRNA to the host, and as a result the 

effect duration was doubled (Mitter et al. 2017).  Polyethyleneimine nanoparticles have also been 
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used for RNA protection, but these may cause inflammation or apoptosis in an animal host 

(Shahabipour et al. 2017).  Another consideration is optimising RNA infiltration through the host 

epidermis.  Encasing RNA in a similar substance to the epidermis, such as liposomes or solid lipid 

nanoparticles (SLNs), can sometimes aid in topical delivery (Aldawsari et al. 2015).  

RNAi virulence targets and siRNA design for control of B. dendrobatidis 

Rational design of interfering RNA is now feasible due to the availability of the B. 

dendrobatidis genome on public databases.  RNAi targets could include genes essential for fungal 

growth and fecundity (Fisher et al. 2009), or virulence factors, such as those responsible for tissue 

degradation or immune evasion.  The putative protease virulence genes, discussed earlier, likely 

contribute to epidermal damage (Brutyn et al. 2012) so targeting these genes could allow increased 

host survival. Another virulence mechanism of B. dendrobatidis is its ability to evade the host 

immune system by the production of the metabolites spermidine, kynurenine and 

methylthioadenosine that inhibit lymphocyte proliferation (Fites et al. 2013).  Restricting production 

of these metabolites could possibly allow the host immune system to develop an adaptive immune 

response to the pathogen and help clear the disease (Rollins-Smith et al. 2015).   

Creating a transgenic host that expresses siRNA to initiate RNAi 

Although flexible in the face of changing resistance or types of pathogens, therapeutic use of 

RNAi has similar drawbacks as traditional antifungal drugs in that the effect is not long lasting and 

requires frequent reapplication. Host induced gene silencing (HIGS) overcomes this hurdle, using 

transgenesis to create hosts that stably express the interfering RNA.  In animals, HIGS has been used 

to reduce the effect of viruses in diseases such as foot and mouth in mice (Jiao et al. 2013) and pigs 

(Hu et al. 2015), anaemia virus in chickens (Hinton and Doran 2008) and porcine reproductive and 

respiratory syndrome in pigs (Li et al. 2014).  Current HIGS approaches in animals are directed 

towards viral diseases, but HIGS has been used to target fungal pathogens in plants.  Transgenic 

barley strains have been created that have reduced susceptibility to F. graminearum (Koch et al. 

2013), and Blumeria graminis (Nowara et al. 2010) infection.  

A variety of methods could create transgenic amphibians that resist fungal infection.  

Random stable insertion of interfering RNA into the host genome could be achieved through DNA 

microinjection into fertilised eggs, or introduction into the sperm head (Bradford et al. 2017).  

Microinjection techniques (DeLay et al. 2016) have been established that could enable transgenesis 

in amphibian eggs, and the development of RNAi systems in amphibians is already underway (Li and 

Rohrer 2006, Flynt and Lai 2011).  Caution, however, must be taken to avoid overexpression of the 



Chapter 1: Introduction 16 

interfering RNA in the transgenic animals, as it can saturate the RNAi pathway (Flynt and Lai 2011) 

and even cause mortality (Grimm et al. 2006).  

Potential applications and limitations of RNAi for amphibian conservation 

In the short term, the introduction of exogenous siRNA is probably the most viable option for 

using RNAi approaches against fungal diseases in amphibians, as dsRNA is more likely to initiate an 

immune response in the host due to its similarity to viral particles (Karpala et al. 2005).  Application 

of siRNA could be achieved via a spray (Koch et al. 2016), however, SIGS will probably have similar 

logistical constraints and short half-life as traditional antifungal pharmaceuticals (Bradford et al. 

2017).  The advantage of SIGS is that the target sequence can be updated as pathogens change, and 

can be adapted for newly emerging pathogens.  In contrast, stable expression of siRNA via HIGS will 

avoid the need for constant reapplications, but fungal pathogens may become resistant via 

mutations.  A HIGS approach could be useful for captive breeding programs.  For example, the green 

and golden bell frog (L. aurea) breeds well in captivity but succumbs to B. dendrobatidis when 

released into the wild (Stockwell et al. 2008).  Releasing HIGS individuals that are resistant to B. 

dendrobatidis would increase the success of captive re-introductions, however, there are ethical 

limitations and public perception issues that may make the release of genetically modified organisms 

controversial.  Initial proof of concept experiments are required to first ascertain the feasibility of 

using siRNA as a novel treatment against chytridiomycosis.  

 

Mycoviruses 

Another promising treatment approach includes biological control via the use of 

mycoviruses. Mycoviruses are viruses that infect fungi, and more than 250 mycoviral species have 

been identified (Xie and Jiang 2014) from 16 families (Kotta-Loizou and Coutts 2017).  While 

mycoviruses are obligate parasites, in most cases they cause little or only cryptic effects on their 

fungal hosts (Nuss 2005, Pearson et al. 2009).  However, some mycoviral species have a detrimental 

effect, and if the host is a pathogenic fungus, this effect is termed “hypovirulence” (Grente 1965).  

Mycovirus-mediated hypovirulence as an antifungal strategy?  

Harnessing mycovirus-mediated hypovirulence is a novel intervention for fungal diseases and 

has been against variety of fungal plant pathogens.  The mycovirus CHV‐1 was used to control the 

devastating “chestnut blight”, caused by C. parasitica, in European chestnuts (Heiniger and Rigling 

1994, Ghabrial et al. 2015, Rigling and Prospero 2018), and this widespread success led to increased 

investment in the use of mycovirus-mediated hypovirulence.  Further laboratory trials have 

demonstrated that mycoviruses can reduce the virulence of root rot (S. sclerotiorum) (Yu et al. 2013), 
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white root rot (Rosellinia necatrix) (Chiba et al. 2009), Phomopsis rot (Phomopsis G-type) and valsa 

canker (Valsa ceratosperma) (Sasaki et al. 2002), and stem canker (Cryphonectria cubensis) (Van 

Heerden and Wingfield 2001) in a variety of host plants.  

One important consideration in adapting mycoviruses as biocontrol agents is finding the 

balance between reduction in virulence and fungal host fitness.  If the virus reduces fungal 

reproduction and growth, the infected fungal strains will be outcompeted by the pathogenic 

wildtype. In horticulture, effective mycoviruses reduce the size of the lesions, but not the 

reproduction output (spore production) of the host fungus (Nuss 2005).  This balance can be fine-

tuned by creating transgenic viruses using cDNA.  Chen et al (2000) achieved this by using two strains 

to create a chimeric hypovirus incorporating the desired traits of small lesion size without 

suppression of spore production (Chen et al. 2000).  

Approaches for identifying and assessing mycoviruses 

The observation of healing cankers in chestnuts affected by chestnut blight led to the 

opportunistic discovery of a dsRNA virus from a hypovirulent fungal strain.  In contrast, the search for 

a mycovirus that would confer hypovirulence to the white root rot pathogen (R. necatrix) was only 

successful after extensive screening of >400 fungal isolates (Arakawa et al. 2002, Ikeda et al. 2005, 

Chiba et al. 2009).  These different approaches to discovering mycoviruses with biocontrol potential 

highlight the advantage of targeting strains with naturally reduced virulence.  Less virulent fungal 

strains can be screened for mycoviruses by deep sequencing (Wylie and Jones 2011) or by dsRNA 

extraction and enrichment using phenol/chloroform (Morris and Dodds 1979), or via a commercial kit 

(Castillo et al. 2011), followed by cloning and sequencing.  When screening large numbers of fungal 

strains, commercial kits are less time consuming than traditional extraction methods, but can be less 

sensitive due to lower nucleic acid extraction yields (Fanson et al. 2000).  The fungal culture quality 

also affects mycoviral detection.  Freeze/thawing, as well as repeated passing can cure fungi of their 

mycovirus (Marquez et al. 2007, Springer et al. 2013, Zamora-Ballesteros et al. 2021) so freshly 

isolated fungal cultures should be used if possible. 

Assessing the effect of mycoviruses on fungal virulence   

Once mycoviruses are identified, their ability to confer hypovirulence must be determined 

via infection studies. Horticultural trials to evaluate hypovirulence typically involve inoculating plants 

with fungal strains compared to a virus free control.  Virus free control fungal strains can be naturally 

occurring, or artificially created by ‘curing’ infected fungi with polyethylene glycol (Thapa et al. 2016), 

cycloheximide (Bhatti et al. 2011), ribavirin (Herrero and Zabalgogeazcoa 2011), or by freezing 

(Marquez et al. 2007).  In plants, reduction in virulence is quantified by host survival rate or lesion 
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size (Li et al. 2003, Yu et al. 2013).  Amphibian infection studies to quantify the virulence of 

mycovirus-infected fungi should follow standard protocols, with survival rate and pathogen load as 

indicators of virulence, as discussed earlier.   

Delivery of mycovirus-associated hypovirulent strains 

The delivery and dissemination of hypovirulent strains remains a major challenge to adopting 

this technique for mitigating wildlife diseases (Root et al. 2005).  Wild amphibians could be 

inoculated with hypovirulent fungal strains, following the same approach used for chestnut trees 

(Milgroom and Cortesi 2004).  Alternatively, the virus could be purified and directly applied (Yu et al. 

2013) to infect the endogenous fungi on amphibians; however, this approach is likely to be less 

feasible.  Although it is possible to artificially introduce mycoviruses into related fungal species (Lee 

et al. 2011), mycoviruses tend to be very host specific, and they are generally unable to exist outside 

their host. This specificity is an advantage for biological control, as non-target species will be 

unaffected.  However, their limited infectivity (Ghabrial 1998) also limits their dissemination into 

target populations.  Mycoviruses can only be transferred into virus free strains horizontally (by 

hyphal fusion or anastomosis), or vertically (by spores).  This is a major challenge in horticulture, as 

the filamentous fungal pathogens require vegetative compatibility for horizontal transfer.  Vegetative 

incompatibility likely contributed to the failure of mycovirus control of chestnut blight in America 

(due to the high diversity of compatibility types compared to Europe) (Nuss 2005), although some 

studies disagree (Milgroom and Cortesi 2004).  The issue of vegetative incompatibility is unlikely to 

be a barrier to chytridiomycosis mitigation however, as B. dendrobatidis reproduces via zoospores, 

meaning vertical transmission of mycovirus is essential.  Reliance on vertical transmission is likely to 

be a feasible approach as suggested by the 50% vertical transmission rates in F. graminearum, with 

half the daughter spores containing the mycovirus (Chu et al. 2002).  

Potential of using mycoviruses for amphibian conservation 

If a hypovirulence-inducing mycovirus can be found in B. dendrobatidis, it offers a novel 

approach to protecting wild amphibians.  Using a natural mycovirus to mediate fungal hypovirulence 

would be a relatively environmentally friendly approach. In addition, the logistical constraints of 

catching and treating wild amphibians would be lessened as the less virulent mycovirus-infected 

fungi could spread naturally through the amphibian population.  Although thorough validation and 

government approval would need to occur before deliberately releasing virus-infected B. 

dendrobatidis isolates into the wild, the idea of a natural biocontrol might be less controversial than 

releasing genetically modified organisms via the HIGS approach.  
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Aims of this thesis 

Chytridiomycosis is a deadly disease that continues to threaten the world’s amphibians.  The 

broad aim of this thesis is to develop tools that can reduce the virulence, and hence impact, of the 

amphibian chytrid fungus.  I focussed on exploring the feasibility of two approaches that have been 

useful in horticulture: RNAi and mycovirus-mediated hypovirulence.  This required the development 

of an assay to quantify growth and viability, as well as investigation of a possible RNAi target (Figure 

1.4). 

Aim 1: To develop an effective growth and viability stain for B. dendrobatidis 

A rapid, simple, and inexpensive viability assay is essential to detect the impact of RNAi treatments.  

Therefore, my first aim was to develop and validate this assay as a platform for subsequent 

experiments. 

Aim 2:  To determine the role of glutathione in B. dendrobatidis  

Glutathione is a virulence factor in many other pathogenic fungi and glutathione associated genes 

have been acquired by B. dendrobatidis via HGT.  It is an ideal target for RNAi as its synthesis and 

function has been studied in other fungi, and it is amenable to chemical inhibition by buthionine 

sulfoximine (BSO).  However, little is known about the role of glutathione in B. dendrobatidis, thus I 

explored the function of this antioxidant via stress treatments.  Chemical inhibition via BSO allowed 

me to characterise phenotypes arising from suppression of glutathione synthesis.  

Aim 3: To develop RNAi methodologies in B. dendrobatidis to inhibit gene expression 

There are no molecular techniques reported to inhibit gene expression in B. dendrobatidis.  

Therefore, the aim of this chapter was to develop and optimise RNAi methodologies in this species, 

using various transformation techniques and siRNA designs.  I designed siRNA to target the 

glutathione biosynthesis gene, and the phenotypic results from Aim 2 were used to assess the 

effectiveness of siRNA mediated knockdown, as compared to chemical inhibition.   

Aim 4: To screen for the presence of mycoviruses in B. dendrobatidis 

An alternative method to reduce fungal virulence is via mycovirus infection.  Mycoviruses have not 

yet been reported in B. dendrobatidis but have been identified across many fungal genera.  My 

fourth aim was to complete a thorough search for mycovirus presence in Australian B. dendrobatidis, 

as well as from selected isolates from Asia and South America.  
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Figure 1.4 Thesis outline. In Chapter 2 I develop a viability and growth assay.  Then, I investigate 

glutathione as a potential virulence factor in B. dendrobatidis and use glutathione biosynthesis as a 

target for RNAi.  Finally, I screen for mycovirus presence in B. dendrobatidis.  
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 Viability Assay 

 

 

 

 

A major hurdle in the quantification of virulence in B. dendrobatidis is quantifying viability 

and growth.  In this chapter, I developed a simple and rapid viability stain for B. dendrobatidis 

zoosporangia using the commonly available dye, methylene blue. I evaluated the stability of 

methylene blue over time and across zoosporangial stages, and validated its use for quantification of 

viable cells.  In addition I developed a growth assay using fixation and elution of stain from dead cells.  

The ability to quantify viable zoosporangia and measure relative growth was an essential technique 

that was utilised in Chapters 3 to estimate growth of B. dendrobatidis in the presence of different 

stressors, and in Chapter 4 to ensure viability post-siRNA delivery.  

 

The results from this chapter have been published in Journal of Microbiological Methods: 

Webb, R.J., Berger, L., Skerratt, L.F., Roberts, A.A., 2019. A rapid and inexpensive viability assay for 
zoospores and zoosporangia of Batrachochytrium dendrobatidis. Journal of Microbiological Methods 
165, 105688.  https://doi.org/10.1016/j.mimet.2019.105688 

 

This chapter has 4 aims. 

1: Determine whether methylene blue differentially stains live and dead zoosporangia of B. 

dendrobatidis 

2: Determine consistency of staining over time and between different manufacturers  

3: Validate the assay by measuring the proportion of viable zoosporangia 

4: Develop a colorimetric assay on eluted methylene blue to measure growth  
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Development of a viability stain for Batrachochytrium dendrobatidis 

Abstract: 

Despite its pathogenicity, Batrachochytrium dendrobatidis is a sensitive organism in culture, 

and it is often necessary to perform viability estimates to confirm that cells are alive.  Existing 

protocols to determine the viability of zoospores of B. dendrobatidis rely on the intact membranes of 

live cells to exclude the dye.  This approach, however, may not be suitable for the zoosporangial 

lifestage as their discharge tubes may allow dye to enter the cell.  I assessed staining by methylene 

blue, which is be rendered colourless by enzymes on live cells, and stains dead cells blue.  I found 

that 0.1mg/mL methylene blue stains dead zoosporangia bright blue, whereas live zoosporangia 

remain unstained regardless of discharge tubes.  Methylene blue staining can provide reliable 

estimates of viability by counting stained and unstained cells using standard microscopy techniques.  

Elution of methylene blue from fixed cells can provide a comparison of cell growth via colorimetric 

assay.  Accurate quantification of B. dendrobatidis survival can aid amphibian conservation efforts by 

allowing rapid testing for susceptibility to antifungal drugs and other treatments.  This assay can also 

be adapted to measure growth and detect sub lethal effects of treatments.  

Introduction  

Advancing our understanding of Batrachochytrium dendrobatidis requires laboratory 

experiments.  Despite its pathogenicity, B. dendrobatidis is easily killed by many factors, including 

heat (Johnson et al. 2003), desiccation (Johnson et al. 2003), disinfectants (Webb et al. 2012), and 

salt (Stockwell et al. 2012).  Therefore, it is often necessary to perform viability estimates on 

laboratory cultures to determine the proportion of live cells before commencing experimental work.  

Viability estimates are also essential in fungal susceptibility trials, such as evaluating suitable 

disinfectants and therapeutics.  

The flagellated zoospores of B. dendrobatidis are motile and can be easily classified as alive if 

they are moving.  However, zoospores will occasionally cease movement, for example when they 

begin to encyst.  Therefore, researchers cannot definitively classify an individual zoospore as dead 

based on the absence of movement.  Two viability stains have been validated for use on B. 

dendrobatidis zoospores: trypan blue (McMahon and Rohr 2014), which is quick and easy but 

requires manual counting; and SYBR green/propidium iodide, which is less subjective, but more 

expensive and requires specialised equipment (Stockwell et al. 2010).  Both of these techniques rely 

on the exclusion of dye by intact zoospore membranes, so that viable cells remain unstained.  For 

this reason, they may be unsuitable for the zoosporangial life stage, because the discharge tubes 

could allow the dye to enter the cell regardless of cell viability.  This theory is supported by 
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McMahon and Rohr (2014), who found that trypan blue stained 100% of zoosporangia in a healthy 

culture, indicating falsely that they were all dead (McMahon and Rohr 2014).   

Methylene blue differs from other viability stains in that it relies on the ability of viable cells 

to reduce the stain to a colourless substance via enzymatic activity, rather than relying on membrane 

impermeability (Painting and Kirsop 1990, Bapat et al. 2006).  Methylene blue has a long history as a 

viability stain (Borzani and Vairo 1958), and is commonly used to determine fungal viability at a 

concentration of 0.1 mg/mL (Kwolek-Mirek and Zadrag-Tecza 2014, Parker et al. 2020).  Here I assess 

whether methylene blue will function as a viability stain in B. dendrobatidis, despite the presence of 

discharge tubes.  

In addition to viability, it is often necessary to quantify sub-lethal effects, such as reduced 

growth rate, as measured by the number and size of cells. Growth of B. dendrobatidis can be 

estimated by measuring optical density (OD) using a spectrophotometer (Rollins-Smith et al. 2002, 

Stevenson et al. 2013, Voyles et al. 2017).  Increased cell growth will result in a higher absorbance of 

the emitted light.  This is a comparatively cheap and easy method; however, the accuracy decreases 

if the cells are unevenly distributed within the suspension or growth surface.  Dent et al (1995) 

developed a growth assay for mammalian tumour cells in which the cells were fixed, stained with 

methylene blue, and then the dye eluted and quantified spectrophotometrically (Dent et al. 1995).  

This method may also work for B. dendrobatidis.  

Methylene blue is inexpensive, stable and readily available in most laboratories. In this study, 

I aimed to determine whether methylene blue is suitable as a viability stain for B. dendrobatidis 

zoosporangia through a series of small studies.  I examined whether methylene blue can be used on 

both adherent and suspended zoosporangia, and measured the stability of the stain over time and 

between stain manufacturers.  In addition, I explored whether measuring eluted methylene blue in a 

colorimetric assay can quantify differences in growth, and compare this to the traditional method of 

growth measurement.   

Methods 

B. dendrobatidis culture 

B. dendrobatidis was grown using standard laboratory protocols (Longcore et al. 1999). 

Cultures were maintained with in a tryptone, gelatin hydrolysate and lactose broth (TGhL) or agar at 

20°C.  The isolates used in this Chapter were: Mitta Mitta-L. spenceri-2018-LB, Yanchep-L.moorei-

2019-RW, Frenchmans Creek-L.sp-2020-RW, and Ethel creek-L.nannotis-2013-LB.  Pure zoospore 

suspensions were obtained by flooding mature cultures on solid agar, or by removing the broth from 

mature flasks and incubating the zoosporangia monolayer with fresh broth (Robinson et al. 2019).  



Chapter 2: Viability assay 24 

Zoospore solutions were filtered to remove any detached zoosporangia with a sterile isopore PC 10 

M filter (TCTPO2500 Millipore). 

Evaluation of methylene blue suitability for zoosporangia and comparison to trypan blue 

Live and dead zoosporangia were used in an initial trial to evaluate the suitability of 

methylene blue as a viability stain for B. dendrobatidis.  Sterilised glass slides were placed in 

individual 50 mL centrifuge tubes and filled with 25 mL TGhL broth.  A concentrated zoospore 

solution (1 mL) was added to each tube and incubated at 20°C.  Each day, two slides were removed 

for staining with methylene blue and trypan blue.  The lower half of each slide was killed by dipping 

in 100% ethanol for 1 min.  The other half of the slide remained untreated. The slides were rinsed 

and then stained with either 0.4% trypan blue in PBS for 1 min (McMahon and Rohr 2014), or 0.1 

mg/mL methylene blue for 1 min (Kwolek-Mirek and Zadrag-Tecza 2014).  Slides were examined 

under a compound microscope to determine if live and dead cells could be clearly differentiated. 

Special attention was paid to the “transition zone” between the ethanol treated and untreated 

sections, where there was a mixture of live and dead cells.  This process was repeated for 3 days to 

capture zoosporangia at all stages of growth.  An additional slide was prepared with a mixture of 

cultures from different age classes and stained with methylene blue to ensure that the method 

worked when discharge tubes are present. 

Evaluation of consistency of methylene blue staining over time and between manufacturers 

Individual stained and unstained cells were monitored to assess whether methylene blue 

staining is consistent over time.  A concentrated suspension of actively growing culture was divided 

into two aliquots, one of which was killed by heating to 50°C for 10 min and then combined to create 

a mixed population of live and dead cells.  This suspension was added to an equal volume of 0.2 

mg/mL methylene blue, stained for 1 min, centrifuged to remove excess stain, and then resuspended 

in water.  The cells were viewed under a compound microscope and the same field of view was 

photographed every 10 min to determine if staining of individual cells changed over time. 

Methylene blue from two manufacturers (Australian Biostain “ADMB” and Sigma “M9140”) 

was compared to ensure consistent staining.  Both dyes were dissolved in water to a 2x stock 

solution of 0.2 mg/mL.  A concentrated actively growing suspension containing a mix of life stages 

was split equally into two tubes.  One tube was killed via heat (10 min at 50°C).  Aliquots from 

suspensions of live or heat killed cells were stained with each brand of methylene blue, and 

compared using microscopy. 
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Validation of methylene blue to estimate viability. 

The applicability of methylene blue as a viability assay for cells in suspension was 

investigated by preparing suspensions with known proportions of viable cells.  A concentrated, 

actively growing suspension containing a mix of life stages was split equally into two tubes.  One tube 

was killed via heat (10 min at 50°C).  Live and dead cells were mixed to prepare suspensions that 

contained either 0%, 25%, 50%, 75% and 100% dead zoosporangia.  Methylene blue (0.2 mg/mL) was 

added at a ratio 1:1 to the suspensions to give a final concentration of 0.1 mg/mL and samples were 

incubated for 2 min.  The proportion of stained and unstained cells in each suspension was 

determined at least twice via manual counting using a haemocytometer, and corrected using the 

100% live treatment.  The experiment was repeated using flash freezing (McMahon and Rohr 2014) 

to kill the cells in order to confirm that the staining efficacy wasn’t influenced by the killing method. 

Paired T-tests (Graph pad Prism 8.1.2) were performed to compare the observed counts with the 

known proportion of dead cells. 

Development of a colorimetric growth assay using eluted methylene blue 

To evaluate whether a methylene blue colorimetric assay (Dent et al. 1995) could be 

developed to detect differences in growth in B. dendrobatidis, cells were exposed to different levels 

of oxidative stress to create a gradient of reduced growth.  Zoospores (100 µL) were used to 

inoculate a 96 well culture plate at three densities; High (1 x 105), medium (5 x 104) and low (2.5 x 

104).  The cells were incubated at 20°C for 24 h to allow them to adhere.  Hydrogen peroxide (H2O2) 

was added to the wells at concentrations of 0 mM, 0.1 mM, 0.2 mM, 0.3 mM, and 0.4 mM with three 

replicates per treatment, and incubated at 20°C for 72 h.  Absorbance was measured at 492 nM 

(Rollins-Smith et al. 2002) as a comparison between quantification methods.  The methylene blue 

assay was then performed as follows: Excess media was removed from the wells, and cells were fixed 

with 70% ethanol for 1 min.  The cells were stained with 0.1 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 (HCL), with 45 µL 0.1 M HCL added per well and incubated for 15 min, then 

transferred to a new 96 well plate and absorbance measured at 650 nM using an Omega Polarstar 

spectrophotometer (using 0.1 M HCl as a blank).  The amount of growth was determined as relative 

to the untreated control using the equation below.  Linear regression (Graphpad Prism 8.1.2) was 

performed on each concentration separately to determine the goodness of fit for methylene blue vs 

optical density.  A one way ANOVA (GraphPad) was performed on each cell density to determine 

which method could distinguish between sub lethal levels of H2O2.  
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑟𝑜𝑤𝑡ℎ =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑘𝑖𝑙𝑙𝑒𝑑 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑘𝑖𝑙𝑙𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

To establish the optimal concentration of methylene blue for colorimetric growth assays, 

cells were stained with a 10-fold range of methylene blue concentrations.  Zoospores (100 µL) were 

added to a 96 well plate to give a final number of zoospores of either, 1.5 x 104, 3 x104, 6 x 104 

incubated at 20°C for 2 days.  Excess media was removed from the wells, and the cells were then 

killed with 70% ethanol, and stained with either 0.1 mg/mL, 0.5 mg/mL or 1 mg/mL methylene blue 

for 1 min.  The cells were washed, and the dye eluted in 40 µL of 0.1 M HCl. The supernatant was 

measured using the colorimetric assay was conducted as described earlier. 
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Results 

Methylene blue as a viability stain for zoosporangia 

Methylene blue clearly differentiated between live and dead cells.  Cells were grown on a 

glass slide and half dipped in ethanol before staining the entire slide.  Examination using a compound 

microscope revealed that all ethanol-killed zoosporangia were stained bright blue, while the 

untreated control (viable) half of the slide remained colourless.  The transition zone in the middle of 

the slide contained a mixture of live and dead zoosporangia, which could clearly be differentiated 

(Figure 2.1a).  Live zoosporangia with discharge tubes remained unstained (Figure 2.1b).  In addition, 

empty, effete zoosporangia that had released zoospores were easily distinguishable from killed 

zoosporangia, as their walls, but not their contents stained light blue (Figure 2.1b).  When compared 

to an established stain (trypan blue) methylene blue produced a clearer distinction between live and 

dead zoosporangia of various ages (Appendix A, Figure 8.1). 

 

 

Figure 2.1 Live and dead zoosporangia are distinguishable with methylene blue.  A: Dead 

zoosporangium stained bright blue, which is clearly differentiated from live colorless cells.  B: The 

methylene blue stain is not taken up by live cells with discharge tubes.   

Consistency of staining over time and between manufacturers  

 Further tests demonstrated stability of the stain over time and consistency across 

manufacturers.  The colour of zoosporangia after methylene blue exposure did not change over the 1 

h of observations (Appendix A, Figure 8.2).  An additional brand of methylene blue was tested to 

confirm the consistency of this methodology.  Both Australian Biostain and Sigma branded methylene 

A B 
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blue produced similar results on microscopic examination (Appendix A, Figure 8.3), suggesting that 

this assay will work regardless of the source of dye.  

Estimating viability 

Methylene blue staining can be used to estimate the proportion of live and dead cells in a 

suspension.  Suspensions with known proportions of live and dead cells were manually counted after 

methylene blue staining and confirmed that methylene blue can accurately estimate viability.  As the 

original inoculum for this experiment was from a mixed culture, there was a background level of 2-

15% dead cells in the untreated “0% dead” control.  This background was subtracted from the final 

percentage of cells observed in the assays to determine the corrected percentage.  There was a 

strong linear relationship between the percentage of stained zoosporangia counted and the 

percentage of dead cells added (R2= 0.964) (Figure 2.2).  A paired T-test indicated no difference 

between the known proportion and counted dead cells (T-test p=0.3155, t=1.013, df=55). 
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Figure 2.2 Counts of zoosporangia from suspensions of known viability. The percentage of dead cells 

counted correlated with the percentage of dead cells added to the suspension.  
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Estimating growth 

The methylene blue assay can also be used to measure growth to allow comparisons 

between varying severities of sub-lethal treatments.  Sub lethal concentrations of H2O2 were used to 

create a spectrum of subtle growth responses to test the sensitivity of the methylene blue assay 

compared with measuring optical density.  Growth was calculated as relative to the untreated (0 

mM) control.  The methylene blue colorimetric assay was more sensitive than the traditional optical 

density assay, especially at low cell densities (Figure 2.3).  Linear regression analysis indicated that 

the methylene blue assay could detect subtle growth changes with various (0.1-0.4 mM) 

concentrations of H2O2 (R2 High=0.90, medium=0.90, low=0.79) compared to the optical density assay 

(R2 High=0.81, medium=0.72, low=0.43).  When total cell numbers were less than 2.5 x 104 per well, 

the optical density method could not distinguish between cells subjected to 0.1 – 0.4 mM H2O2 

(p=0.0824, F= 14.21 [3,7]), whereas the methylene blue method could (p=0.0018, F= 0.1779 [3,8]).  

The absorbance of eluted methylene blue is impacted by the concentration initially used to 

stain the cells.  The absorbance values were higher when 0.5 mg/mL methylene blue was used 

instead of 0.1 mg/mL, indicating that the higher concentration may enable more sensitive 

measurement of low cell growth.  Increasing the methylene blue concentration to 1 mg/mL did not 

further improve the sensitivity (Appendix A, Figure 8.4).  
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Figure 2.3 Comparison of growth measurements using A) Optical density method and B) Methylene 

blue colorimetric assay.  Cells at three densities were treated with various levels of H2O2, and growth 

estimated first using the optical density method and then the methylene blue method.  The 

methylene blue measurements remained linear over a wider range of growth, and were more 

sensitive at low cell concentrations.   
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Discussion 

This study demonstrates for the first time that methylene blue is an effective viability stain 

for zoosporangia of B. dendrobatidis.  Methylene blue stains dead zoosporangia bright blue, leaving 

live zoosporangia unstained, and this was validated using three methods to kill the cells (ethanol, 

heat, and snap freezing).  Methylene blue can be used to estimate proportion of viable cells by 

manual counting or colorimetric assay.   

Other viability dyes, such as trypan blue, rely on exclusion by permeable membranes.  This 

dye exclusion method is hypothesised to have limited use in B. dendrobatidis due to the presence of 

leaky discharge tubes that enable live cells to be stained, leading to false negative results (McMahon 

and Rohr 2014).  In this Chapter, I directly compared trypan blue with methylene blue and found the 

latter to be superior (Figure 8.1).  The advantage of methylene blue is that it relies on the enzymatic 

reduction of the dye by live cells.  A redox reaction occurs in which the blue methylene blue is 

reduced to colourless leucomethylene blue.  The mechanism of action of methylene blue within the 

context of cell viability is still not completely understood. It is hypothesised that the reduction of the 

methylene blue occurs at the cell membrane, after which the reduced leucomethylene blue diffuses 

across the cell membrane (Bongard et al. 1995, Merker et al. 1997, May et al. 2003). It is likely that 

due to the positive charge of methylene blue in the oxidised (blue) state, its permeability is excluded 

in live cells (Chilver et al. 1978).  Leucomethylene blue however is uncharged, and therefore may 

diffuse across the cell membrane (May et al. 2003).  In some cells, this intracellular leucomethylene 

blue can be reoxidised (for example by haemoglobin-containing proteins) (Metz et al. 1976), leading 

to the re-appearance of the blue colour (Bapat et al. 2006).  If the reduction of methylene blue 

indeed occurs at the cell surface, then the observation that live zoosporangia remain unstained 

suggests that their discharge tubes are tightly sealed.  If they were leaky, the dye could enter the 

zoosporangia before the cell surface reductases could reduce it.  This raises the possibility that the 

sub-optimal performance of trypan blue may be more complicated than simply discharge tube 

porosity.   

Methylene blue is a fungicide, and mildly toxic to B. dendrobatidis.  However, the stain 

concentration is ten-fold lower than the minimum concentration needed to cause zoospore death in 

30 min (Berger et al. 2009).  To address the possibility of re-oxidation or cytotoxic effects in B. 

dendrobatidis, live cells were exposed to methylene blue, and the assay was shown to be stable for 

at least 1 h.   

The absence of reductive enzyme activity in dead cells means that methylene blue can enter 

the cell and stain the basophilic cellular contents blue.  After washing, the amount of oxidised, blue 
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dye remaining is proportional to the volume of stained basophilic cellular contents.  When the bound 

dye is eluted using dilute HCl, the intensity of the blue colour is, therefore, proportional to the 

biomass of dead cells the sample (Pelletier et al. 1988, Dent et al. 1995).  This study demonstrates 

that this principle can also be used to estimate growth in B. dendrobatidis.  Traditionally, the simplest 

method to estimate growth is to measure OD using a spectrophotometer (Rollins-Smith et al. 2002, 

Stevenson et al. 2013, Voyles et al. 2017).  The absorbance of the cells themselves are measured 

without the addition of dye.  This method is quick and non-destructive, which allows the repeated 

measurement of the same sample over multiple days.  However, this method relies on the 

homogenous distribution of cells.  When grown in circular wells, B. dendrobatidis often grows 

heterogeneously across the growth surface, with concentrated growth on the outer edge of the well 

and sparse growth in the centre (personal observation).  Therefore, spectrophotometric 

measurements can provide erroneous measurements, and have poor sensitivity at low cell 

concentrations.  The colorimetric methylene blue assay circumvents the issues of heterogenous 

growth by measuring the eluted dye.  However, the limitation of this method is that the sample is 

destroyed during the assay and requires additional steps than spectrophotometry alone.   

The traditional concentration of methylene blue is 0.1 mg/mL, but increasing the 

concentration to 0.5 mg/mL may enable a lower limit of detection for low cell concentrations.  The 

observation that absorbance values vary with methylene blue concentration highlights the 

importance of using the same batch of dye throughout an experiment. 

Since publication, two new cell vitality assays (CellTiter-Glo and MTT) have been developed 

for Batrochochytrium species (Lindauer et al. 2019, Carter et al. 2021).  While the methylene blue 

assay determines cell viability (percentage of live cells), assays such as the CellTiter-Glo® (Promega) 

and MTT provide a measure of the physiological state of the cells (cell vitality).  Vitality assays 

quantify metabolic activity, as cells that are alive may differ in their metabolism (Liao et al. 1999, 

Kwolek-Mirek and Zadrag-Tecza 2014, Gaálová et al. 2019).  The CellTiter-Glo® luminescence assay 

has been validated to determine vitality in B. salamandrivorans by measuring ATP levels (Carter et al. 

2021), and has recently been adapted for determining viability of B. dendrobatidis zoospores 

(Jiménez et al. 2022).  The MTT assay has been established for use in B. dendrobatidis (Lindauer et al. 

2019), and measures cell activity by the reduction of the yellow tetrazolium salt MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) into purple MTT-formazan crystals in 

metabolically active cells.  Used in conjunction, these two assays along with the methylene blue 

assay described here, could provide in depth data on B. dendrobatidis viability and vitality. 
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Summary  

Methylene blue is a readily available, stable, inexpensive and rapid viability stain for 

zoosporangia of B. dendrobatidis.  The dye can be used on either adherent or suspended cells, and 

viability can be calculated by counting stained cells.  The live/dead assay described here can also be 

modified into a colorimetric assay to detect subtle changes in growth or sub-lethal effects of 

treatments. 
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 Role of Glutathione 

 

 

 

 

Glutathione is an important antioxidant for most eukaryotes, including fungal pathogens. The 

role of glutathione in B. dendrobatidis pathogenesis is unknown, but it has been identified as a 

candidate virulence factor. In this chapter, I used multiple approaches to explore the function of 

glutathione in B. dendrobatidis, including quantification of gene expression of a glutathione synthesis 

gene (glutamate cysteine ligase, GCL) during the transition from free-living zoospore to parasitic 

sporangial life stage. I also investigated whether glutathione levels affect the tolerance to various 

stressors (oxidative, heavy metal, fungicidal, osmotic and heat stress) using the viability assay 

developed in Chapter 2. This chapter required extensive development of RT-qPCR protocols to 

measure gene expression, which are described in Appendix B. 

These studies showed that glutathione is important for tolerating cadmium. Thus, the GCL 

gene is an attractive target for developing RNAi methodologies in B. dendrobatidis, as heavy metal 

susceptibility is a measurable phenotype for assessing gene knock down (Chapter 4). In addition, the 

observation that background GCL expression is stable during cell development indicates that the RT-

qPCR protocol developed in this chapter is a valid approach to detect gene knockdown. 

 

This chapter has 3 aims 

1: To determine the GCL expression patterns during early cell development in B. dendrobatidis, both 

in vitro and in an amphibian infection model. 

2: To observe the effect of various stressors on glutathione levels and gene expression in B. 

dendrobatidis.  

3: To determine whether glutathione replete or deplete conditions affect the sensitivity of B. 

dendrobatidis to various stressors. 
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The role of glutathione in the virulence of Batrachochytrium 

dendrobatidis  

Abstract: 

In many pathogenic fungi, the antioxidant glutathione is a virulence factor that helps evade 

oxidative stressors generated from host immune cells.  Here I explore the role of glutathione in 

Batrachochytrium dendrobatidis, through gene expression, glutathione quantification and stress 

exposure studies.  Expression of a glutathione biosynthetic gene (glutamate cysteine ligase, GCL) 

remained stable during cell development, and did not appear to be upregulated in a host infection 

model. Buthionine sulfoximine (BSO)-mediated depletion of glutathione prevented the development 

of discharge tubes and release of zoospores, indicating that glutathione is important for life cycle 

completion in B. dendrobatidis.  Sub-lethal hydrogen peroxide exposure lowered total cellular 

glutathione levels by 42%, with a slight increase in the reduced:oxidised glutathione ratio, possibly 

due to the upregulation of glutathione reductase. In contrast, exposure to 0.04 mM cadmium 

increased total cellular glutathione by 93%.  Glutathione-depleted cells had an increased sensitivity 

to cadmium stress, and this effect was reversed by glutathione supplementation.  Heat treatment 

decreased the reduced:oxidised glutathione ratio, while the sensitivity to heat increased with 

glutathione supplementation.  Overall, this study shows that glutathione levels are impacted by 

oxidative (peroxide) stress, but that it may not be an important component of host invasion. 

Glutathione plays an important role in cadmium tolerance, likely through irreversible sequestration 

of the heavy metal.  The impact of glutathione levels on heat sensitivity may help explain differences 

in host susceptibility to chytridiomycosis and may provide opportunities for synergistic therapeutics.   

 

Introduction: 

Batrachochytrium dendrobatidis is a chytridiomycete pathogen that has decimated 

amphibian species worldwide (Scheele et al 2019).  The success of this epidermal pathogen is likely 

due to its ability to evade the host immune system, mediated via production of immunosuppressant 

molecules (Fites et al. 2013, Rollins-Smith et al. 2015).  However, identification of other virulence 

factors has been limited by the lack of molecular biology tools developed for this species (Rosenblum 

et al. 2010).  Identification of potential virulence factors is an important step in the development of 

antifungal interventions such as targeted drugs (Nosanchuk et al. 2001), vaccines (De Bernardis et al. 

2012) and beneficial microbes (Mayer and Kronstad 2017); which have limited efficacy in the current 

treatments for chytridiomycosis.  
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One potential fungal virulence factor is the glutathione antioxidant system, as in silico studies 

suggest that B. dendrobatidis acquired several glutathione-associated genes via horizontal gene 

transfer (Sun et al. 2011).  Glutathione is a thiol tripeptide containing three amino acids: glutamate, 

cysteine and glycine (Pirie and Pinhey 1929).  Glutathione exists in either a reduced (GSH) state or as 

oxidised dimer (glutathione disulfide, GSSG).  The synthesis of glutathione is a two-step process 

(Figure 3.1).  The first reaction is catalysed by glutamate-cysteine ligase (GCL, also known as γ-

glutamylcysteine synthetase), which is the rate limiting step of glutathione synthesis and is 

transcriptionally regulated by yAP-1p (Wu and Moye-Rowley 1994), and Met4 (Wheeler et al. 2002). 

Excess glutathione creates a feedback loop that inhibits Met4, allowing precise control over 

glutathione levels (Wheeler et al. 2002).  In the second step, the enzyme glutathione synthetase (GS) 

forms glutathione by adding glycine to γ-glutamylcysteine (Meister and Anderson 1983, Pócsi et al. 

2004, Sofyanovich et al. 2019).   

Glutathione has antioxidant properties that are not only important for normal cellular 

metabolism (Pócsi et al. 2004), but also play a role in pathogen virulence by neutralising oxidative 

stressors generated by host immune systems (Wojtaszek 1997, Missall et al. 2004).  As such, 

pathogenic fungi often show higher tolerance to oxidative stress compared to non-pathogenic 

species (Jamieson et al. 1996).  Phagocytic immune cells such as macrophages and neutrophils 

produce reactive oxygen species (ROS), including hydrogen peroxide, to destroy fungal pathogens 

within the phagosome (Brown 2011).  Glutathione, however, can protect some fungal species from 

this oxidative stress, allowing them to survive phagocytosis (Erwig and Gow 2016).  Phyto-pathogenic 

fungi also encounter defensive hydrogen peroxide from the host (Apostol et al. 1989), and the ability 

to detoxify hydrogen peroxide is a virulence factor in plant fungal diseases such as smut (Molina and 

Kahmann 2007, Lin et al. 2009).  

Although the host response to B. dendrobatidis infection is generally poor (Grogan et al. 

2018), B. dendrobatidis could encounter oxidative stress during infection, as amphibian macrophages 

(Johnson et al. 2000) and neutrophils (Froese et al. 2005) produce hydrogen peroxide.  The function 

of the glutathione system in B. dendrobatidis has not been elucidated, although hydrogen peroxide 

has been shown to alter the pattern of glutathione modifications on proteins (Claytor 2020).  In other 

species, glutathione can neutralise hydrogen peroxide directly (Pócsi et al. 2004), or in a reaction 

catalysed by glutathione peroxidase (GPx) (Galiazzo et al. 1987).  Both processes result in the 

oxidisation of glutathione into the dimerised glutathione disulfide (GSSG), which is then recycled 

back into GSH by glutathione reductase (GR) (Grant et al. 1996, Sato et al. 2009) (Figure 3.2).  
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Disruption or inhibition of GCL, GR, or GPx can result in decreased tolerance of oxidative 

stress and decreased fungal virulence, highlighting the importance of this system for pathogenicity.  

For example, GCL is essential in many fungi, including in the human pathogens Candida albicans and 

Candida glabrata, (Baek et al. 2004) with C. albicans GSH1 (GCL) mutants demonstrating increased 

susceptibility to macrophage attack and lowered virulence in a mouse host (Yadav et al. 2011).  The 

ability to recycle oxidised GSSG back into GSH is also important for the virulence of many fungal 

pathogens of both plants and animals.  In the rice blast fungus Magnaporthe oryzae, deletion of the 

gene encoding GR (GTR1) rendered the mutant more susceptible to hydrogen peroxide and less 

virulent (Fernandez and Wilson 2014).  Similarly, GR deletion in C. albicans increased the sensitivity 

to hydrogen peroxide and macrophage attack, and reduced virulence in both moths and mice 

(Tillmann et al. 2015).  Finally, glutathione peroxidase (GPx) is also important for fungal virulence. 

There are multiple GPx homologs in fungi (Inoue et al. 1999), with GPx3 likely the major contributor 

to virulence (Missall et al. 2005).  S. cerevisiae GPx3 mutants were more sensitive to oxidative stress 

(Thorpe et al. 2004, Kho et al. 2008), and GPx3 mutants were less virulent in the plant pathogens 

Alternaria alternata (Yang et al. 2016a) and M. oryzae (Huang et al. 2011).  

Other functions of glutathione include the detoxification of endogenous metabolites, such as 

formaldehyde, and sequestration of heavy metals (Pócsi et al. 2004).  In particular, glutathione is 

associated with tolerance of the heavy metal cadmium (Cd).  Glutathione can remove Cd by either 

forming a complex with Cd directly or by serving as a precursor for a phytochelatin complex, before 

exportation to a vacuole (Li et al. 1996, Cobbett and Goldsbrough 2002).  Exposure to Cd increases 

GCL expression and a corresponding increase in glutathione in S. cerevisiae (Vido et al. 2001) and 

Laccaria bicolor (Khullar and Sudhakara Reddy 2019).  GCL mutants display increased susceptibility to 

Cd (Mutoh and Hayashi 1988, Glaeser et al. 1991, Gutiérrez-Escobedo et al. 2013, Khullar and 

Sudhakara Reddy 2019), as do fungi exposed to buthionine sulfoximine (BSO), a chemical inhibitor of 

GCL (Clemens et al. 1999, Prévéral et al. 2006).  Glutathione also helps to protect fungi against heat 

shock (Sugiyama et al. 2000, Sato et al. 2009), and increases resistance to antifungals such as 

fluconazole (Maras et al. 2014).  Thus, the glutathione pathway is an attractive target for the 

development of novel antifungal therapies.  In this study, I explored the function of glutathione and 

its potential as a virulence factor in B. dendrobatidis through GCL expression analysis and glutathione 

quantification; and by examining the effect of glutathione levels on tolerance of oxidative, heavy 

metal, fungicidal, osmotic and heat stress.  
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Figure 3.1 Simplified synthesis of glutathione.  Synthesis of glutathione (GSH) involves two enzymes: 

glutamate cysteine ligase (GCL) and glutathione synthase (GS).  The GCL catalyses the formation of γ-

glutamylcysteine (GGC) from glutamate and cysteine and is the rate-limiting step of GSH synthesis.  

The GS catalyses the formation of GSH from γ-glutamylcysteine via the addition of glycine. Both 

reactions require ATP.  

Figure 3.2 Glutathione-mediated neutralisation of hydrogen peroxide (H2O2).  Reduced glutathione 

(GSH) is oxidised to the dimer glutathione disulfide (GSSG) during exposure to H2O2, resulting in 

detoxification of peroxide to water.  This process can occur independently, or via glutathione 

peroxidase (GPx).  Oxidised GSSG can be reduced to GSH via glutathione reductase (GR). 
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Methods:  

Culture of B. dendrobatidis 

B. dendrobatidis was grown in TGhL broth, and synchronised zoospores were collected as 

described in Chapter 2.  The isolates used in this chapter were Yanchep-L.moorei-2019-RW, 

Werribee-L.dumerilli-2021-LB.  

Quantification of glutathione gene expression via RT-qPCR 

The relative expression of glutamate cysteine ligase (GCL), the first enzyme in glutathione 

synthesis, was determined by RT-qPCR.  Total RNA was extracted using the Quick RNA Micro 

extraction kit (Zymo).  The cells were pelleted, treated with 90 µL of RNA/DNA shield (Zymo), and 

subjected to 1 min of bead beating with 0.05 g of 0.1 mm and 0.5 mm silica beads (Daintree 

Scientific) to break up the chitin cell walls.  RNA was extracted from the homogenised solution 

following manufacturer’s instructions (Zymo), including the optional 15 min DNase treatment. RNA 

concentration and purity was measured using a Nanodrop spectrophotometer (Thermo Scientific), 

and cDNA synthesis was performed using the QuantiTect reverse transcription kit (Qiagen).  The 

cDNA was diluted to 10 ng/µL before use. RT-qPCR was performed in a 20 µL reaction containing 1 ng 

cDNA template, 1x Rotor-Gene SYBR green master mix and 1 µM of each forward and reverse primer.  

The reactions were run in triplicate on a Rotorgene 6000 (Qiagen) with an initial activation step of 

95°C for 5 min, followed by 35 cycles of a 5 s 95°C denaturation step and a 10 s 60°C 

annealing/extension step. 

The B. dendrobatidis mRNA sequences for GCL (BATDEDRAFT_35498) and GR 

(BATDEDRAFT_21097) were obtained from the NCBI database using a protein blast search against 

well-characterised fungal species.  Primers were designed in Geneious (version 8) based on the 

following criteria: similar melting point, small (<150 bp) amplicons, and low homology to non-target 

sequences. The GCL primer set (Forward: 5’-TCGTACTCATGGCATCGCTC and Reverse: 5’-

AGTGCGAGCATCCTTGTTGA), produced a 127 bp product in cDNA and a 358 bp product in DNA.  The 

GR primer set (Forward 5’-CTGGGCAGTAGGACGGAATG and Reverse 5’-CCCAAGAGCGTAAACACCCT) 

produced a 139 bp product in both cDNA and DNA (Appendix B, Figure 8.6).  Reference gene primers 

α-centractin (Farrer et al. 2017), APRT (Verbrugghe et al. 2019), and 5.8s (A. Starr personal 

communication) were used for normalisation.   

Prior to use, the efficiency of each primer set was determined for GCL, α-centractin and 5.8s 

using a four-point standard curve and calculated using Rotorgene software (Appendix B, Table 8.2).  

Primer efficiency for APRT was obtained from the literature (Verbrugghe et al. 2019).  Each reference 

gene was also evaluated for stability using the algorithms: BestKeeper (Pfaffl et al. 2004), Ref Finder 
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(Xie et al. 2012), Delta Ct  (Silver et al. 2006) and NormFinder (Andersen et al. 2004) (Appendix B, 

Table 8.3).  The specificity of the primers was confirmed by low homology in BLAST searches and by 

the absence of amplification in cDNA from control uninfected cane toad skin (Appendix B, Section 1).  

The reference genes α-centractin and APRT were chosen for in vitro expression analysis.  The 

reference genes α-centractin and 5.8s were chosen for expression analysis in the cane toad infection 

model because APRT primers produced non-specific amplification in control (uninfected) cane toad 

tissue (Appendix B, Section 1).  

GCL expression in early life cycle 

The pattern of GCL expression during encystation and early sporangial development was 

determined by harvesting mRNA 0, 20, 32 and 44 h after zoospore release.  For in vitro expression, 

synchronised zoospores were obtained from 7 d flask cultures following protocols for B. 

salamandrivorans (Robinson 2019).  The zoospore solution was syringe filtered using a 10 µm isopore 

filter (Millipore) to remove any zoosporangia, and concentrated by centrifugation at 2500 x g for 5 

min.  A total of 106 zoospores in 500 µL broth were added per well in a 12 well culture plate 

(Sarstedt), and incubated at 20°C.  An additional 3 x 106 zoospores were directly preserved in 

RNA/DNA shield for the 0 h time point. At the 20 h, 32 h and 44 h time points, cells were harvested 

from three wells.  The zoosporangia were scraped from the well surface, centrifuged, and the pellet 

resuspended in 90 µL RNA/DNA shield and zirconia/silica beads.  RNA extraction, cDNA synthesis and 

RT-PCR was performed as described above.  

The pattern of GCL expression during initial host infection was determined by infecting 

juvenile cane toads (Rhinella marina) with B. dendrobatidis, and extracting mRNA from infected skin 

at 20, 32 and 44 h.  Newly metamorphosed toads, measuring between 9-15 mm were collected from 

Anderson Park, Townsville, Australia (-19.292402, 146.787219) (James Cook University Ethics 

approval: A2702).  For each experiment, six toads were held together in a shallow container and 

exposed to 2 x 107 zoospores in 3 mL TGhL at 21°C for 5 h (Appendix B, Figure 8.5).  After inoculation, 

the animals were gently rinsed with water to remove any unencysted zoospores, and placed in a new 

plastic enclosure with damp paper towel, at 20°C.  At each time point (20, 32, and 44 h), two animals 

were euthanised by 30 min exposure to 1% tricaine methanesulfonate (MS222) (Acros Organics).  

The ventral pelvic patch skin (thighs and lower abdomen) was removed (Appendix B, Figure 8.5) and 

cut into small pieces.  The skin from both animals was combined in a 1.5 mL tube containing 0.1 mm 

and 0.5 mm zirconia and silica beads (Daintree scientific) and 150 µL DNA/RNA shield (Zymo), then 

subjected to 3 min bead beating (Biospec mini beadbeater).  The homogenised tissue in DNA/RNA 

shield was then stored at -80°C until RNA extraction. RNA extraction, cDNA synthesis and RT-PCR was 
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performed as described above.  The experiment was conducted three times to give a sample size of 

n=9.  

The expression of GCL relative to the reference genes was calculated using the Pfaffl method 

(Pfaffl 2001).  Relative quantity (RQ) was calculated using the equation RQ= EΔCT, and the geometric 

mean of the two reference genes was used to determine fold change in GCL expression 

(Vandesompele et al. 2002).  Fold change calculations were calculated as relative to the 20 h time-

point, and fold change values converted to log2.  One way ANOVA analysis (GraphPad Prism version 

8) was used to determine if expression changed significantly during development.  

Depletion of cellular glutathione by buthionine sulfoximine 

GCL can be chemically inhibited using buthionine sulfoximine (BSO) (Griffith and Meister 

1979).  BSO can inhibit glutathione synthesis in other fungi at concentrations ranging from 2-6 mM 

(Courbot et al. 2004, Prévéral et al. 2006, Patsoukis and Georgiou 2007, Lis et al. 2012) but its 

effectiveness in B. dendrobatidis is unknown.  As a pilot study to evaluate whether BSO depletes 

cellular glutathione, a mixed population (zoospores and zoosporangia) of B. dendrobatidis cells were 

added to a sterilised white microtiter plate and incubated for 8 h to allow adherence.  BSO (Sigma) 

was prepared as a filter-sterilised 100 mM solution in water. The cells were exposed to BSO at 

concentrations ranging from 2-30 mM, with two replicates per concentration.  After 20 h BSO 

exposure, the total glutathione levels were estimated using a luminescent assay (Promega GSH:GSSG 

Glo V6611), following the manufacturer’s instructions for adhered cells.  For all experiments, the 

relative amount of total glutathione in the BSO treated wells was calculated compared to the control.  

The strength of the linear relationship between BSO concentration and relative glutathione levels 

was calculated using GraphPad Prism (version 8).  BSO at 30 mM resulted in the greatest depletion of 

total glutathione and therefore chosen for the remaining experiments.  

The duration of glutathione depletion was established by measuring total glutathione after 6, 

24 and 48 h of exposure to BSO.  Zoospores (100 µL) were added to a 96 well plate (Nunc) at 8.5 x 104 

zoospores per well and incubated overnight.  Excess TGhL broth was removed, and cells were 

incubated with fresh broth containing either 30 mM BSO or a corresponding volume of water 

(control).  At each time point, total glutathione was measured in three control and three BSO wells. 

Growth at each time point was estimated from the two-dimensional cell surface area in three 

representative images using Image J (Baviskar 2011).  Relative glutathione was calculated relative to 

the control for that time point and adjusted for differences in cell growth caused by BSO exposure.  

An additional experiment was conducted to determine if BSO inhibits glutathione synthesis 

in zoospores.  A concentrated zoospore solution (500 µL) was added to two sterile 1.5 mL tubes.  To 
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one tube, BSO was added to give a final concentration of 30 mM, and a corresponding amount of 

water was added to the control tube.  After incubation at 20°C for 10 h, zoospores were pelleted by 

centrifugation and re-suspended in 50 µL water.  Each sample was split into two 25 µL replicates and 

total glutathione levels in the BSO treated zoospores compared to the control were measured using 

the GSH Glo luminescent assay (Promega), following the protocol for cell suspension.  

The effect of BSO treatment on B. dendrobatidis growth and development was monitored by 

incubating zoospores with BSO.  Zoospores (100 µL) were added to a 96 well plate (Nunc) at 8.5 x 104 

zoospores per well.  Two replicate wells were treated with either 5 mM or 30 mM BSO, and an 

additional two wells with no BSO (control).  After 5 days, the wells were observed and photographed.  

Additional replicates were included in which the BSO was removed on day 2 and replaced with TGhL 

broth to determine if cells recovered after BSO treatment.  

Stress assays: 

Sublethal levels of various stressors were first determined by MIC experiments (Appendix B, 

Figure 8.9).  Chemical stressors were freshly prepared in water and filter sterilized (see Appendix B, 

section 3).  To evaluate changes in the glutathione pool in response to stress, zoospores (100 uL) 

were added to 96 well plates (Nunc) at 8.5 x 104 zoospores per well and incubated at 20°C.  After 18 

h, cells were exposed to each stressor (Table 3.1).  After 24 h of stress exposure, cells were 

photographed to estimate growth before lysis and glutathione measurement.  Growth of cells 

exposed to each stressor was estimated from the two-dimensional cell surface area in three 

representative images using Image J (Baviskar 2011).  The GSH Glo luminescent assay (Promega) was 

used to measure reduced and oxidised glutathione in three replicate wells.  Cells were lysed and 

transferred to a white luminescent plate following the manufacturer’s instructions for adherent cells.  

Glutathione levels in stressed cells were calculated as relative to the untreated control, after 

adjusting for differences in cell growth caused by stress exposure.  The ratio of oxidised and reduced 

glutathione was calculated using the relative luminescence units following manufacturer’s 

instructions.  Glutathione levels in stressed cells were compared the control using T-tests (GraphPad 

Prism). 

To investigate the mechanisms underpinning changes in total glutathione and glutathione 

ratio, expression of the key genes involved in glutathione synthesis (GCL) and glutathione recycling 

(GR) were monitored in cells exposed to stress.  Zoospores (500 µL) were placed in 12 well plates 

(Nunc) at approximately 1 x106 zoospores per well and incubated at 20°C.  After 24 h to allow 

encystation, cells were exposed to stress for 12-18 h. RNA extraction, cDNA synthesis and qRT-PCR 

were performed as described earlier. 
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To evaluate the role of glutathione for stress tolerance, glutathione was either depleted with 

BSO or supplemented with additional GSH in cells before stress exposure.  Zoospores were placed in 

96 well plates at 8.5 x 104 zoospores per well and incubated at 20°C.  After 18 h, cells were treated 

with either 30 mM BSO for 6 h, or 2 mM glutathione for 3 h before stressor exposure.  GSH (Sigma) 

was prepared fresh as a filter-sterilised 100 mM stock in water, and the appropriate concentration 

for supplementation was determined by MIC experiments (Appendix B, Figure 8.11).  Growth and 

viability of cells was measured 48 h after stress exposure using methylene blue as described in 

Chapter 2.  Two-way ANOVA analysis (GraphPad Prism) was used to determine if the interaction 

between stress and BSO or GSH was significantly different to the control.   

Table 3.1 Sub-lethal levels of stressors 

Stress   Conditions Rationale  

Oxidative  0.2 mM Hydrogen peroxide 
(H2O2) 

Proxy for host immune response (Froese et al. 2005)  

Heavy metal 0.04 mM Cadmium (Cd) Some heavy metals inhibit B. dendrobatidis growth (Threlfall et 
al. 2008, Boisvert and Davidson 2011)  

Fungicidal  0.1 µg/mL Terbinafine 
hydrochloride (TBF) 

Used as a chytridiomycosis treatment at 0.1 mg/mL 
(Bowerman et al. 2010) 

Osmotic  0.1 M Sodium chloride (NaCl) B. dendrobatidis is sensitive to NaCl (Stockwell et al. 2012), and 
increasing habitat salinity has been suggested to provide 
refugia from chytridiomycosis (Stockwell et al. 2015) 

Heat 30°C for 4 h (Heat) B. dendrobatidis occurs in temperate climates, with optimal 
growth at 15-25°C, and frogs subjected to daily 4 h pulses of 
29°C can clear infection (Greenspan et al. 2017) 
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Results  

Patterns of GCL expression  

In the in vitro experiments, GCL expression remained stable as B. dendrobatidis zoosporangia 

developed (Figure 3.3) (p=0.275, F=0.7668 [2,6], R2=0.3492).  The mRNA levels (of both GCL and the 

reference genes) in zoospores was very low and has been excluded from this analysis due to issues 

with the limit of detection (see Appendix B-Section 2), therefore the fold change was calculated 

relative to the 20 h time-point.  Expression of B. dendrobatidis GCL did not appear to be upregulated 

during infection of cane toads compared to in vitro (Appendix 3-Table 8.4), although the accuracy of 

the results was limited by the very low abundance of B. dendrobatidis mRNA in the sample (Linear CT 

>29). 

20 32 44

-2

-1

0

1

2

Time (h)

R
e
la

ti
v
e
 e

x
p

re
s
s
io

n
  
(L

o
g

2
)

 

Figure 3.3 GCL expression in vitro. Relative GCL was stable during early B. dendrobatidis development 

in vitro (p=0.275, F=0.7668 [2,6], R2=0.3492). Fold change was calculated as relative to the 20 h time-

point N=9, mean and SEM 

Depletion of cellular glutathione via BSO  

The addition of BSO to growth media caused a dose dependent decrease in total glutathione 

levels after 20 h.  The greatest decrease was seen in cells exposed to 30 mM BSO (70% decrease in 

total glutathione) (Figure 3.4), and this concentration was chosen for further experiments.  The effect 

of BSO on zoosporangia lasted for at least 48 h (Figure 3.5).  However, BSO appeared to have only a 

minor effect on zoospores, with <20% decrease in total glutathione after 10 h (Figure 3.6).  

Incubation with BSO did not prevent zoospore encystation.  Exposure to 5 mM BSO only had a minor 

effect, whereas exposure to 30 mM slowed growth and prevented maturation of the zoosporangia. 
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Removal of the BSO partially restored growth and ability to form discharge tubes and release 

zoospores (Figure 3.7). 
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Figure 3.4 Total glutathione levels in a mixed stage culture after BSO treatment.  BSO causes a dose-

dependent decrease in total glutathione levels in zoosporangia after 20 h incubation.  Levels are 

relative to the untreated control, but not adjusted for growth. N=9, mean and SD.  
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Figure 3.5 Total glutathione levels in zoosporangia after 6, 24 and 48 h 30 mM BSO treatment.  BSO 

exposed cells had 51% less total glutathione at 6 h (p=0.0018, t=7.398, df=4), 69% less at 24 h 

(p=0.0001, t=55.62, df=4), and 84% less at 48 h (p=0.0004, t=10.70, df=4) compared to the untreated 

control at the same timepoint after adjustment for growth.  N=18, mean and SD. 
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Control BSO  
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Figure 3.6 Total glutathione in zoospores after 10 h 30 mM BSO treatment.  Treatment with 30 mM 

BSO caused a 20% depletion in total glutathione levels in zoospores after 10 h (p=0.008, t=35.40, 

df=2).  N=4, mean and SD. 
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0 mM BSO 5 mM BSO 

  
30 mM BSO Recovery after 30 mM BSO removed 

 

  
Figure 3.7 Effect of BSO on B. dendrobatidis lifecycle.  These representative images illustrate the 

differences in cell size and coverage between the treatments.  The refractile circular bodies are the 

zoosporangia.  Continual exposure to 30 mM BSO prevented maturation of zoosporangia.  This effect 

was reduced when BSO was removed from growth media.  The scale bar is 0.05 mm and 

magnification is 400x. 

 

 

Glutathione levels in response to stress exposure. 

Glutathione levels varied after exposure to different stressors (Figure 3.8).  Treatment with 

H2O2 decreased total glutathione levels by 42% (p=0.0008, t=8.992, df=4), whereas cells exposed to 

Cd had a 93% increase in glutathione levels compared to the control (p= 0.0001, t=20.20, df=4).  

Exposure to TBF, NaCl and heat caused slight changes to the total glutathione pool.  The ratio of 

reduced (GSH) and oxidised (GSSG) glutathione also changed depending on the type of stress (Figure 

3.9).  Control untreated zoosporangia had an average GSH:GSSG ratio of 6.44.  Cells exposed to H2O2 
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(p=0.016, t=2.894, df=16), Cd (p=0.0004, t=4.438, df=16) and NaCl (p=0.0001, t=7.322, df=16) had a 

slight, but significant increase in GSH to GSSG ratio, whereas cells exposed to heat stress had 

significantly lower GSH to GSSG ratio (p=0.0001, t=14.68, df=16).  The GSH:GSSG ratio of cells 

exposed to TBF fungicide was not significantly different to the control.  Unstressed zoospores had a 

GSH:GSSG ratio of 5.99, which is slightly lower than that of zoosporangia.
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Figure 3.8 Relative total glutathione (GSH + GSSG) levels in B. dendrobatidis 24 h after stress 

exposure.  Cells exposed to 0.2 mM H2O2, had 42% less total glutathione (p=0.0008), whereas cells 

exposed to 0.04 mM Cd had 93% more total glutathione (p= 0.0001).  Treatment with 0.01 µg/mL 

TBF, 0.1 M NaCl and heat slightly altered the total glutathione levels compared to the control (8% 

less, 13% more and 12% more P=0.0279, 0.0027, 0.0077 respectively).  Total glutathione was 

measured using a commercial luminescent assay. N=18, mean and SD. 
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Figure 3.9 GSH:GSSG ratios in B. dendrobatidis after 24 h stress exposure.  Heat exposure reduced 

the GSH:GSSG ratio by approximately 50% (p=0.0001).  Treatment with 0.2 mM H2O2 (p=0.016), 0.04 

mM cadmium (0.0004) and 0.1 M NaCl (p=0.0001) slightly increased the GSH:GSSG ratio compared to 

the control.  N= 18, mean and SD.  

 

Glutathione gene expression after stress exposure 

The expression of glutathione-associated genes (GCL, GR) was measured in cells exposed to 

H2O2, Cd and heat.  Cells exposed to heat had a slight but significant downregulation in expression of 

the glutathione synthesis gene, GCL (p=0.024, t=9.601, df=3) (Figure 3.10).  There was no significant 

effect of Cd or H2O2 exposure on the expression of GCL.  In terms of glutathione recycling, cells 

exposed to both H2O2  (p=0.0025, t=6.737, df=4) and Cd (p=0.0119, t=5.485, df=3) had slightly higher 

glutathione reductase (GR) expression compared to the control.  There was no significant change in 

GR expression in cells exposed to heat (Figure 3.11).  
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Figure 3.10 Fold-change glutamate cysteine ligase (GCL) expression after stress exposure compared 

to untreated control.  There was a slight but significant reduction in GCL expression in cells exposed 

to heat (p=0.024).  There was no significant difference in the expression of GCL in cells exposed to 

H2O2 or Cd. N=11, mean and range. 
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Figure 3.11 Glutathione reductase (GR) expression after stress exposure compared to 

untreated control.  There was a slight but significant increase in GR expression in cells exposed to 

H2O2 (p=0.002) and Cd (p=0.011).  There was no significant difference in GR expression in cells 

exposed to heat.  N=11, mean and range. 
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Stress tolerance with glutathione depletion or supplementation  

The role of glutathione in stress tolerance was further examined under conditions of 

glutathione depletion (via BSO) or glutathione (GSH) supplementation.  First, growth studies were 

performed with a range of BSO and GSH concentrations to determine the background effect on B. 

dendrobatidis growth (Appendix B-Section 4).  Cells exposed to 30 mM BSO experienced minor 

growth inhibition (Appendix B-Figure 8.10), but this concentration was necessary for efficient 

glutathione depletion. Exposure to glutathione at 2.5 mM and above caused growth inhibition 

(Appendix B, Figure 8.11).  Therefore, depletion and supplementation experiments were performed 

with 30 mM BSO and 2 mM GSH.   

Glutathione depletion further attenuated the growth of cells exposed to 0.04 mM Cd (63% 

less growth than cadmium alone) (Figure 3.12).  Taking into account the negative effects of BSO, the 

interaction between BSO and Cd stress was significantly different to the control (p=0.017, F=8.538 

[1,9]).  Methylene blue staining indicated the cells were still viable after Cd stress and BSO treatment 

(Appendix B, Figure 8.12), but microscopy revealed that the cells were small and contained unusually 

large vacuoles (Figure 3.14).  Supplementation with 2 mM glutathione prior to the addition of the 

stressor partially rescued Cd stressed cells exposed to BSO (Figure 3.14). 

Compared to the untreated control, depletion of available glutathione via BSO did not affect 

the sensitivity to H2O2 (p=.829, F=0.049 [1,8]), TBF (p=0.543, F=0.403 [1,8]), NaCl (p=0.570, F=0.350 

[1,8]) or heat stress (p=0.060, F=0.297 [1,8]) (Figure 3.12). 

Supplementation with 2 mM glutathione did not cause a significant change in growth in the 

control (p=0.433, t=0.811, df=12).  Glutathione supplementation increased the tolerance to cadmium 

stress (p=0.033, F=5.014 {1,26]), but decreased the tolerance of NaCl (p=0.045, F=4.396 [1,26] and 

heat (p=0.011, F=7.438 [1,26]) (Figure 3.13).  Most striking was the effect of glutathione on heat 

tolerance, with obvious inhibition in cells that were pre-treated with glutathione before heat 

exposure (Figure 3.15). 

Additional results can be found in Appendix B, including the response of stressed cells to 

various BSO (Figure 8.13) and glutathione concentrations (Figure 8.14).  
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Figure 3.12 Relative growth of stressed B. dendrobatidis zoosporangia with and without glutathione 

deprivation (via 30 mM BSO). The interaction between glutathione depletion (via BSO) and Cd stress 

was significantly different to control cells (p=0.017, F=8.538 [1,9]), whereas glutathione depletion 

had no impact on sensitivity to H2O2, TBF, NaCl or heat (30°C).  Cell growth was measured using the 

methylene blue assay, and reported relative to the untreated control.  N=36, mean and SD. 
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Figure 3.13 Relative growth of stressed B. dendrobatidis zoosporangia under GSH supplementation 

compared to stress alone.  Glutathione supplementation increased growth in 0.04 mM Cd stressed 

cells (p=0.033, F=5.014 {1,26]), but decreased growth in 0.1 M NaCl (p=0.045, F=4.396 [1,26]) and 

30°C heat (p=0.011, F=7.438 [1,26]) stressed cells.  Cell growth was measured using the methylene 

blue assay and reported relative to the untreated control.  N=48, mean and SD.  
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Cd only Cd+ GSH 

  
Cd + BSO Cd + BSO + GSH 

  
Figure 3.14 Microscopy of Cd stressed B. dendrobatidis zoosprorangia under GSH depletion (30 mM 

BSO) or supplementation (2 mM GSH), or a combination of both.  These representative images 

illustrate the differences in cell size and coverage between the treatments. The refractile cicular 

bodies are the zoosporangia.  Zoosprorangia treated with BSO before Cd exposure had visibly 

impaired growth compared to the cadmium-only control and glutathione supplementation.  

Glutathione supplementation partially rescues the inhibitory effect of BSO.  The scale bar is 0.1 mm 

and magnification is 400x.  
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Control Control + GSH 

  
Heat Heat + GSH 

  

Figure 3.15 Microscopy of heat-stressed B. dendrobatidis zoosporangia under glutathione 

supplementation (2 mM GSH).  These representative images illustrate the differences in cell size and 

coverage between the treatments. The refractile circular bodies are the zoosporangia.  Zoosporangia 

treated with GSH before heat exposure had visibly impaired growth compared to the heat-only 

control.  This inhibition by GSH was not observed in the absence of heat (control).  The scale bar is 

0.1 mm and magnification is 400x. 
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Discussion: 

The GCL inhibitor, BSO, effectively depleted glutathione levels in B. dendrobatidis 

zoosporangia by 84% after 48 h.  However, a concentration of 30 mM was required to achieve 

sufficient glutathione depletion, which is much higher than the 2-6 mM commonly used in other 

fungi (Courbot et al. 2004, Prévéral et al. 2006, Lis et al. 2012).  Exposure to 30 mM BSO did not 

prevent zoospores from encysting and developing into zoosporangia, however, these zoosporangia 

grew slowly and failed to develop discharge tubes and produce more zoospores during the 

timeframe they were monitored.  This finding suggests that glutathione is important for completion 

of the lifecycle in B. dendrobatidis; and establishes glutathione biosynthesis as a potential virulence 

factor and target for future gene knock down approaches.  

It is interesting that BSO appeared mostly ineffective against the infective, free-living 

zoospore life stage.  Preliminary experiments also suggested that the GSH:GSSG ratio in zoospores is 

lower than zoosporangia, meaning they contain proportionally more oxidised glutathione.  Another 

interesting finding was the very low levels of mRNA in zoospores.  The levels of GCL, α-Centractin, 

APRT and Cystn1 were almost undetectable in zoospores compared to zoosporangia (Appendix B, 

Figure 8.8).  Conversely, levels of the ribosomal subunit 5.8s remained stable between the two life 

stages (Appendix B, Figure 8.7), indicating adequacy of RNA extraction.  Due to the lack of 

transcriptional complexity and the ineffectiveness of transcription blockers on zoospores (Rosenblum 

et al. 2008), it has been suggested that chytrid zoospores are not transcriptionally active and instead 

they may contain dormant ribosomes and provisioned (pre-packaged) mRNA (Léjohn and Lovett 

1966, Rosenblum et al. 2008, Laundon et al. 2022).  Further work is required to understand the 

complexity of zoospores and the importance of the glutathione system in this infective life stage. 

This study also explored the various functions of glutathione in B. dendrobatidis with 

particular emphasis on the role of glutathione in the tolerance of oxidative, heavy metal and heat 

stress. 

Hydrogen peroxide tolerance 

Total glutathione levels decreased in response to H2O2, suggesting an involvement of 

glutathione in oxidative stress tolerance in B. dendrobatidis.  However, as H2O2 did not impact GCl 

expression, the decrease in total glutathione is likely not due to changes in glutathione synthesis and 

may rather reflect consumption during peroxide detoxification.  The decrease in total glutathione is 

consistent with the oxidative stress response of other fungi such as Candida albicans (Maras et al. 

2014) and Ashbya gossypii (Kavitha and Chandra 2014).  However, in these species, oxidative stress 

induced a corresponding decrease in the GSH:GSSG ratio, which was not observed in B. 
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dendrobatidis.  This difference may be due to the limited H2O2 concentrations used in this 

experiment, or could also be due to an increased GR activity, resulting in rapid conversion of GSSG 

(produced during H2O2 neutralisation) back into GSH.  In other fungi species, exposure to H2O2  has 

been shown to upregulate GR activity (Jamieson et al. 1996) or GR expression (Tillmann et al. 2015).  

I found a slight increase in GR expression, which may allow maintenance of the GSH:GSSG ratio in B. 

dendrobatidis under oxidative stress.  

Unexpectedly, glutathione depletion (via BSO treatment) did not increase the sensitivity of B. 

dendrobatidis to 0.2 mM H2O2, unlike reports from other fungi (Grant et al. 1996, Baek et al. 2004, 

Yadav et al. 2011).  It is possible that the inhibition of GCL by BSO is partially mitigated by the H2O2-

mediated release of GSH from protein reservoirs, such as enolase (Claytor 2020).  Alternative 

antioxidant mechanisms, such as superoxide dismutases, catalases, or the thioredoxin system, may 

also act without glutathione to detoxify H2O2 (Grant et al. 1998, Sato et al. 2009, Fréalle et al. 2013, 

Brown and Goldman 2016).  In addition, expression of GCL (first enzyme in glutathione biosynthesis) 

did not increase during the early development of zoosporangia, nor did it appear to be upregulated 

in vivo.  Together these results suggest that glutathione might not be an important component of the 

ability of B. dendrobatidis to evade host oxidative stress.  Animal infection studies with glutathione 

deficient cells are required to confirm whether glutathione plays any role in virulence.  Since 

glutathione depletion via BSO is not very effective on the infective zoospore stage, the development 

of other methods (such as RNAi) to target glutathione biosynthesis in B. dendrobatidis could test the 

function of glutathione during infection.   

Cadmium tolerance  

In contrast, glutathione is important for Cd resistance in B. dendrobatidis.  Exposure to Cd 

doubled the relative total glutathione pool compared to unstressed cells.  This response is consistent 

with that seen in other fungal species (Vido et al. 2001, Khullar and Sudhakara Reddy 2019).  In other 

fungi, Cd exposure increases GCL expression, although a significant increase in GCL expression was 

not detected in this study.  It may be that the increased glutathione levels under Cd stress creates a 

feedback loop in B. dendrobatidis, which further inhibits glutathione synthesis (Wheeler et al. 2002).  

Glutathione depletion (via BSO) attenuated growth in Cd-treated cells, an effect that was reversed by 

glutathione supplementation.  Unlike oxidative stress, Cd detoxification removes GSH from the 

available pool when the glutathione conjugates irreversibly with Cd and is exported to the vacuole (Li 

et al. 1996, Li et al. 1997), making it more susceptible to glutathione depletion.  Therefore, BSO-

treated B. dendrobatidis cells are more sensitive to Cd than H2O2, as GSH is consumed rather than 

replenished from GSSG.  Further immunohistochemistry studies could localise Cd in B. dendrobatidis, 

to confirm sequestration within the vacuole, as seen with studies in wheat (Gao et al. 2015).   
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Heat 

In other fungi, heat stress can increase cellular respiration, resulting in ROS accumulation and 

an oxidative stress response (Sugiyama et al. 2000, Abrashev et al. 2008).  In B. dendrobatidis, while 

heat slightly increased the relative level of total glutathione, it halved the GSH:GSSG ratio.  The low 

GSH:GSSG ratio suggests that GSH oxidation was part of the heat stress response, as also seen in 

Aspergillus nidulans (Sato et al. 2009).  Unlike cells under H2O2 stress, there was no increase in GR 

expression.  This might explain why the GSH:GSSG ratio remains low in heat stressed compared to 

H2O2 stressed cells, as there is no compensatory increase in GR activity to replenish GSH from GSSG.  

Interestingly, the addition of 2 mM exogenous glutathione increased the sensitivity of B. 

dendrobatidis to heat.  Amphibian skin contains glutathione and other antioxidants thought to 

protect against environmental stressors such as UV (Yang et al. 2016b).  Thus, glutathione might have 

a protective effect against B. dendrobatidis infection in amphibian skin.  Concentrations of exogenous 

glutathione over 2.5 mM were strongly inhibitory to B. dendrobatidis, similar to reports of toxicity in 

A. nidulans (Bakti et al. 2017).  Future work should examine the glutathione content of amphibian 

skin to determine if differences in concentration correlate with disease susceptibility.  Of particular 

interest could be the freeze tolerant wood frog, Lithobates sylvaticus, which contains elevated 

glutathione levels (to protect against freezing) (Joanisse and Storey 1996) and has not undergone 

widespread chytridiomycosis-related declines (Gahl et al. 2011).  

Tolerance of other stressors 

NaCl stress slightly increased the GSH:GSSG ratio and the total glutathione levels in contrast 

to a previous study in the thermophilic fungus Thermomyces lanuginosus, where NaCl  decreased the 

total glutathione pool (Jepsen et al. 2008).  Surprisingly, supplementation with glutathione increased 

the susceptibility to NaCl.  There is limited literature on the role of glutathione in osmotic stress in 

fungi, but NaCl treatment upregulated GR in S. pombe (Lee et al. 1997).  In the plant Arabidopsis, the 

addition of exogenous glutathione improved NaCl tolerance, while NaCl exposure increased 

glutathione levels (Cheng et al. 2015), and both caused global changes in gene expression.  Thus, 

further studies could assess the effect of varying NaCl concentrations on glutathione levels and 

growth, to assess whether synergistic glutathione and NaCl exposures could be used as a treatment 

against chytridiomycosis.  

Finally, although total GSH levels slightly decreased after treatment with the antifungal drug 

terbinafine (TBF), there was no impact the GSH:GSSG ratio nor was susceptibility impacted by varying 

GSH levels.  These results indicate that the sensitivity of B. dendrobatidis to TBF is not modulated by 

glutathione, unlike that reported for the antifungal drug fluconazole in C. albicans (Maras et al. 

2014).  
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Summary: 

Glutathione is an important molecule for the life cycle of B. dendrobatidis, and for resistance 

to H2O2 and Cd.  However, GCL expression did not increase during early zoosporangia development, 

and does not appear to be upregulated in vivo, suggesting a limited role in host invasion.  Tolerance 

of oxidative, heavy metal, osmotic and heat stress all appear to involve the glutathione system, albeit 

in different ways.  H2O2 decreased total glutathione levels, indicating a role for glutathione in 

peroxide clearance; although glutathione depletion did not increase H2O2 susceptibility, suggesting it 

may not be an essential virulence factor for evasion of host immune cells.  Cd exposure increased 

total glutathione levels, and the susceptibility of B. dendrobatidis to Cd increased with glutathione 

depletion.  Thus, glutathione likely reduces Cd toxicity by irreversibly binding the heavy metal and 

enabling its sequestration. Exogenous glutathione unexpectedly increased susceptibility to osmotic 

and heat stress.  Modulating glutathione levels may be an attractive target for future therapeutics 

against chytridiomycosis, and exogenous glutathione could also have potential as a synergistic 

treatment with heat or salt. 
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 Development of RNAi 

 

 

 

The overall goal of this thesis is to develop methods to reduce the virulence of 

B. dendrobatidis.  Chapter 3 investigated glutathione as a putative virulence factor and glutathione 

synthesis as a candidate target for knockdown.  Chapter 4 builds on this knowledge to explore 

whether RNA interference (RNAi) techniques can be used to knockdown the expression of the 

glutathione biosynthesis gene.  RNAi is a tool that has been widely used to reduce pathogen 

virulence by targeting the expression of virulence genes.  However, the utility of RNAi in modulating 

gene expression in B. dendrobatidis remains unexplored.  In this Chapter, I optimised the design and 

delivery of siRNA to B. dendrobatidis cells and confirmed RNAi-mediated gene knockdown via RT-

qPCR.  The viability assay and cadmium phenotypes described in Chapters 2 and 3 were used to 

assess the efficacy of the gene knockdown methodology.  Additional results from method 

optimisation experiments are included in Appendix C. 

 

This Chapter has 3 aims: 

1:  Develop the RNAi methodology in B. dendrobatidis using siRNA for gene knockdown  

2:  Assess the efficacy of glutamate cysteine ligase (GCL) knockdown via RNAi, by measuring target 

mRNA, protein and glutathione levels  

3:  Explore the effect of GCL knockdown on the sensitivity of B. dendrobatidis to growth inhibition by 

cadmium.  
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Development of RNAi-mediated gene knockdown in 

Batrachochytrium dendrobatidis 

Abstract 

RNA interference (RNAi) is a valuable tool to manipulate and understand gene function.  The 

insertion of rationally designed small interfering RNA (siRNA) leads to the destruction of homologous 

messenger RNA (mRNA), resulting in the “knockdown” of target gene expression.  The development 

of RNAi technologies in Batrachochytrium dendrobatidis could be applied to elucidate virulence 

mechanisms, identify therapeutic targets, and may present a novel antifungal treatment option for 

chytridiomycosis.  Here, I investigated whether siRNA can be used to manipulate gene expression in 

B. dendrobatidis.  I designed two siRNA strategies with 3’-UU or 3’-dTdT modifications to target 

gamma-glutamylcysteine synthetase, the first rate-limiting step in glutathione synthesis.  The siRNA 

was delivered to zoospores by electroporation, and mRNA levels were monitored over a 48 h period.  

Both types of siRNA triggered a ~50% reduction in target transcripts, with a maximal knockdown at 

36-42 h.  My results show that RNAi is possible in B. dendrobatidis, and that gene expression can be 

manipulated in this pathogen.  However, knockdown of mRNA did not produce robust phenotypic 

changes, highlighting the need for further optimisation of siRNA delivery and target gene selection. 

Introduction 

RNA interference (RNAi) is a powerful gene silencing tool.  It is especially valuable for species 

that are difficult to genetically modify, such as B. dendrobatidis (Rosenblum et al. 2010).  RNAi 

harnesses a widespread natural phenomenon, found in most eukaryotes, which regulates both host 

and pathogen gene expression (Hannon 2002).  The process is initiated by the introduction of double 

stranded RNA (dsRNA) sequences into the cytoplasm, resulting in transient reduction or 

“knockdown” of corresponding messenger RNA (mRNA).  The core components of RNAi are the 

enzyme Dicer (Bernstein et al. 2001), Argonaute (Hammond et al. 2001) and RNA dependent RNA 

polymerase (RdRp) (Nishikura 2001).  The presence of exogenous dsRNA in the cytoplasm triggers 

Dicer to cleave the dsRNA into smaller fragments, termed “small interfering RNA” (siRNA) (Zamore et 

al. 2000, Bernstein et al. 2001).  ATP facilitates the siRNA unwinding (Nykänen et al. 2001), and the 

antisense strand (Martinez et al. 2002) is loaded onto an Argonaute protein (Hammond et al. 2001), 

forming an “RNA-induced silencing complex” (RISC) (Hammond et al. 2000).  The siRNA then guides 

RISC to its complementary mRNA, which is cleaved by Argonaute (Liu et al. 2004), preventing 

translation (Zamore et al. 2000).  RdRp creates additional siRNA from the cleaved mRNA, amplifying 

the RNAi process (Nishikura 2001) ( 
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Figure 1.3).  The RNAi pathway can be manipulated to knockdown target genes by 

introducing either dsRNA or siRNA that are complementary to a gene of interest.  Gene silencing via 

RNAi can provide important functional genomic information (Kamath et al. 2003, Prawitt et al. 2004, 

Travella et al. 2006), and in addition it can be used as a therapeutic strategy to control infectious 

diseases.  RNAi techniques have been developed in a variety of pests and pathogens, ranging from 

viruses  (Krishnan et al. 2009) to insects (Vogel et al. 2018).  In fungal pathogens, RNAi can reduce 

virulence and increase host survival.  For example, siRNA-mediated knockdown of an important 

glyoxylate cycle gene reduced the virulence of Penicillium marneffei, and led to increased mouse 

survival (Sun et al. 2014).  Plant hosts can be protected from fungal diseases by an innovative 

technique termed spray induced gene silencing (SIGS), where the siRNA or dsRNA is simply sprayed 

onto the plant surface (Koch et al. 2016).  Hence RNAi could potentially be a valuable tool to protect 

amphibians from chytridiomycosis.  

The RNAi pathway is widespread in fungi.  The Chytridiomycota, including B. dendrobatidis, 

are the only fungal phyla in which RNAi has not yet been demonstrated (Moore 2009, Cairns et al. 

2016).  Importantly, the genome of B. dendrobatidis appears to lack one of the core RNAi 

components, RdRP (Farrer et al. 2017), so it is not known whether the RNAi pathway is functional in 

this species.  Establishing if RNAi mediated knockdown can be manipulated in B. dendrobatidis will 

facilitate functional genomic studies and may even lead to novel antifungal strategies.  

Here, I explore whether siRNA can induce gene silencing in B. dendrobatidis as evidence of a 

functional RNAi pathway in this organism.  I used siRNA to target the glutathione synthesis gene 

(glutamate cysteine ligase, GCL); the first enzyme required for the biosynthesis of glutathione, and 

confirmed knockdown via RT-qPCR.  A time course experiment was used to establish the duration of 

GCL mRNA knockdown.  I then assessed the efficacy of knockdown by quantifying changes in GCL 

protein levels, glutathione levels, and tolerance to cadmium stress.  

Methods 

B. dendrobatidis culture 

B. dendrobatidis was grown in TGhL broth and synchronised zoospores were collected as 

described in Chapters 2 & 3.  The isolate used in this Chapter was Yanchep-L.moorei-2019-RW.  

siRNA design 

Glutamate cysteine ligase (GCL, BATDEDRAFT_35498) was targeted using two siRNA 

strategies.  The first strategy, “siRNA #1” was a 19 bp molecule designed using the siDesign Center 

(Dharmacon), and contained a 3’-UU sequence overhangs (sense strand: 5’-

CCAAAGAAGACCACATTTAUU).  The second strategy, “siRNA #2” was a pool of 3 different 19 bp 
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siRNA molecules designed by the Rosetta algorithm (Sigma), all of which contained 3’-dTdT 

overhangs (sense strands: 5’-CUUAAUUUCUACAUUCCUU, 5’-CUCCUAUCAUGCUUGCUCU, 5’-

CGCUAUUUACAUUCACCAA).  The siRNA was reconstituted to 100 µM using Horizon (B-002000-UB-

100) siRNA buffer (siRNA #1) or water (siRNA#2).  Each siRNA had a corresponding negative control 

siRNA with no homology to B. dendrobatidis genes.  A 19 bp scrambled sequence with UU sequence 

overhangs (5`UAAAUAGAGGUCUGCGAAAUU) was used as a negative control for siRNA#1, and the 

proprietary universal negative control #1 (Sigma SIC001) was used for siRNA#2 experiments.  

siRNA delivery 

Extensive optimisation experiments identified electroporation as the preferred method to 

deliver siRNA to B. dendrobatidis cells (Appendix C- Sections 1&2).  Zoospores were electroporated in 

the presence of siRNA using protocols adapted from Swafford et al (2020).  One million zoospores in 

200 µL SM media (5 mM KCl, 15 mM sodium phosphate buffer (pH 7.2), 15 mM MgCl2, 25 mM 

sodium succinate dibasic hexahydrate, 25 mM D-Mannitol) were transferred to a 2 mm cuvette 

(BioRad) with 3 µM siRNA.  The cuvettes were chilled on ice, electroporated with 2 x 3 ms square 

wave pulses at 1000 V (Swafford et al. 2020).  After ten minutes recovery on ice, zoospores were 

gently pipetted from the cuvette to a 24 well culture plate (Nunc) and 200 µL ice cold TGhL broth was 

added.  The plate was sealed with parafilm and incubated at 20°C.  

Relative GCL mRNA quantification  

GCL mRNA was quantified over 48 h to determine the optimal time course for knockdown.  

At various time points, B. dendrobatidis cells were carefully detached from the replicate well surface 

using a cell scraper and harvested for RNA extraction, cDNA synthesis, and RT-qPCR using methods 

and primers described in Chapter 3.  Relative GCL mRNA was calculated by normalising the CT value 

to the reference genes α-centractin (Farrer et al. 2017), and APRT (Verbrugghe et al. 2019) using the 

Pfaffl method.  Relative quantity (RQ) was calculated using the equation RQ= EΔCT,  and the geometric 

mean of the two reference genes was used to determine the fold change in GCL expression in the 

treatment compared to the control (Vandesompele et al. 2002) for each experiment separately.  For 

each time point, a T-test was used to determine if the fold change of the target siRNA treated cells 

was significantly different to that of the control siRNA (GraphPad Prism). 

To confirm the qRT-PCR results, a subsample of cDNA was re-tested using semi-quantitative 

agarose gel PCR.  Additional GCL primers were designed (forward: 5’-ACTTTTATCTTTGGGTACTCC and 

reverse: 5’-ATCCAGAGCCACAGAAGC) to produce a 223 bp product in cDNA.  The reference gene α-

centractin was also included for normalisation.  The PCR was performed as a 25 µL reaction 

containing 15 ng of template, 2.5 µL 10X ThermoPol Reaction Buffer, 10 mM dNTP’s, 0.625 U Taq 
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polymerase (NEB), with 0.2 µM of each forward and reverse primer.  The reactions were performed 

on a Biorad S1000 thermocycler with an initial activation step of 95°C for 30 s, followed by cycles of 

30 s 95°C denaturation, 30 s 55°C annealing, and 40 s 68°C extension.  With these PCR conditions, the 

optimum number of cycles before plateau was determined to be 28 for α centractin and 35 for GCL.  

The PCR product (10 µL) was run on a 1.2% agarose gel with gel red (Biotium) and visualised under 

UV light.  

Protein quantification 

The effect of mRNA knockdown on transcribed proteins was determined by western blot 

using protocols developed after extensive optimisation (Appendix C, Section 3 Figure 8.20 & Figure 

8.21).  Zoospores were electroporated as described above, using pooled siRNA#2.  After the required 

incubation time (48 h and 56 h), excess broth was removed from the wells, and the adherent 

zoosporangia were washed with cold PBS.  Cells were scraped from the wells, centrifuged, and the 

pellet frozen at -80°c until lysis.  Cells were lysed in 90 µL of buffer containing 20 mM Tris pH 7.6, 1 

mM EDTA, 100 mM NaCl and the protein inhibitor cocktails P8215 (Sigma) and P2714 (Sigma).  The 

solution was subjected to 4 cycles of 1 min bead beating with 0.05 mm and 0.1 mm zirconia silica 

beads, interspersed with 1 min incubation on ice.  The solution was centrifuged to remove cellular 

particulates, and the protein concentration was measured using a Micro BCA Protein Assay Kit 

(Thermo Scientific).  Protein samples (5.5 µg) were heated at 95°C for 5 min with Laemmli buffer 

(containing 5% beta-mercaptoethanol), cooled on ice, and run on two replicate Mini-PROTEAN® TGX 

4-20% precast gels (Biorad) in Tris-glycine-SDS buffer (Biorad) at 100 V for 1.5 h. The PageRuler™ Plus 

Prestained Protein Ladder (Thermo Scientific 26619) was run as a size marker.  One gel was stained 

with Instant Blue™ Ultra Fast Protein Stain (Merck) for visualisation of protein bands and the 

replicate gel was transferred to a 0.45 µm pore polyvinylidene difluoride (Merck) membrane that had 

been activated in 100% methanol for 30 s.  Proteins were transferred in ice cold buffer (20% 

methanol, 25mM Tris, 192 mM glycine) at 100 V for 1 h.  The membrane was blocked in 5% skim milk 

in PBST (PBS with 0.1% Tween 20) for 1 h, then washed with PBST, and cut horizontally at the 60 kDa 

mark.  The upper half of the membrane (>60kDa proteins) was incubated overnight at 4°C with 

1:1000 rabbit GCLC polyclonal antibody (Invitrogen PA5-44189) in 5% skim milk in PBST.  The lower 

half of the membrane (<60kDa proteins) was stored in PBST overnight, and then incubated with 

1:2000 rabbit anti-actin antibody (Sigma A2066) in 5% skim milk PBST for 1 h at room temperature to 

serve as a loading control.  Both membranes were washed with PBST, then incubated with 1:2000 

Goat anti-Rabbit lgG (H+L) Superclonal secondary antibody HRP conjugate (Invitrogen A27036) in 5% 

skim milk in PBST for 1 h at room temperature.  After washing with PBST and PBS, the membranes 

were incubated for 5 min with 1 mL chemiluminescence reagent (SuperSignal™ West Femto 
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Maximum Sensitivity Substrate, Thermo Scientific).  Proteins were visualised using a on a G:Box 

system (SYNGENE) using the Genesys® software.   

Glutathione quantification 

The effect of GCL mRNA knockdown on the biosynthesis of glutathione was determined by 

measuring total glutathione levels after siRNA treatment.  Relative total glutathione levels were 

measured using a commercial kit (GSH:GSSG GLO, Promega) as described in Chapter 3.  Briefly, 1 x 

106 zoospores were electroporated in the presence of siRNA#2 or control siRNA, as previously 

described.  Electroporated zoospores were added (1 x 105 zoospores per well) to a sterilised white 96 

well plate and incubated for 42-76 h in 200 µL TGhL broth.  Total glutathione (reduced GSH + oxidised 

GSSG) was measured in duplicate wells using the Promega GSH:GSSG GLo assay and compared 

relative to the control.  

Stress tolerance 

The effect of GCL knockdown on the ability to tolerate heavy metal stress was determined by 

exposing cells to cadmium (Cd) after buthionine sulfoximine (BSO) and siRNA treatment.  BSO is a 

chemical inhibitor of GCL and serves as a positive control for the Cd phenotype as described in 

Chapter 3.  Zoospores were electroporated in the presence of siRNA#2 or control siRNA as described 

above, and then plated at approximately 8.5 x 104 zoospores per well in a clear 96 well plate (Nunc).  

Cells were exposed to 0.03 mM Cd at 24 h or 48 h post siRNA treatment.  Control wells for each 

treatment included one well without Cd (TGhL only), and one well with 30 mM BSO and 0.03 mM Cd 

added at 24 h.  After three days, viability was estimated by staining the wells with methylene blue 

and taking two representative images under 200x microscope.  The cells were then fixed with 

ethanol and total growth was measured using the methylene growth assay described in Chapter 2.  

Results 

mRNA knockdown  

The time course experiment confirmed the successful knockdown of GCL in B. dendrobatidis.  

RT-qPCR results showed a significant reduction in GCL expression from 36 h post electroporation 

(p=0.0007, t=9.626, df=4) and persisting until at least 48 h (p=0.0005, t=43.00, df=2) (Figure 4.1).  

Maximum knockdown occurred at 36-42 h post electroporation, with an average of 56% less GCL 

mRNA in cells treated with siRNA#1 compared to controls.  

There are many different algorithms and modifications available for siRNA design.  To 

confirm consistency of the knockdown results, mRNA quantification experiments were repeated 

using a second siRNA strategy, siRNA#2.  The siRNA#2 was a pool of three different siRNA molecules, 

each with dTdT overhangs.  This siRNA also resulted in significant reduction of mRNA levels at 36 h 



66 
Chapter 4: RNAi 

(p=0.045, t=2.871, df=4) and 42 h (p=0.008, t=4.856, df=4).  Overall, there was a 36-51% decrease in 

GCL mRNA at these time points (Figure 4.2). 
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Figure 4.1 Time course of GCL mRNA levels in cells treated with siRNA#1 compared to cells treated 

with control scrambled siRNA, normalised to both α centractin and APRT.  A significant reduction in 

GCL mRNA was detected in cells treated with siRNA#1 at 36 (p=0.0007), 42 (p=0.0354) and 48 h 

(p=0.0005) post siRNA delivery.  N= 20, mean and SEM. 
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Figure 4.2 GCL mRNA levels in cells treated with pooled siRNA#2 and control siRNA, normalised to α 

centractin and APRT.  A significant reduction in GCL mRNA was detected in cells treated with GCL 

siRNA#2 at both 36 h (p=0.045) and 42 h (p=0.008).  N= 9, mean and SEM.  

 



67 
Chapter 4: RNAi 

To confirm the RT-qPCR results, a subset of cDNA was also analysed via semi-quantitative 

PCR and gel electrophoresis.  The GCL band was visibly less intense in the target siRNA treated 

samples compared to the controls (Figure 4.3) in agreement with the RT-qPCR results. 

 

Figure 4.3 Semi-quantitative PCR confirmed reduced GCL mRNA at 36 h in cells treated with either 

siRNA #1 or siRNA #2 compared to control siRNA. The reference gene α centractin served as loading 

control. 

Lane a = α centractin expression with control siRNA, b = α centractin expression with target siRNA,     

c = GCL expression with control siRNA, d = GCL expression with target siRNA. 
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Protein levels after siRNA treatment 

The relative levels of GCL protein were quantified with western blot to determine the effect 

of mRNA knockdown at 48 h and 56 h post electroporation.  The actin loading control produced non-

specific bands at ~ 25 kDa (Appendix C, Figure 8.23).  Despite this, the correct band (at 42 kDa) 

showed equal protein loading between the control and siRNA treated cells (Appendix C, Figure 8.23 

& Figure 8.24).  The quantity of protein in the siRNA treated cells was visually similar to the control 

for both of these time points (Figure 4.4), indicating that there was no significant protein knockdown 

at the tested time points.   

48 H 56 H 

  

Figure 4.4 Western blot of GCL expression in cells treated with siRNA #2 or control siRNA.  GCL 

protein levels do not differ between treatment and control at either 48 h or 56 h.  Full gel image in 

Appendix C Figure 8.23 and Figure 8.24.  
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Glutathione levels after siRNA treatment 

The relative quantity of total glutathione was compared between target and control siRNA 

treated cells, via the GSH-GLO luminescence assay (Promega).  The time frame from mRNA synthesis 

to corresponding glutathione production in B. dendrobatidis is unknown.  Therefore, a range of time 

points 42 h to 76 h post siRNA delivery were tested to maximise the likelihood of observing 

differences.  There was no significant change in total glutathione levels in the target siRNA treated 

cells compared to the control siRNA for all time-points tested (Figure 4.5).  
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Figure 4.5 Relative levels of total glutathione in cells treated with siRNA #2 compared to cells treated 

with control siRNA.  There was no difference in total glutathione level in siRNA#2 treated cells 

compared to the control siRNA treated cells, between 42 h to 76 h.  N=12, error bars = SD. 
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Cadmium tolerance after glutathione treatment 

Chemical inhibition of GCL with buthionine sulfoximine (BSO) produces a phenotype of 

increased sensitivity to Cd, as demonstrated by reduced growth (Chapter 3).  Therefore, cells treated 

with siRNA#2 were tested for their ability to tolerate Cd at two time points post siRNA delivery, 24 h 

and 48 h.  There was no difference in the growth of siRNA-treated cells in comparison to the control 

siRNA when exposed to Cd (Figure 4.6).  Methylene blue staining indicated that the viability of siRNA-

treated cells was the same as the control (Appendix C, Figure 8.25).  The addition of BSO decreased 

growth, indicating that the Cd concentration was adequate for GSH-dependent inhibition (Figure 

4.6). 
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Figure 4.6 Growth in the presence of 0.03 mM Cd in cells treated with siRNA#2 compared to cells 

treated with control siRNA, as determined by methylene blue assay at 72 h post siRNA delivery.  Cells 

treated with siRNA#2 did not display increased susceptibility to Cd.  Cells treated with BSO were 

more susceptible to Cd.  N=8. 
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Discussion: 

The results from this study demonstrate that siRNA can manipulate gene expression in B. 

dendrobatidis and provide the first evidence of a functional RNAi pathway in this species.   

Peak mRNA knockdown occurred at 36-42 h, and persisted for at least 48 h.  This onset of 

mRNA knockdown is late compared to other fungal systems, where knockdown can occur as early as 

18 h (Khatri and Rajam 2007).  However, my failure to detect mRNA knockdown at the early time 

points may be due to the dynamic nature of gene expression at this stage in the B. dendrobatidis life 

cycle.  Data from Chapter 3 indicates that expression of both the target gene, GCL, and the reference 

genes α centractin and APRT changes dramatically between the zoospore and zoosporangia life 

stage.  It is possible that the variation seen in these early time points is due to the large metabolic 

shifts associated with encystation (Rosenblum et al. 2008).  Therefore, the results from the early time 

points were reanalysed using 5.8s rRNA for normalisation, which is a reference gene found to be 

stable across the life stage transition (Appendix B, Figure 8.7).  This normalisation resulted in reduced 

variation in expression, and suggests that subtle mRNA knockdown (average of 15%) may be 

occurring at these earlier time-points (Appendix C, Figure 8.22).  By 48 h, mRNA knockdown appears 

to wane, although extended time course studies are required to confirm the precise duration of 

effect.  While the heterogeneous effect of cell cycle was moderated in our experiments by 

synchronisation of zoospores, longer time course studies are complicated in B. dendrobatidis due to 

the cyclical release of zoospores from zoosporangia.  Overall, the duration of RNAi activity in B. 

dendrobatidis appears relatively short lived compared to other species, such as Sclerotinia 

sclerotiorum, where knockdown persisted for at least 96 h (McLoughlin et al. 2018).  This is likely 

attributable to the lack of enzyme RNA dependent RNA polymerase (RdRp) which can amplify and 

sustain RNAi silencing (Nishikura 2001).  RdRp is often described as a “core component” of RNA 

induced silencing, however there are rare examples of fungi exhibiting RNAi in the absence of RdRp 

(Goldoni et al. 2004, Calkins et al. 2018).  While B. dendrobatidis lacks RdRp (Farrer et al. 2017), our 

results indicate that this does not preclude RNAi activity, but it may help to explain the extent and 

duration of mRNA knockdown.   

Consistent mRNA knockdown was observed across different siRNA designs and validated 

with two PCR techniques (qPCR and semi-quantitative gel electrophoresis).  However, the ~50% 

decrease in mRNA did not appear to have any corresponding impact on various phenotypic 

measurements.  This effect is unusual (or may appear so due to under-reporting of negative results), 

but not unprecedented.  In Aspergillus fumigatus, siRNA treatment achieved 30%-60% mRNA 

knockdown in two genes, but neither influenced growth (Jöchl et al. 2009).  In my study, despite a 

reduction in GCL mRNA, I found no observable difference in GCL protein levels, glutathione levels or 
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Cd tolerance.  A reduction in mRNA should have a corresponding reduction in translated protein, but 

this effect on de novo GCL translation and glutathione biosynthesis could be masked by a long 

protein half-life of previously translated proteins.  Additionally, the lack of impact of siRNA on 

glutathione levels may also be attributed to the release of glutathione from protein reservoirs, such 

as enolase (Claytor 2020).  In Chapter 3, BSO (a GCL chemical inhibitor) was used to produce 

phenotypes with reduced glutathione content and reduced tolerance to Cd.  RNAi mediated 

knockdown of GCL mRNA should produce a similar phenotypic effect, but presumably the partial and 

transient mRNA destruction is not as potent as extended inhibition by BSO, which reduced 

glutathione levels by 50-80% over 6 to 48 h.   

Traditionally, effective knockdown is defined by at least a 70% decrease in mRNA (Krueger et 

al. 2007).  As I observed only 50% reduction of GCL mRNA, the lack of phenotypic effects may simply 

be due to insufficient knockdown.  Increasing knockdown efficiency is, therefore, an important step 

in the further development of RNAi techniques in B. dendrobatidis.  This could be achieved by 

delivery optimisation and through wider screening of siRNA designs as discussed below.  

I tested a range of transformation methods, including lipotransfection, PEG and RNA 

scavenging, with electroporation being the most effective method tested (Appendix C, Table 8.5).  

The electroporation protocol used here was originally developed to deliver dextran molecules to 

zoospores (Swafford et al. 2020).  A pilot study (Appendix C, Section 2) found that this protocol could 

deliver siRNA, albeit at a lower efficiency (~85% for dextrose compared to ~50% for siRNA).  Hence, 

further optimisation of electroporation protocols specifically for siRNA delivery is a logical step to 

increase mRNA knockdown.  Electroporation employs pulses of high electric fields to create pores 

within cell membranes through which siRNA can enter (Neumann et al. 1982), but there are many 

parameters that must be optimised for maximum cell viability and transfection efficiency.  Optimising 

the electric field intensity is crucial, as pores will only form above a certain threshold (Rols and 

Teissié 1998).  The field intensity is positively correlated with uptake of nucleic acids, but inversely 

correlated with cell survival (Li et al. 2017), therefore, a compromise must be sought to achieve the 

highest transfection efficiency. The waveform (exponential decay or square) is also an important 

consideration, as well as duration and capacitance (Jordan et al. 2008).  All of these parameters could 

be further optimised for effective electroporation-mediated delivery of siRNA into B. dendrobatidis. 

Apart from the delivery of siRNA, another variable for consideration is the siRNA design.  

Although there is vast literature on the rational design of siRNA, a comparison of different designs 

has not been explicitly tested in fungi.  Synthetic siRNA duplexes can include various modifications to 

increase their efficacy, for example the presence of two extra nucleotide “overhangs” are particularly 
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important (Elbashir et al. 2001).  The nucleotides are interchangeable, and different types of 

overhangs have been shown to initiate RNAi in fungi, including dTdT (Chum et al. 2017), TT (Khatri 

and Rajam 2007) and UU (Calkins et al. 2018).  I found similar results using siRNA with UU and dTdT 

overhangs, suggesting that either approach may be acceptable for use in B. dendrobatidis.  Further 

optimisation studies could incorporate other designs to extend the half-life of the siRNA molecules, 

including modifications in the phosphodiester backbone, sugar and base modifications (Chiu and 

Rana 2003). 

Finally, some genes are inherently difficult to knockdown with siRNA, whether it is because 

of the low abundance of transcripts (Hu et al. 2004), or other unknown gene features (Krueger et al. 

2007).  Therefore, future work should also target a variety of genes in B. dendrobatidis.  Appropriate 

targets should have low redundancy and produce an obvious phenotype for effective screening, 

particularly given that mRNA analysis may be inadequate for assessment of RNAi efficacy in this 

species. 

 

Summary: 

This chapter indicates that RNAi may occurs in B. dendrobatidis and siRNA could be used to 

manipulate gene expression.  Two siRNA strategies were tested and they both reduced mRNA levels 

by ~50%.  However, this transient reduction in mRNA did not have any measurable effects on protein 

level or phenotype.  This chapter developed the tools to implement RNAi in B. dendrobatidis, 

providing the platform for future studies to harness the opportunities of RNAi in reducing and 

understanding fungal virulence
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 Mycovirus screen 

 

 

 

The overall goal of this thesis is to develop methods to reduce the virulence of B. 

dendrobatidis.  The previous Chapter investigated whether RNAi technologies could be employed to 

reduce expression of virulence genes, a technique successfully used to tackle fungal pathogens in 

crop plants.  This Chapter investigates virus biocontrol, an alternative approach that has also been 

used in horticulture to combat fungal disease. Many species of fungi are host to mycoviruses, and 

their infection can sometimes cause hypovirulence in the fungal host pathogen, providing a tool for 

disease management.  It was unknown whether mycoviruses were present in B. dendrobatidis, so I 

conducted the first widespread screen in this species.  A mycovirus with biocontrol potential is most 

likely to be found in areas where chytrid virulence is low, therefore, I focused on isolates from 

amphibian populations that had not undergone serious declines (such as Western Australia), with 

additional screens from South Korean and Brazilian strains.  Despite the large sample size and two 

screening methods (Illumnia sequencing and cellulose chromatography), mycoviruses were not 

detected.  This Chapter revealed that mycoviruses are rare or absent in Australian B. dendrobatidis, 

and future surveys should focus on other regions.  If further screens do not detect mycoviruses, then 

attention should focus on why B. dendrobatidis is uniquely free of viruses.   

 The results from this Chapter have been published in Fungal Biology:   

Webb, R. J., A. A. Roberts, S. Wylie, T. Kosch, L. F. Toledo, M. Merces, L. F. Skerratt and L. 

Berger (2022). "Non-detection of mycoviruses in amphibian chytrid fungus (Batrachochytrium 

dendrobatidis) from Australia." Fungal Biology 126(1): 75-81. 10.1016/j.funbio.2021.10.004 

This Chapter has 3 aims: 

 

1. To develop a dsRNA extraction method for B. dendrobatidis cells.  

2. To screen archived B. dendrobatidis isolates for the presence of mycovirus 

3. To collect and screen fresh B. dendrobatidis isolates for mycovirus  
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Screening for mycovirus presence in Batrachochytrium dendrobatidis. 

Abstract 

Mycoviruses may influence the pathogenicity of disease-causing fungi.  Although 

mycoviruses have been found in some chytrid fungi, mycoviruses have not yet been detected in 

Batrachochytrium dendrobatidis.  Here I conducted a survey for mycovirus presence in 38 B. 

dendrobatidis isolates from Australia (n=31), Brazil (n=5) and South Korea (n=2) with a combination 

of modern high-throughput sequencing and conventional dsRNA cellulose chromatography.  

Mycoviruses were not detected in any isolates.  This result was unexpected, given the long 

evolutionary history of B. dendrobatidis, as well as the high prevalence of mycoviruses in related 

fungal species.  Given my widespread sampling in Australia and the limited number of B. 

dendrobatidis introductions, I suggest that mycoviruses are uncommon or absent from Australian B. 

dendrobatidis.  Testing more isolates from regions where B. dendrobatidis originated, as well as 

regions with high diversity or low fungal virulence may identify mycoviruses that could aid in disease 

control.  

Introduction: 

The amphibian chytrid fungus, Batrachochytrium dendrobatidis (Longcore et al. 1999), is 

recognised as the worst wildlife pathogen in recorded history (Skerratt et al. 2007, Scheele et al. 

2019).  An ancient and basal fungi species, B. dendrobatidis likely originated in East Asia, the region 

that harbours the highest genetic diversity (Bataille et al. 2013, O’Hanlon et al. 2018, Byrne et al. 

2019), and where endemic amphibians appear resistant, with no reports of mass die-off events 

(Rahman 2020).  However, the pathogen has recently spread around the world to susceptible 

populations (Skerratt et al. 2007, O’Hanlon et al. 2018), causing the extinction of at least 90 

amphibian species, and remains an ongoing threat to hundreds more (Carvalho et al. 2017).  

Preventing further spread into naïve populations is a high priority (Bower et al. 2019), but strategies 

are also urgently required to manage the impact of B. dendrobatidis in populations that are already 

infected (Scheele et al. 2014, Skerratt et al. 2016).   

A potential novel strategy to mitigate chytridiomycosis is biological control using mycoviruses 

(Woodhams et al. 2011).  A mycovirus is a virus that infects a fungal host. First discovered in 1948 

(Ghabrial et al. 2015), there are now more than 250 mycoviral species described (Xie and Jiang 2014), 

from 16 diverse viral families (Liu et al. 2019).  The majority of mycoviruses are double stranded RNA 

(dsRNA) viruses, but some single stranded RNA (ssRNA) and single stranded circular DNA (ssDNA) 

viruses have also been reported (Son et al. 2015, Kotta-Loizou and Coutts 2017).  A broad range of 

fungi are host to mycoviruses, including several chytridiomycetes species (Myers et al. 2020). 
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Mycoviruses are obligate parasites, and in most cases cause few or only cryptic effects to their fungal 

hosts (Nuss 2005, Pearson et al. 2009).  However, some mycoviruses have a detrimental effect, 

including impairing growth or spore production (van Diepeningen et al. 2006).  If the host is a 

pathogenic fungus, then this negative effect (termed hypovirulence) can reduce the ability of the 

host fungus to cause disease (Grente 1965).  A mycovirus conferring hypovirulence, therefore, 

presents a promising biological control option for fungal diseases.  

Mycoviruses have been used to control plant diseases caused by phytopathogenic fungi.  The 

best-known example being the use of Cryphonectria hypovirus 1 (CHV‐1) to control chestnut blight, 

caused by Cryphonectria parasitica, which has devastated European chestnut trees (Heiniger and 

Rigling 1994, Rigling and Prospero 2018).  The widespread success of CHV-1 led to increased 

investment in the study of mycovirus-mediated hypovirulence. Further laboratory trials have 

demonstrated that mycoviruses can reduce the virulence of disease caused by Sclerotinia 

sclerotiorum in rapeseed (Yu et al. 2013), Rosellinia necatrix in Japanese fruit trees (Chiba et al. 

2009), and stem canker (Cryphonectria cubensis) in eucalypts (Van Heerden and Wingfield 2001).  

Despite their success in controlling plant fungal pathogens, there has been relatively little 

investigation of mycoviruses in fungal pathogens of animals (Thapa et al. 2016, Takahashi-Nakaguchi 

et al. 2020).   

A recent survey failed to detect any mycoviruses in nine B. dendrobatidis isolates collected 

from North and South America (Myers et al. 2020).  Here I conducted a larger survey of B. 

dendrobatidis, including isolates from widely separated regions of Australia (Queensland, New South 

Wales, Tasmania and Western Australia).  In particular, I targeted fungal isolates from Western 

Australia.  Although B. dendrobatidis arrived in Western Australia at least 3 decades ago (Murray et 

al. 2010) there have been no reports of amphibian population declines, despite evidence that local 

species can become infected (Riley et al. 2013).  For example, the motorbike frog (Litoria moorei), 

which is commonly infected (West et al. 2020), has not undergone the dramatic declines seen in 

other bell frogs such as the green and golden bell frog (Litoria aurea), yellow spotted bell frog (Litoria 

castanea) and southern bell frog (Litoria raniformis).  Targeting the areas where B. dendrobatidis 

appears to be less virulent will maximise the chance of detecting a virus that may be useful for 

biological control.  The screen also included a smaller cohort of isolates from Brazil and Korea. I 

screened cryo-archived and freshly collected low passage isolates using Illumina next generation 

sequencing (NGS) and dsRNA cellulose chromatography.  The cellulose traditionally used for dsRNA 

extraction has been discontinued; therefore, I also tested whether an alternative cellulose could be 

used.  
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Methods 

Isolation of B. dendrobatidis  

Isolates of B. dendrobatidis were collected from infected larval and adult amphibians (James 

Cook University Ethics approval A2595) and cultured using standard methods. Adult amphibians 

were caught by hand, and a ~1 mm piece of webbing removed from the left hind foot.  The biopsies 

were washed by vortexing in successive changes of sterile water and stored in antibiotic water on ice 

until samples were transferred to the laboratory.  Larval amphibians were caught using a dip net 

from shallow areas, and kept cool until arrival in the laboratory, where they were euthanised with an 

overdose of 0.1% tricaine methanesulfonate (MS222), and the mouthparts removed.  Wet preps of 

tissue (mouthparts or biopsy) were examined for the presence of B. dendrobatidis using microscopy 

(Appendix D, Figure 8.26).  Infected tissue was cleaned by dragging through sterile agar to remove 

surface contaminants, and then grown in TGhL broth containing antibiotics (penicillin, streptomycin, 

ciprofloxacin and kanamycin) (Waddle et al. 2018).  Once zoosporangia had grown for 3-5 d, cells 

were transferred to TGhL broth without antibiotics (Longcore et al. 1999, Fisher et al. 2018).  The 

isolates were then either cryo-archived in liquid nitrogen (Boyle et al. 2003) or maintained at 20°C 

with weekly passaging until the screening for mycovirus was performed.  A total of 38 isolates of B. 

dendrobatidis from Australia, Brazil and South Korea were screened for mycovirus presence (Table 

5.1). The Brazilian isolates were generously provided by Luís Felipe Toledo (Laboratório de História 

Natural de Anfíbios Brasileiros), and the Korean isolates were generously supplied by Tiffany Kosch 

(Seoul National University).  Archival isolates (n=21) were screened using NGS (Illumina), and a 

subset of these (n=5) were further screened using cellulose chromatography to validate the 

sequencing methodology.  Additional fresh isolates (n=17) were collected from around Australia 

(Table 8.7) and screened using cellulose chromatography.  

Sequencing 

Isolates of B. dendrobatidis were defrosted from storage in liquid nitrogen (Boyle et al. 2003) 

and grown on TGhL agar plates for 5 d before RNA extraction using either RNeasy (Qiagen) or 

FavorPrep viral (Favorgen) kits.  The RNA was sent to Murdoch University, where Steve Wylie 

synthesised the cDNA and performed the sequencing and analysis as follows.  For cDNA synthesis, 

approximately 2 µg of RNA from each sample was heat-denatured for 4 min at 94°C, and rapidly 

cooled in ice water before adding it to a reaction volume of 20 µL, comprised of GoScriptTM RT 

buffer (Promega), 3 mM MgCl2, 0.5 mM dNTPs, 0.5 mM of random primer (8N, where N is any 

nucleotide) with a known 5’ 16-nt adaptor, and 160 units of reverse transcriptase (GoScriptTM, 

Promega).  The reaction was carried out at 25°C for 5 min, followed by cDNA synthesis at 42°C for 60 

min, then incubation at 70°C for 15 min.  The cDNA from each sample was labelled with a unique 
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barcode sequence during PCR amplification using a primer adaptor.  Amplification reagents were 

GoTaq® Green Master Mix (Promega), 1 mM of a uniquely tagged (8-nt) barcode primer (with a 3’ 

end that was complementary to the 16-nt adaptor sequence used to synthesize cDNA), and 2 µL of 

synthesised cDNA. The reaction was carried out with an initial incubation at 95°C for 3 min, followed 

by 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min, followed by a final extension at 72°C 

for 10 min.  The amplicons from the samples were purified using columns of a QIAquick PCR 

Purification Kit (Qiagen), quantified, and pooled in equimolar amounts.  Pooled amplicons (10 µg) 

were pair-end sequenced over 100 cycles on the Illumina MiSeq platform.  Read files were imported 

into CLC Genomics Workbench 7.5.1 (Qiagen) to trim adapter sequences and filter out low quality 

sequences.  

Mycovirus positive control 

An isolate of the fungus Ceratobasidium sp. naturally infected with three dsRNA 

endornaviruses (Ceratobasidium endornaviruses B, C and D) was included as the positive control 

during dsRNA extraction (Ong et al. 2016).  Control cultures were grown in 100 mL of oatmeal agar in 

the dark on a shaker for 7 d at 20°C.  Fungal material was then frozen, freeze-dried, and ground into 

a powder using liquid nitrogen in a mortar and pestle.   

dsRNA extraction optimisation 

The conventional method of dsRNA extraction requires CF11 cellulose (Whatman) (Morris 

and Dodds 1979, Marquez et al. 2007), however, this product has been discontinued and an 

alternative cellulose is required for future studies.  Therefore, I first conducted a pilot experiment to 

compare the standard protocol using CF11 cellulose to an alternative protocol using Sigmacell 

cellulose type 101 (Sigma) (Peyambari and Roossinck 2018), using the mycovirus-infected 

Ceratobasidium isolate as a positive control.  The CF11 and Sigma type 101 protocols were scaled 

down versions of the protocols described by Marquez et al 2007, and Peyambari & Roossinck 2018, 

respectively.  Briefly, ~100 mg of ground fungal tissue was added to 900 µL extraction buffer (0.1 M, 

NaCl, 50 mM Tris pH 8, 1 mM EDTA pH 8, 1% SDS, 0.01% 2-mercaptoethanol).  The fungal cells were 

further disrupted by 1 min of bead beating (mini bead beater, Biospec) with silica beads.  Two rounds 

of phenol extraction were performed by adding 900 µL phenol:chloroform:isoamyl alcohol pH 8 

(25:24:1).  The final aqueous phase was adjusted to 16.5% ethanol and added to 0.03 g cellulose to 

bind the dsRNA.  The cellulose was either packed into a mini-column (CF11), or added directly to the 

tube (Sigmacell 101).  After washing the dsRNA was eluted from the cellulose with 1 mL elution 

buffer, and precipitated overnight at -20°C with 2.5 mL 100% ethanol with 0.3 mM sodium acetate. 

Precipitated dsRNA was recovered by high-speed centrifugation, and air drying of the pellet, before 

resuspension in 50 µL 0.1 mM EDTA.  The dsRNA was treated with DNase (New England Biosciences) 
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to remove traces of DNA (Jacquat et al. 2020).  The dsRNA was visualised by running 6 µL on a 1 % 

agarose gel with gel red (Biotium) at 80 V for 1.5 h.  The method producing the clearest dsRNA bands 

was selected for subsequent fungal isolate screening.  

The extract was tested by PCR to confirm that viral dsRNA was present after cellulose 

extraction.  Briefly, 7.5 µL of extract was denatured at 95°C, and then converted to cDNA (Qiagen).  

The PCR was performed as a 25 µL reaction containing 1 µL of cDNA template, 2.5 µL 10X ThermoPol 

Reaction Buffer, 10 mM dNTP’s, 0.625 U Taq polymerase (NEB), with 0.2 µM of each forward and 

reverse primer (Ong et al. 2016) (Appendix D, Table 8.8). 

The reactions were performed on a Biorad S1000 thermocycler with an initial activation step 

of 95°C for 30 s, followed by cycles of 30 s 95°C denaturation, 30 s 55°C annealing, and 40 s 68°C 

extension for 35 cycles.  The PCR product (10 µL) was run on a 1.2% agarose gel with gel red 

(Biotium) and visualised under UV light. 

dsRNA extraction of B.dendrobatidis  

Freshly collected B. dendrobatidis isolates were grown to obtain large volumes of cells.  For 

each isolate, ten 75 cm2 tissue culture flasks (TPP) were grown for 7 d at 20°C.  Cells were collected 

by centrifugation, and frozen at -80°C.  The fungal cells were further disrupted using bead beating 

before dsRNA extraction as previously described.  Each isolate was subjected to dsRNA extraction 

twice, first individually, and then as a pool of isolates from each region.  

Prevalence estimation  

Estimates of true prevalence were calculated using EpiTools online epidemiological calculator 

(https://epitools.ausvet.com.au/trueprevalence) (Rogan and Gladen 1978, Brown et al. 2001, 

Sergeant 2018), using Blaker’s 95% confidence level (95% CL) (Reiczigel et al. 2010) and assuming 

sensitivity of either 0.5 or 1 and perfect specificity (=1) of the screening methods.  
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Table 5.1 Location and host species of B. dendrobatidis isolates 

ID   Location a Host species Year Lineage b Method 
OHRG 8 Mount Wellington, TAS, Australia Litoria ewingii 2012 GPL Illumina 

OHRG 32 Flinders Island, TAS, Australia Litoria ewingii 2012 GPL Both  

OHRG 20 Corrinna, TAS, Australia Crinia tasmaniensis 2012 GPL Illumina  

OHRG 35 Ethel Creek, QLD, Australia Litoria nannotis 2013 GPL Illumina 

OHRG 5 Paluma, QLD, Australia Litoria serrata 2010 GPL Both 

OHRG 12 Rockhampton, QLD, Australia Litoria caerulea 1999 GPL Illumina  

OHRG 13 Paluma, QLD, Australia  Litoria serrata 2012 GPL Illumina  

OHRG 25 Tully, QLD, Australia  Litoria rheocola 2012 GPL Illumina  

OHRG 30 Tully, QLD, Australia  Litoria nannotis 2012 GPL Illumina  

OHRG 40 Kirrama, QLD, Australia Litoria nannotis 2013 GPL Illumina  

OHRG 43 Cooranbong, NSW, Australia Limnodynastes peronii 2013 GPL Illumina 

OHRG 4 Abercrombie, NSW, Australia Litoria booroolongensis 2009 GPL Illumina 

OHRG 46 Jindabyne, NSW, Australia Litoria verreauxii 2013 GPL Both 

OHRG 47 Melbourne, VIC, Australia Litoria lesueuri 2007 GPL Illumina  

CLFT001 Serra Do Japí, SP, Brazil Hylodes ornatus 2010 BRAZIL/ 
ASIA-2 

Both 

CLFT026 Reserva Betary, SP, Brazil Boana faber 2011 GPL Illumina  

CLFT021 Serra Do Japí, SP, Brazil tadpole-unidentified 2010 GPL Illumina  

CLFT044 Serra Da Graciosa, PR, Brazil Hylodes cardosoi 2013 BRAZIL/ 
ASIA-2  

Illumina  

CLFT023 Monte Verde, MG, Brazil Boana sp. 2011 GPL Illumina 

KBO 347 Guman-Ri, Gangwon-Do, S Korea Bombina orientalis 2012 ASIA-1 Both 

KCL 72 Buam-Ri, Chungcheongnam-Do, S 
Korea 

Lithobates catesbeianus 2014 BRAZIL/ 
ASIA-2 

Illumina  

OHRG 80 Frenchmans Creek, QLD, Australia  Litoria sp. 2020 Unknown  Cellulose  

OHRG 81 Kirrama, QLD, Australia Litoria sp. 2020 Unknown  Cellulose  

OHRG 82 Tully, QLD, Australia Litoria sp. 2020 Unknown  Cellulose  

OHRG 83 Goomburra, QLD, Australia Mixophyes fleayi 2020 Unknown  Cellulose  

OHRG 84 Goomburra, QLD, Australia Mixophyes fasciolatus 2020 Unknown  Cellulose  

OHRG 85 Cunninghams Gap, QLD, Australia Mixophyes fleayi  2020 Unknown  Cellulose  

OHRG 86 Sydney, NSW, Australia Litoria fallax 2020 Unknown  Cellulose  

OHRG 88 Armidale, NSW, Australia Mixophyes balbus 2020 Unknown  Cellulose  

OHRG 87 Nariel Valley, VIC, Australia  Litoria spenceri  2020 Unknown  Cellulose  

OHRG 102 Wongungarra, VIC, Australia Litoria spenceri 2021 Unknown Cellulose 

OHRG 103 Bemm River, Vic, Australia Litoria aurea 2021 Unknown Cellulose 

OHRG 74 Augusta, WA, Australia Crinia georgiana 2019 Unknown  Cellulose  

OHRG 75 Dunsborough, WA, Australia Litoria adelaidensis 2019 Unknown  Cellulose  

OHRG 76 Gwelup, WA, Australia Litoria adelaidensis 2019 Unknown  Cellulose  

OHRG 77 Gwelup, WA, Australia Litoria moorei 2019 Unknown  Cellulose  

OHRG 78 Nannup, WA, Australia Crinia georgiana 2019 Unknown  Cellulose  

OHRG 79 Yanchep, WA, Australia Litoria moorei 2019 Unknown  Cellulose  

a Australian states: QLD = Queensland, NSW = New South Wales, VIC = Victoria, TAS = 

Tasmania, WA = Western Australia, Brazil: SP = São Paulo, PR = Paraná, MG= Minas Gerais. b Lineage 

from O’Hanlon et al. 2018. 



81 
Chapter 5: Mycoviruses 

Results 

Isolates  

A total of 17 new B. dendrobatidis isolates were collected from around Australia (Appendix 

D, Table 8.7).  Combined with 14 cryo-archived samples, a total number of 31 Australian isolates 

were screened and covered a broad range of species, geographic locations and habitat types (Figure 

5.1).  In addition, 5 isolates from Brazil and 2 isolates from South Korea were also screened.  

Sequencing 

A total of 14.2 million paired 100-nt reads were obtained representing the pooled B. 

dendrobatidis samples (data obtained by Steve Wylie).  The remaining 11.4 million reads after 

trimming and filtering were paired and assembled de novo.  There were 1,001 contigs over 500 nt in 

length, the largest being 7,095 nt.  These contigs were compared to sequences held in the NCBI nr 

database using Blastn.  The majority of hits were of fungal origin, and none showed identity with 

known viruses.  The 41 ‘orphan’ sequences > 500 nt that did not show significant identity to any 

sequences on GenBank were analysed using Blastx (protein database interrogated using six reading 

frames), and most were resolved as fungal-like sequences.  Again, there were no matches with 

known viral groups.  

dsRNA extraction optimisation  

The mycovirus positive control produced clear dsRNA bands when extracted using the 

Sigmacell 101 cellulose protocol.  Sigma 101 cellulose also successfully extracted all three 

endornaviruses, as confirmed by PCR (Figure 5.2).  Therefore, I considered the Sigmacell 101 protocol 

to be an acceptable alternative to the traditional (now discontinued) CF11 cellulose, and this newly 

validated method was used to screen the B. dendrobatidis isolates.   

dsRNA screen of B. dendrobatidis and prevalence estimation  

Cellulose chromatography did not detect any dsRNA in any of the B. dendrobatidis isolates.  

Given the non-detection in a sample size of 38, I estimated the true prevalence of mycovirus in B. 

dendrobatidis to be between 0 and 9.1 % (95% CL) given a perfect test.  When the test sensitivity was 

reduced to 0.5, the upper limit of the estimated true prevalence increased to 18.3 %.  
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Figure 5.1 Map showing the wide distribution of Australian B. dendrobatidis isolates screened.  The 

black dot points indicate the location of isolates collected from Australia. This covers most of the 

current distribution of B. dendrobatidis (shaded region). 
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Figure 5.2 Sigma 101 cellulose is an acceptable alternative to CF11 cellulose. A: Agarose gel 

electrophoresis showing dsRNA bands resulting from two types of dsRNA extraction of 

Ceratobasidium sp. harbouring three endornaviruses, Sigmacell 101 cellulose vs CF11 cellulose.  From 

left to right; 1kb marker, Sigmacell extraction (black arrow), CF11 extraction (white arrow). B: An 

agarose gel electrophoresis of PCR product indicating that the dsRNA extracted using Sigma 101 

cellulose contains all three viruses known to be present in the positive control; from left to right, 

1kb marker, Ceratobasidium endornaviruses B, C and D.  The PCR was performed using primers from 

Ong et al 2016. 

Discussion: 

This survey of 38 B. dendrobatidis isolates from Australia, Brazil and Korea failed to detect 

any mycoviruses.  The initial screen consisted of 21 archival B. dendrobatidis isolates that had been 

cryo-preserved.  However, cryo-preservation can lead to mycovirus loss (Springer et al. 2013), and 

mycoviruses can also be lost spontaneously during long term passaging (Zamora-Ballesteros et al. 

2021).  Therefore, I collected an additional 17 fresh isolates from around Australia for screening.  

With this sample size, I estimated that if B. dendrobatidis is indeed host to mycoviruses, the 

prevalence is likely to be low, below 10% with perfect test sensitivity. 

This study used two screening techniques, cellulose-based dsRNA extraction and next 

generation sequencing (NGS).  Cellulose based dsRNA extraction is a robust method for novel virus 

detection that has been used since 1979 (Morris and Dodds 1979).  This method is inexpensive and 

can be conducted with conventional laboratory equipment, however, it may be less sensitive as it 

relies on visualisation of dsRNA bands.  As most known mycoviruses are either dsRNA, or have dsRNA 

stages in their life cycle (Son et al. 2015), dsRNA extraction by cellulose chromatography is a 

commonly used mycovirus screening method (Castro et al. 2003, Castillo et al. 2011).  Sigmacell 101 

cellulose has been validated for screening plant viruses, and here I show it can also be used to extract 
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dsRNA viruses in fungi.  Recently, the development of NGS has greatly accelerated the identification 

of new mycoviruses (Donaire et al. 2016, Marzano et al. 2016, Zoll et al. 2018).  This method is more 

sensitive than gel electrophoresis and can detect both RNA and DNA mycoviruses from total RNA 

extracts (Nerva et al. 2016).  Unlike dsRNA extraction, sequencing relies on comparison to known 

viral sequences, however this technique has been used successfully to detect ancient viruses only 

distantly related to known taxa (Ng et al. 2014).  A direct comparison of sequencing and dsRNA 

extraction methods found that they were mostly in agreement when used to screen for mycoviruses 

in early diverging fungi (Myers et al. 2020).  

The negative results of this survey were unexpected as mycoviruses are often described as 

being ubiquitous in fungi (Ghabrial et al. 2015).  Indeed, individual fungal isolates are often found to 

be co-infected with phylogenetically diverse mycoviruses (Ong et al. 2018, Thapa and Roossinck 

2019).  Although early-diverging fungal lineages are less frequently screened than higher fungi, other 

members of the chytrid order Rhizophydiales have been found to harbor mycoviruses at a prevalence 

of 14.3% (Myers et al. 2020).  The Batrachochytrium genus (Martel et al. 2014) and mycoviruses 

(Ghabrial 1998) are both ancient lineages, with ample time to form associations.  

With the exception of its sister species, B. salamandrivorans (Martel et al. 2013), B. 

dendrobatidis is unique in that it is the only chytridiomycete known to infect vertebrates.  This should 

not preclude B. dendrobatidis from harbouring mycoviruses, as infections have been detected in 

other pathogenic fungi of vertebrates.  For example, a novel partitivirus was found to be widespread 

in North American (Thapa et al. 2016) and Czech Republic (Ren et al. 2020) isolates of the bat 

pathogen, Pseudogymnoascus destructans.  This pathogen causes white nose syndrome in a variety 

of bat species (Blehert et al. 2009), a devastating skin disease that has drawn comparisons to 

chytridiomycosis due to its impact on wildlife.   

Like most chytridiomycetes, B. dendrobatidis mostly reproduces asexually (Berger et al. 

2005a), which theoretically should favour mycovirus transmission (Pearson et al. 2009).  However, 

the monocentric mode of asexual reproduction in B. dendrobatidis could help explain the paucity of 

mycovirus infections.  In monocentric fungi, one zoospore produces just one zoosporangia and 

species with this mode of development have been shown to have significantly fewer mycoviruses 

than their polycentric counterparts (Myers et al. 2020).  

It is also possible that B. dendrobatidis is naturally infected with mycoviruses, but the 

antibiotics used in the isolation process may have inadvertently cleared them.  Both kanamycin and 

streptomycin have been known to eliminate some mycoviruses (but not others) after prolonged 

exposure (Cao et al. 2019).  However, the period of antibiotic exposure during B. dendrobatidis 
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isolation was shorter than what was required to clear mycovirus infections in Ceratobasidium (~7 vs. 

35 d).  Culture independent methods of obtaining B. dendrobatidis cells (eg: filtration or 

metatransciptomics) could help avoid this problem by omitting the antibiotic exposure.  This 

approach may also overcome the potential bias of the culturing process, which selects for the 

healthiest cells.  

The isolates used in this survey were predominantly from Australia.  I was unable to detect 

evidence of mycovirus infection despite sampling from diverse locations and host species, suggesting 

that perhaps the Australian B. dendrobatidis population may be free of mycoviruses.  Previous 

genetic (O’Hanlon et al. 2018) and epidemiological (Murray et al. 2010, Scheele et al. 2017) data 

suggests B. dendrobatidis may have only been introduced once to Australia, and so it is possible that 

absence of mycovirus infection may be a founder effect.  Future surveys should concentrate on 

testing other B. dendrobatidis isolates from more locations, especially the evolutionary origin in Asia, 

where diversity is highest (Bataille et al. 2013, O’Hanlon et al. 2018, Byrne et al. 2019).  In addition, 

sampling B. dendrobatidis isolates with low virulence may increase the chance of detecting a 

mycovirus with hypovirulence potential.  Should viruses be found in B. dendrobatidis, studies on how 

they interact with the fungus and influence virulence will be needed to assess their potential for use 

as a biocontrol for protecting vulnerable amphibian species. 

Mycoviruses tend to be host specific, but it may be possible to artificially infect B. 

dendrobatidis with viruses from closely related fungi (Van Diepeningen et al. 1999, Kanematsu et al. 

2010).  Infection experiments using mycoviruses from related fungi may shed light on whether B. 

dendrobatidis can be infected, and whether there are any phenotypic impacts of infection.  

Viruses are the most abundant life forms on Earth, probably infecting every extant species, 

and their infections have driven the evolution of all life from ancient times (Paez-Espino et al. 2016).  

If further screening confirms that B. dendrobatidis is not widely infected with mycoviruses, this raises 

interesting questions on its resistance.  For example, B. dendrobatidis could be a model to 

understand how virus infection can be avoided with implications for understanding virus-host 

specificity, and the evolution of these pathosystems.  

Summary: 

Unexpectedly, I was unable to find any evidence of mycovirus infection in B. dendrobatidis.  

This inability to detect mycoviruses may be due to the isolation process, or the fact that the majority 

of isolates were from Australia.  These results should prompt investigation into how the Australian B. 

dendrobatidis population has avoided viral colonisation.  Future screens for mycoviruses should focus 

B. dendrobatidis in areas of high diversity, and perhaps employ reduced antibiotic use during 
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isolation.  The dsRNA extraction method developed in this Chapter will be useful for studies requiring 

an alternative extraction method to CF11 cellulose. 
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The amphibian chytrid fungus, B. dendrobatidis, continues to cause widespread amphibian 

declines and extinctions.  The loss of amphibian biodiversity has wide-ranging consequences on other 

species and ecosystems.  The disappearance of tadpoles from rainforest streams left behind reduced 

food web complexity (Schmidt et al. 2017), and the loss of neotropical adult frogs from was followed 

by snake declines as the chytridiomycosis epidemic depleted their prey (Zipkin et al. 2020).  There 

has been progress in the development of antifungal, probiotic and vaccine therapeutics against 

chytridiomycosis, however these have not been effective for wild amphibians, and without 

immediate interventions many species are still on the brink of extinction (Skerratt et al. 2016).  

Therefore, there is an urgent need to explore novel approaches to treating chytridiomycosis, 

especially methods for wild amphibians.  In this thesis, I explored the feasibility of RNAi (Chapter 4) 

and mycovirus-based (Chapter 5) therapeutics, both of which have been successful in treating fungal 

diseases of plants.  In doing so, I investigated a candidate virulence factor to target with RNAi 

(Chapter 3) and developed a method to rapidly assess B. dendrobatidis viability and growth (Chapter 

2), which enabled me to quantify the success of RNAi optimisation.  In this final chapter, I discuss the 

unique challenges of working with B. dendrobatidis, and the prospects for implementing RNAi or 

mycovirus-mediated hypovirulence as a method to control chytridiomycosis.  
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General Discussion  

The uniqueness and challenges of B. dendrobatidis  

The majority of chytrid species are saprobes, although there are a few parasitic species that 

infect plants, insects and algae (Van den Wyngaert et al. 2018, van de Vossenberg et al. 2022).  The 

Batrachochytrium genus (B. dendrobatidis and B. salamandrivorans) contains the only chytrid species 

known to parasitise vertebrates and their unique biology differs substantially from other fungal 

species.  Throughout this thesis, I describe several characteristics of B. dendrobatidis that highlight 

the specific challenges of working with this non-model fungus.   

Measuring growth and viability in B. dendrobatidis  

In Chapter 2, I found that trypan blue is not an effective stain for B. dendrobatidis.  Trypan 

blue is a dye that has been used to stain fungi since the 1950s (Boedijn 1956, Phillips and Hayman 

1970), and is also commonly used to determine fungal viability, especially in yeast.  However, I found 

that trypan blue resulted in suboptimal staining of B. dendrobatidis cells, particularly as a viability 

stain. These results agree with those of McMahon et al 2014, who suggested that the presence of 

discharge tube might prevent the use of trypan blue as a viability stain in this species (McMahon and 

Rohr 2014).  I found that an alternative dye, methylene blue, is a superior viability stain for B. 

dendrobatidis and can be used on mature zoosporangia as its performance was not compromised by 

the presence of discharge tubes.  The mechanism of methylene blue staining is still not understood, 

and it is not clear whether the interaction between the dye and live cell occurs intracellularly or on 

the cell surface (Bongard et al. 1995, Merker et al. 1997, May et al. 2003).  My observation that 

methylene blue does not stain live B. dendrobatidis cells, despite the presence of discharge tubes, 

suggests that either the reduction from blue to colourless form is occurring within the cell (rather 

than by reductases on the cell surface), or that the discharge tubes do not permit dye penetration as 

hypothesised by McMahon et al 2014. 

Without using methylene blue, it is difficult to determine the viability of B. dendrobatidis 

zoosporangia using microscopy alone.  In Chapter 3, cells exposed to BSO and cadmium possessed 

large vacuoles and faint cell walls, but it was unclear whether these cells were viable.  The methylene 

blue assay was able to confirm that, despite dysmorphic phenotype, the cells were in fact viable 

(Figure 6.1a).  Thus, future growth experiments in B. dendrobatidis should consider the limitations of 

measuring growth alone, which may underestimate the impact of stressors on cells. An additional 

measure of cell health may be useful to capture the full response to stress.  A vitality assay such as 

MTT (Lindauer et al. 2019), which measures cellular metabolism, could be used in conjunction with 

methylene blue to allow a more complete characterisation of the stress response. 
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RNAi studies often use fluorescently labelled siRNA to assess the efficiency of delivery during 

methodology optimisation (Calkins et al. 2018).  In Chapter 4, I observed that fluorescent siRNA could 

passively stain the contents of dead zoosporangia, obscuring the quantification of siRNA uptake 

(Figure 6.1c).  I used methylene blue to establish the viability of fluorescing cells after siRNA 

treatment and confirm the delivery efficiency.  Thus, it is important for future RNAi studies to use a 

viability stain to avoid an overestimation of fluorescent siRNA delivery to B. dendrobatidis. 

 

A. Stressed cells pre-fixation B. Stressed cells post-fixation   

  

C. Fluorescent cells before assay D. Viability assay on fluorescent cells  

  

Figure 6.1 Application of the methylene blue viability stain A: Unhealthy, but viable, cells remain 

unstained after methylene blue assay.  B: The same population of cells after ethanol fixation and 

repeated methylene blue assay indicating that they had been alive prior.  C: Two zoosporangia after 

delivery of fluorescently tagged siRNA. D: Methylene blue assay indicates the zoosporangia were 

killed in the siRNA delivery process, leading to an overestimation of siRNA uptake by fluorescence 

measurement alone.  

 

 

Atypical response of B. dendrobatidis to buthionine sulfoximine and oxidative stress 
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In Chapter 3, I found that BSO is ineffective against B. dendrobatidis at concentrations 

commonly used in other fungi, and higher levels were needed to inhibit glutathione synthesis.  BSO is 

frequently used to inhibit glutathione synthesis at 2-6 mM (Clemens et al. 1999, Courbot et al. 2004, 

Patsoukis and Georgiou 2007).  However, a 5-fold increase in BSO was required to be effective in B. 

dendrobatidis.  At this concentration, glutathione levels were decreased by ~50% after 6 h.  This 

timeframe is in line with experiments with Saccharomyces cerevisiae, in which 6 h of BSO exposure 

resulted in 32% less glutathione, but this was achieved with only 5 mM BSO (Prévéral et al. 2006).  

BSO acts by inhibiting glutamate cysteine ligase, the first enzyme of the glutathione synthesis 

pathway, therefore preventing the synthesis of new glutathione (Griffith and Meister 1979).  A 

previous study in B. dendrobatidis used BSO at 100 µM (Claytor 2020), a concentration effective in 

mammalian cells (Chowdhury et al. 2013). Claytor 2020 found that 100 µM BSO did not change 

glutathionylation (glutathione modifications) in B. dendrobatidis.  However, my results indicate that 

this concentration is likely too low to impact cellular GSH levels.  The higher levels of BSO required 

for depletion of GSH in B. dendrobatidis highlights the importance of validating any new protocols for 

use in this species.  

Chapter 3 revealed that B. dendrobatidis has an atypical response to oxidative stress under 

glutathione depletion.  Although hydrogen peroxide (H2O2) lowers total glutathione levels, there is no 

decrease in the reduced:oxidised glutathione ratio nor is there an increased susceptibility to H2O2 

with glutathione depletion, which are the hallmarks of the oxidative stress response in other fungi 

(Grant et al. 1996).  These results suggest that B. dendrobatidis is able to cope well with oxidative 

stress, possibly due to glutathione reservoirs on proteins (Claytor 2020).  Alternatively, B. 

dendrobatidis may possess other, unknown methods to cope with oxidative stress.  This may be an 

important area of future research, since, for most pathogens, tolerance of host immune-generated 

oxidative stress is important during infection (Wojtaszek 1997, Missall et al. 2004, Aguirre et al. 

2006).  However, it is possible that antioxidant systems are not as important for infection by B. 

dendrobatidis as it encounters limited oxidative stress from the host immune system.  This is 

supported by a low level of immune cell recruitment observed in B. dendrobatidis-infected hosts 

(Young et al. 2014), possibly due to immune suppression (Fites et al. 2013), or due to the protection 

of the superficial and intracellular infection site.  While glutathione may not play an important role in 

the invasion of amphibian skin, my results suggest that it is essential for the completion of the 

zoosporangial life stage and for zoospore release.  Thus, further work should investigate whether 

glutathione suppression may inhibit B. dendrobatidis growth in amphibian skin. 
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Antiviral mechanisms and the absence of mycoviruses in B. dendrobatidis  

Another way in which B. dendrobatidis differs from other fungi is that it does not possess 

RdRp (Farrer et al. 2017), an important amplifying component of the RNAi machinery (Nishikura 

2001).  The RNAi pathway is present in most fungi and is a defence against viral infection (Segers et 

al. 2007, Hammond et al. 2008).  Fungi lacking a complete RNAi pathway are more susceptible to 

mycovirus infection, but can be cured of viruses when RNAi is reconstituted (Drinnenberg et al. 

2011).  Thus, it is interesting that no mycoviruses were detected in B. dendrobatidis (Chapter 5), 

given it does not possess the full complement of RNAi genes.  In the chestnut blight fungus, 

Cryphonectria parasitica, experimental mutants lacking either Dicer (Segers et al. 2007) or Argonaute 

(Sun et al. 2009) display increased susceptibility to mycoviral infection.  However, the role of RdRp is 

less clear. As with Dicer and Argonaute, RdRp is upregulated by the host during viral infection 

suggesting its involvement in antiviral defence (Zhang et al. 2014, Yu et al. 2018).  In addition, host 

RdRp is targeted and supressed by mycovirus proteins (Suzuki and Nuss 2002, Hammond et al. 2008), 

presumably to facilitate infection.  However, C. parasitica mutants lacking RdRp had no observable 

differences to wildtype strains when infected with a hypovirus (Zhang et al. 2014).  Therefore, it is 

unknown if the incomplete RNAi pathway in B. dendrobatidis would result in increased susceptibility 

to mycoviruses. 

An alternative interpretation is that B. dendrobatidis may have lost partial RNAi functionality 

in response to beneficial mycovirus infections.  This scenario occurs in fungi hosting mycoviruses that 

encode so called ‘killer toxins’, which confer an advantage to their hosts by killing competing fungi 

(Park et al. 1996, Schmitt and Breinig 2006).  All known species that possess the beneficial “killer 

virus” lack some or all of the RNAi genes, and closely related species that retain RNAi lack the killer 

virus, suggesting that RNAi capability has been lost in favour of a mutualistic infection with a 

mycovirus (Drinnenberg et al. 2011).  Both of these explanations predict mycovirus presence in B. 

dendrobatidis, however, I found no evidence of mycovirus infection in Australian B. dendrobatidis 

isolates (Chapter 5).  This result could be due to a coincidental founder effect, if the single 

introduction of B. dendrobatidis into Australia was free of mycovirus.  Alternatively, the absence of 

mycovirus in B. dendrobatidis raises the question of whether this species possesses other antiviral 

defences to protect it from viral infection.  The lack of RdRp in B. dendrobatidids may also contribute 

to suboptimal gene knockdown via RNAi, as discussed later. 
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Future directions  

Novel treatments for chytridiomycosis 

Treating chytridiomycosis in wild amphibians remains a major challenge as eradication is 

impossible, largely because the pathogen can persist in reservoir amphibian hosts (Daszak et al. 

2004, Brannelly et al. 2018b) and probably in the environment (Fisher et al. 2021).  Similarly, the 

chytrid Synchytrium endobioticum, which causes potato wart disease, is almost impossible to 

eradicate from infested soil, and it also appears to have reservoir hosts (Cotton 1916).  A wide variety 

of chemical treatments have been tested against S. endobioticum but were either ineffective or too 

toxic for environmental use (Hampson 1988, van de Vossenberg et al. 2022).  Using antifungal 

chemicals against B. dendrobatidis is likely to face the same issues.  Attempts to treat wild frogs with 

chemical disinfectants and antifungal drugs had short term success in specific situations (Bosch et al. 

2015, Hudson et al. 2016, Geiger et al. 2017), but this approach is unlikely to provide a widespread 

solution due to environmental reservoirs of B. dendrobatidis.  Alternative approaches, such as RNAi 

(Koch et al. 2016, Wang and Jin 2017, Werner et al. 2020) and mycovirus biocontrol (Heiniger and 

Rigling 1994, Chiba et al. 2009, Yu et al. 2013) are being developed for the control of 

phytopathogenic fungi and could be useful against chytridiomycosis.   

Implementing RNAi  

I explored the feasibility of using RNAi in B. dendrobatidis and achieved the first steps 

towards implementation by demonstrating that siRNA can knock down gene expression (Chapter 4).  

However, mRNA knockdown did not correspond to a robust phenotypic change.  As previously 

mentioned, the effect of RNAi may be inherently low in B. dendrobatidis due to the lack of RdRp-

driven signal amplification (Farrer et al. 2017).  

Along with Dicer and Argonaute, RdRp is a core component of RNAi, as it amplifies and 

sustains the RNAi response (Nishikura 2001).  However, effective RNAi has been demonstrated in 

other fungi without RdRp, including Pecoramyces ruminantium, Saccharomyces castellii and Candida 

albicans (Drinnenberg et al. 2009, Moazeni et al. 2012, Calkins et al. 2018).  Mammals also have 

robust RNAi pathways despite an absence of RdRp (Stein et al. 2003, Pinzón et al. 2019), suggesting 

that RdRp might not be essential.  In Chapter 4, I quantified gene knock down over 48 h, however, 

longer time course studies could determine whether sustained RNAi can occur in B. dendrobatidis, 

despite the lack of RdRp.  

Optimising the RNA molecule design, siRNA delivery, target gene or the fungal life stage used 

for RNAi could help improve knock down efficiency.  In Chapter 4, siRNA was investigated as an RNAi 

trigger; however, most phytopathogenic RNAi systems use dsRNA rather than siRNA to knockdown 
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gene expression (Werner et al. 2020), and in some cases dsRNA has been found to be more potent 

that siRNA (Wang et al. 2013).  While dsRNA could be explored for RNAi in B. dendrobatidis, it may 

also illicit an immune reaction in animal hosts (Karpala et al. 2005), and therefore may be less 

suitable as a chytridiomycosis treatment.  

siRNA design can have major effects on knockdown efficiency (Strapps et al. 2010), as can 

the choice between using single or pooled siRNA (Parsons et al. 2010).  However, since my two siRNA 

designs produced similar results, this may not be a limitation on efficacy in B. dendrobatidis.  On the 

other hand, the delivery of the siRNA could be a focus area for improved knock down effects.  My 

pilot flow cytometry experiments suggested that electroporation only delivered siRNA to ~50% of 

cells (Figure 8.17).  This electroporation protocol was optimised for delivery of dextran (Swafford et 

al. 2020), so future work should focus on optimising this system for siRNA.  This approach could 

involve modification of the electroporation parameters, buffers or siRNA concentration.  As only 80% 

of cells were viable after electroporation (Figure 8.18), efforts to increase zoospore survival could 

also improve knock down efficiency.   

The choice of target gene may also be important for RNAi.  By targeting a gene essential for 

glutathione biosynthesis, I aimed to produce a cadmium sensitive phenotype due to glutathione 

depletion.  Chemical inhibition of glutathione synthesis by BSO is rapid and sustained, with ~90% less 

total glutathione after 48 h.  However, siRNA treatment only transiently decreased mRNA by ~50%, 

and there was no impact on GCL protein levels, total glutathione or cadmium sensitivity, likely due to 

the long half-life of GCL.  My observation that cells returned to normal growth after removal of BSO 

suggests that a strong and sustained glutathione depletion is required for obvious phenotypic 

change.  Therefore, future work should investigate other target genes, such as ornithine 

decarboxylase (ODC), which are more likely to produce phenotypic effects with ~50% mRNA 

knockdown.  ODC is a known virulence factor in many fungal pathogens of plants (Bailey et al. 2000, 

Yan et al. 2022), and has been targeted by RNAi to control Fusarium wilt disease (Singh et al. 2020).  

The ODC gene encodes the first and rate limiting enzyme in the production of the polyamine 

putrescine (Tabor and Tabor 1976), which then form the polyamines spermidine and spermine (Pegg 

2006).  Spermidine produced by B. dendrobatidis can inhibit lymphocyte proliferation (Rollins-Smith 

et al. 2019), suggesting it may be important for evasion of the host immune system.  Like GCL, the 

ODC gene can also be chemically inhibited (Metcalf et al. 1978), which produces a phenotype of 

suppressed growth in B. dendrobatidis (Rollins-Smith et al. 2019).  Hence, ODC is also an attractive 

candidate gene for future RNAi knockdown experiments.  
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For my proof-of-concept experiments in Chapter 4, I delivered siRNA to the zoospore life 

stage.  Zoospores have no cell wall, making them amenable to electroporation, and they can be easily 

purified and quantified.  Zoospores can also be “synchronised” to be the same age to ensure a 

consistent cell type, which minimises the impact of dynamic gene expression on RT-qPCR analysis (as 

discussed in Chapter 3).  Despite the advantages of using uniform zoospores for siRNA delivery, their 

reported lack of transcriptional activity (Rosenblum et al. 2008) could be a barrier to initiating RNAi. 

If transcriptional activity is low in zoospores, then mRNA knockdown will have limited effect.  This 

might explain why I did not detect significant mRNA reduction until 36-42 h after siRNA delivery.  

Degradation of siRNA can occur quickly, so encouraging rapid encystation using mucin (Robinson et 

al. 2022) could allow RNAi to occur when siRNA levels are highest.  

Alternate siRNA delivery methods.   

Delivering siRNA to zoospores via electroporation is feasible in the laboratory for functional 

genomic experiments, and perhaps also to prepare avirulent isolates for vaccination efforts.  

However, this approach is not viable for the wide-scale treatment of wild amphibians, and alternative 

methods will be required.  

 Some fungi naturally take up exogenous RNA from the environment (known as “RNA 

scavenging”) (Jöchl et al. 2009) or from plant hosts (known as “cross kingdom RNAi”) (Wang et al. 

2016, Schaefer et al. 2020) via extracellular vesicles (Cai et al. 2020).  In these species, RNAi can be 

initiated by simply incubating the fungi with dsRNA (Wang et al. 2016) or siRNA (Calkins et al. 2018), 

and spraying siRNA/dsRNA onto the surface of plants can protect them from fungal diseases (Koch et 

al. 2016).  In the fungal pathogen Sclerotinia sclerotiorum, uptake of dsRNA occurs at the hyphal tip 

via endocytosis (Wytinck et al. 2020).  The zoosporangia of B. dendrobatidis do not possess hyphae, 

but instead the zoosporangia develop rhizoids, which may enable similar uptake.  In other fungi, 

uptake is greatest during spore germination (Khatri and Rajam 2007, Calkins et al. 2016).  Future 

work should determine whether B. dendrobatidis can scavenge exogenous RNA molecules and 

whether uptake changes during different life stages, using fluorescently tagged RNA constructs and 

viability testing to enable precise tracking (Whisson et al. 2005).  If B. dendrobatidis cells take up RNA 

without electroporation, this would support the development of a spray-based therapeutic 

approach.   

In summary, I found that RNAi-mediated gene knockdown is feasible in B. dendrobatidis and, 

here, I suggest the next steps to optimise this process.  Further development of an efficient gene 

knockdown methodology would allow a wide range of functional genetic studies, vastly increasing 
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our understanding of this pathogen.  This also provides the first step in implementing an RNAi based 

therapeutic for the treatment of chytridiomycosis.  

Mycovirus-mediated hypovirulence  

Mycoviral infection can reduce the virulence of some fungal strains, such as in the chestnut 

blight fungus (C. parasitica).  Inoculating virus-infected C. parasitica onto chestnut trees can protect 

them from severe disease and has contributed to their conservation (Heiniger and Rigling 1994).  In 

Chapter 5, I screened B. dendrobatidis strains for mycovirus infection, with the aim of developing a 

novel biocontrol method.  However, my screen of 38 isolates from Australia, Brazil and South Korea 

did not identify the presence of mycoviruses.  Continued efforts towards mycovirus identification in 

B. dendrobatidis are warranted (Woodhams et al. 2011), due to their great potential for amphibian 

conservation with minimal intervention.  Further screens could be conducted outside Australia, 

targeting areas where B. dendrobatidis virulence is low, and in Asia where the pathogen originated 

and where strain diversity is highest (Bataille et al. 2013, O’Hanlon et al. 2018, Byrne et al. 2019). 

However, it is important to note that some areas with perceived low virulence (e.g.: Panama) may be 

due to increased resistance of the hosts, rather than decreased pathogen virulence (Voyles et al. 

2018).  

In addition to the use of hypovirulent B. dendrobatidis as a treatment approach, mycoviruses 

could also be used for functional genomic studies and identification of virulence factors. In 

Aspergillus fumigatus, viral infection downregulated stress tolerance genes, and the increased 

susceptibility to oxidative stress resulted in reduced virulence (Takahashi-Nakaguchi et al. 2020).  

Other studies have shown that mycovirus-infected fungi stimulate beta interferon levels in a murine 

host, with implications for increased clearance by macrophages (Applen Clancey et al. 2020).  Similar 

approaches could be used in B. dendrobatidis, with either natural or exogenous mycoviruses, to 

identify potential virulence factors or to increase the host immune response.  

Implications for other wildlife diseases 

My results may have utility for developing mitigation approaches against other emerging 

fungal diseases of wildlife. White nose syndrome (Pseudogymnoascus destructans), snake fungal 

disease (Ophidiomyces ophiodiicola) and yellow fungus disease (Nannizziopsis sp) are also causing 

concern due to their emergence in wildlife populations.  

White nose syndrome is an emerging disease of North American bats, causing spectacular 

mortality events throughout the Eastern United States and Canada (Blehert et al. 2009, Maher et al. 

2012).  Since its discovery in 2006, the disease has caused mortality in six bat species, the most 

affected being the little brown bat (Myotis lucifugus) (Turner et al. 2011).  The cold adapted 
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pathogen infects hibernating bats, with mortality rates up to 75% at some hibernacula (Blehert et al. 

2009). Increased arousal from torpor and associated dehydration is thought to be the cause of death 

(Warnecke et al. 2012). 

Snake fungal disease is widespread in eastern USA and has been flagged as a potential 

conservation issue (Sutherland et al. 2014).  The causative agent is the ascomycete O. ophiodiicola, 

and has been linked to populations declines in timber rattlesnakes (Crotalus horridus) (Clark et al. 

2011) and Eastern massasaugas (Sistrurus catenatus) (Allender et al. 2016).  Clinical signs vary, but 

include crusty lesions (especially on the head), anorexia and abnormal behaviour.  Fungal hyphae 

invade the epidermis and can persist through moulting (Lorch et al. 2016).  A recent review has 

suggested that snake fungal disease may not be causing widespread mortality, but nevertheless 

disease monitoring is still necessary (Davy et al. 2021). 

Yellow fungal disease is caused by fungal pathogens in the genus Nannizziopsis. This disease 

is primarily found in captive reptiles (Cabañes et al. 2014), and also occasionally occurs in humans 

(Baggott et al. 2017, Nourrisson et al. 2018).  Recently Nannizziopsis barbatae has been identified as 

the agent responsible for mortality in wild lizards in Australia (Peterson et al. 2020).  It causes skin 

colour changes (hence the name), and crusty necrotic skin lesions (Mitchell and Walden 2013).  It is 

contagious, difficult to treat, and often results in death (Peterson et al. 2020).  

Although these pathogens belong to other fungal phyla, they share similarities to B. 

dendrobatidis.  Like B. dendrobatidis, P. destuctrans, O. ophiodiicola and N. barbatae also infect the 

skin of their hosts. The management of these diseases in the wild also faces similar challenges to 

chytridiomycosis.  For example, the limited feasibility of using antifungal drugs (Chaturvedi et al. 

2011, Allender et al. 2015) or probiotic augmentation (Cheng et al. 2017) on wild animals, and the 

difficulty of eliminating the pathogen from the environment (Vanderwolf et al. 2016).  Therefore, the 

novel antifungal approaches investigated in this thesis may also be applied to other fungal wildlife 

diseases.   

As the first attempt to use RNAi on wildlife fungal disease, my thesis provides a framework 

for investigating the feasibility of this approach, and how to navigate potential challenges.  In 

Chapter 4, I encountered a range of methodological hurdles (see Appendix C) that required 

troubleshooting before I could proceed to testing RNAi in B. dendrobatidis.  The successful use of 

RNAi in non-model fungi requires the development of methods for the delivery and visualisation of 

exogenous nucleic acids, assessing cell viability, and accurate quantification of mRNA and protein 

levels.   
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To my knowledge, RNAi has never been demonstrated in the Chytridiomycota; and designing 

siRNA for use in B. dendrobatidis was hampered by the lack of literature on RNAi approaches in 

chytrids.  Conversely, RNAi methodologies are well established in the Ascomycota (Romano and 

Macino 1992), to which P. destructans, O. ophiodiicola and N. barbatae all belong, although RNAi has 

not yet been reported in these wildlife pathogens.  Optimal siRNA length, overhang modifications, 

G/C ratios and design algorithms have been validated for use in Ascomycete fungi (Table 6.1). 

Ascomycetes also demonstrate both RNA scavenging (Jöchl et al. 2009) and cross kingdom RNAi 

(Wang et al. 2016, Schaefer et al. 2020), indicating that the delivery of interfering RNA molecules into 

these species may be less challenging than for B. dendrobatidis.  Selection of target genes may also 

be less challenging for these other wildlife diseases, as several have been characterised in 

Ascomycetes.  Riboflavin (vitamin B2) is a known virulence factor of many ascomycetes (Garfoot et 

al. 2014, Dietl et al. 2018), including P. destructans (Flieger et al. 2016).  In infected bats, riboflavin 

increases skin necrosis and likely leads to increased arousal from hibernation and associated 

depletion of fat reserves (Flieger et al. 2016).  Riboflavin has been successfully targeted in nematodes 

(Biswas et al. 2013) and mice (Yao et al. 2013) using RNAi against riboflavin transporters.  Therefore, 

RNAi appears a promising antifungal option, not just for chytridiomycosis, but also for other fungal 

wildlife pathogens.    

Table 6.1 Characteristics of successful siRNA designs in Ascomycete fungi 

Length overhang G/C ratio Concentration  Reference  

21bp TT 57% 10-25nM (Khatri and Rajam 2007) 

19bp TT 52% 10µM  (Rehman et al. 2016) 

19bp dTdT 57% 100nM (Chum et al. 2017) 

21bp UU/GC 36% 5 µM (Ghag et al. 2014) 

 

Although mycovirus-mediated hypovirulence of animal fungal pathogens has yet to be 

reported (Nuss 2005), this approach also holds promise for the biological control of wildlife 

pathogens (Woodhams et al. 2011). The majority of mycovirus-associated hypovirulence has been 

observed in the Ascomycota (Nuss 2005), which suggests a high probability of finding a useful 

mycovirus in P. destuctrans, O. ophiodiicola or N. barbatae. In fact, a mycovirus has already been 

detected in P. destructans. A screen of 62 North American and European isolates identified a 

Partitivirus (named PdPV-pa) in all the North American isolates, but not in the European isolates 

(Thapa et al. 2016).  The presence of PdPV-pa appears to be beneficial to its fungal host, as 

reproductive output is reduced when it is cured of the virus. The virus occurs in the fungal isolates 

responsible for mass mortality events in North America, but not in the European isolates (where die 

offs have not occurred), suggesting it might confer hypervirulence (see (Marquez et al. 2007).  
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Although PdPV-pa is not suitable for mycovirus mediated hypovirulence, it could potentially be 

modified using cDNA (Chen et al. 2000) to attenuate the virulence of P. destuctrans.  The PdPV-pa 

virus is the only known mycovirus infecting a wildlife pathogen.  The lack of reported surveys for 

mycoviruses in fungi affecting wildlife indicate that this is a neglected topic and useful mycoviruses 

may remain undetected.  Hence, screening pathogenic fungal isolates for the presence of 

mycoviruses is warranted. 

Summary  

The chytridiomycosis crisis continues to kill amphibians worldwide.  This thesis aims to 

increase our understanding of B. dendrobatidis virulence and investigate potential strategies to 

reduce virulence (Figure 6.2).  The development of a rapid viability and growth assay for B. 

dendrobatidis will assist efforts to quantify the effectiveness of antifungal strategies. By increasing 

our understanding of glutathione and stress tolerance, we are one step closer to identifying the 

pathogen’s susceptibilities.  Because traditional antifungal approaches have not been widely 

successful, further investigation of novel control methods, such as RNAi and mycovirus mediated 

hypovirulence, is necessary.  B. dendrobatidis causes the world’s worst wildlife disease and deserves 

our continued effort to minimise its impact and prevent further loss of amphibian biodiversity.  

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Overall thesis findings 

 



99 
Literature cited 

 Literature cited 

 

Abrashev, R. I. A. I., S. B. P. B. Pashova, L. N. S. N. Stefanova, S. V. V. V. Vassilev, P. A. D.-A. A. 
Dolashka-Angelova, and M. B. A. B. Angelova. 2008. Heat-shock-induced oxidative stress and 
antioxidant response in Aspergillus niger 26. Canadian Journal of Microbiology 54:977-983. 

Adrian, W. J., T. R. Spraker, and R. B. Davies. 1978. Epornitics of aspergillosis in mallards (Anas 
platyrhynchos) in north central Colorado. J Wildl Dis 14:212-217. 

Aguirre, J., W. Hansberg, and R. Navarro. 2006. Fungal responses to reactive oxygen species. Medical 
Mycology 44:S101-S107. 

Aldawsari, M., M. B. Chougule, and R. J. Babu. 2015. Progress in Topical siRNA Delivery Approaches 
for Skin Disorders. Curr Pharm Des 21:4594-4605. 

Allender, M. C., E. T. Hileman, J. Moore, and S. Tetzlaff. 2016. Detection of Ophidiomyces, the 
Causative Agent of Snake Fungal Disease, in the Eastern Massasauga ( Sistrurus catenatus ) in 
Michigan, USA, 2014. J Wildl Dis 52:694-698. 

Allender, M. C., D. B. Raudabaugh, F. H. Gleason, and A. N. Miller. 2015. The natural history, ecology, 
and epidemiology of Ophidiomyces ophiodiicola and its potential impact on free-ranging 
snake populations. Fungal Ecology 17:187-196. 

Andersen, C. L., J. L. Jensen, and T. F. Ørntoft. 2004. Normalization of real-time quantitative reverse 
transcription-PCR data: a model-based variance estimation approach to identify genes suited 
for normalization, applied to bladder and colon cancer data sets. Cancer Res 64:5245-5250. 

Antwis, R. E., and X. A. Harrison. 2018. Probiotic consortia are not uniformly effective against 
different amphibian chytrid pathogen isolates. Mol Ecol 27:577-589. 

Apostol, I., P. F. Heinstein, and P. S. Low. 1989. Rapid Stimulation of an Oxidative Burst during 
Elicitation of Cultured Plant Cells 1: Role in Defense and Signal Transduction. Plant Physiology 
90:109-116. 

Applen Clancey, S., F. Ruchti, S. LeibundGut-Landmann, J. Heitman, and G. Ianiri. 2020. A Novel 
Mycovirus Evokes Transcriptional Rewiring in the Fungus Malassezia and Stimulates Beta 
Interferon Production in Macrophages. mBio. 

Arakawa, M., H. Nakamura, Y. Uetake, and N. Matsumoto. 2002. Presence and distribution of double-
stranded RNA elements in the white root rot fungus Rosellinia necatrix. Mycoscience 
43:0021-0026. 

Baek, Y. U., Y. R. Kim, H. S. Yim, and S. O. Kang. 2004. Disruption of gamma-glutamylcysteine 
synthetase results in absolute glutathione auxotrophy and apoptosis in Candida albicans. 
FEBS Lett 556:47-52. 

Baggott, A., H. McGann, R. Barton, and J. Ratner. 2017. Disseminated Nannizziopsis obscura infection 
in a renal transplant patient- The first reported case. Medical Mycology Case Reports 17:20-
24. 

Bailey, A., E. Mueller, and P. Bowyer. 2000. Ornithine decarboxylase of Stagonospora (Septoria) 
nodorum is required for virulence toward wheat. J Biol Chem 275:14242-14247. 

Bakti, F., A. Király, E. Orosz, M. Miskei, T. Emri, É. Leiter, and I. Pócsi. 2017. Study on the glutathione 
metabolism of the filamentous fungus Aspergillus nidulans. Acta Microbiol Immunol Hung 
64:255-272. 

Bapat, P., S. K. Nandy, P. Wangikar, and K. V. Venkatesh. 2006. Quantification of metabolically active 
biomass using Methylene Blue dye Reduction Test (MBRT): Measurement of CFU in about 
200 s. Journal of Microbiological Methods 65:107-116. 

Bataille, A., S. D. Cashins, L. Grogan, L. F. Skerratt, D. Hunter, M. McFadden, B. Scheele, L. A. 
Brannelly, A. Macris, and P. S. Harlow. 2015. Susceptibility of amphibians to chytridiomycosis 
is associated with MHC class II conformation. Proceedings of the Royal Society B: Biological 
Sciences 282:20143127. 



100 
Literature cited 

Bataille, A., J. J. Fong, M. Cha, G. O. U. Wogan, H. J. Baek, H. Lee, M. S. Min, and B. Waldman. 2013. 
Genetic evidence for a high diversity and wide distribution of endemic strains of the 
pathogenic chytrid fungus Batrachochytrium dendrobatidis in wild Asian amphibians. Mol 
Ecol 22:4196-4209. 

Baviskar, S. N. 2011. A Quick &amp; Automated Method for Measuring Cell Area Using ImageJ. The 
American Biology Teacher 73:554-556. 

Becker, C. G., and K. R. Zamudio. 2011. Tropical amphibian populations experience higher disease risk 
in natural habitats. Proceedings of the National Academy of Sciences 108:9893-9898. 

Becker, M. H., J. A. N. Brophy, K. Barrett, E. Bronikowski, M. Evans, E. Glassey, A. W. Kaganer, B. 
Klocke, E. Lassiter, A. J. Meyer, C. R. Muletz-Wolz, R. C. Fleischer, C. A. Voigt, and B. 
Gratwicke. 2021. Genetically modifying skin microbe to produce violacein and augmenting 
microbiome did not defend Panamanian golden frogs from disease. ISME Communications 
1:57. 

Becker, M. H., R. N. Harris, K. P. Minbiole, C. R. Schwantes, L. A. Rollins-Smith, L. K. Reinert, R. M. 
Brucker, R. J. Domangue, and B. Gratwicke. 2011. Towards a better understanding of the use 
of probiotics for preventing chytridiomycosis in Panamanian golden frogs. EcoHealth 8:501-
506. 

Beernaert, L. A., F. Pasmans, L. Van Waeyenberghe, G. M. Dorrestein, F. Verstappen, F. Vercammen, 
F. Haesebrouck, and A. Martel. 2009. Avian Aspergillus fumigatus strains resistant to both 
itraconazole and voriconazole. Antimicrob Agents Chemother 53:2199-2201. 

Belasen, A. M., I. D. Russell, K. R. Zamudio, and M. Bletz. 2022. Endemic lineages of Batrachochytrium 
dendrobatidis are associated with reduced chytridiomycosis-induced mortality in 
amphibians: evidence from a meta-analysis of experimental infection studies. Frontiers in 
Veterinary Science:201. 

Berger, L., A. D. Hyatt, R. Speare, and J. E. Longcore. 2005a. Life cycle stages of the amphibian chytrid 
Batrachochytrium dendrobatidis. Dis Aquat Organ 68:51-63. 

Berger, L., G. Marantelli, L. F. Skerratt, and R. Speare. 2005b. Virulence of the amphibian chytrid 
fungus Batrachochytium dendrobatidis varies with the strain. Dis Aquat Organ 68:47-50. 

Berger, L., R. Speare, P. Daszak, D. E. Green, A. A. Cunningham, C. L. Goggin, R. Slocombe, M. A. 
Ragan, A. D. Hyatt, K. R. McDonald, H. B. Hines, K. R. Lips, G. Marantelli, and H. Parkes. 1998. 
Chytridiomycosis causes amphibian mortality associated with population declines in the rain 
forests of Australia and Central America. Proceedings of the National Academy of Sciences 
95:9031-9036. 

Berger, L., R. Speare, G. Marantelli, and L. F. Skerratt. 2009. A zoospore inhibition technique to 
evaluate the activity of antifungal compounds against Batrachochytrium dendrobatidis and 
unsuccessful treatment of experimentally infected green tree frogs (Litoria caerulea) by 
fluconazole and benzalkonium chloride. Res Vet Sci 87:106-110. 

Bernstein, E., A. A. Caudy, S. M. Hammond, and G. J. Hannon. 2001. Role for a bidentate ribonuclease 
in the initiation step of RNA interference. Nature 409:363-366. 

Bhatti, M. F., A. Jamal, M. A. Petrou, T. C. Cairns, E. M. Bignell, and R. H. Coutts. 2011. The effects of 
dsRNA mycoviruses on growth and murine virulence of Aspergillus fumigatus. Fungal Genet 
Biol 48:1071-1075. 

Biswas, A., D. Elmatari, J. Rothman, C. W. LaMunyon, and H. M. Said. 2013. Identification and 
Functional Characterization of the Caenorhabditis elegans Riboflavin Transporters rft-1 and 
rft-2. PLOS ONE 8:e58190. 

Blehert, D. S., A. C. Hicks, M. Behr, C. U. Meteyer, B. M. Berlowski-Zier, E. L. Buckles, J. T. H. Coleman, 
S. R. Darling, A. Gargas, R. Niver, J. C. Okoniewski, R. J. Rudd, and W. B. Stone. 2009. Bat 
White-Nose Syndrome: An Emerging Fungal Pathogen? Science 323:227-227. 

Boedijn, K. B. 1956. Trypan Blue as a Stain for Fungi. Stain Technology 31:115-116. 
Boisvert, S. P., and E. W. Davidson. 2011. Growth of the amphibian pathogen, Batrachochytrium 

dendrobatidis, in response to chemical properties of the aquatic environment. J Wildl Dis 
47:694-698. 



101 
Literature cited 

Bongard, R. D., M. P. Merker, R. Shundo, Y. Okamoto, D. L. Roerig, J. H. Linehan, and C. A. Dawson. 
1995. Reduction of thiazine dyes by bovine pulmonary arterial endothelial cells in culture. 
American Journal of Physiology-Lung Cellular and Molecular Physiology 269:L78-L84. 

Borzani, W., and M. L. Vairo. 1958. Quantitative adsorption of methylene blue by dead yeast cells. J 
Bacteriol 76:251-255. 

Bosch, J., E. Sanchez-Tomé, A. Fernández-Loras, J. A. Oliver, M. C. Fisher, and T. W. J. Garner. 2015. 
Successful elimination of a lethal wildlife infectious disease in nature. Biology Letters 
11:20150874. 

Bower, D. S., K. R. Lips, Y. Amepou, S. Richards, C. Dahl, E. Nagombi, M. Supuma, L. Dabek, R. A. 
Alford, L. Schwarzkopf, M. Ziembicki, J. N. Noro, A. Hamidy, G. R. Gillespie, L. Berger, C. 
Eisemberg, Y. Li, X. Liu, C. K. Jennings, B. Tjaturadi, A. Peters, A. K. Krockenberger, D. Nason, 
M. D. Kusrini, R. J. Webb, L. F. Skerratt, C. Banks, A. L. Mack, A. Georges, and S. Clulow. 2019. 
Island of opportunity: can New Guinea protect amphibians from a globally emerging 
pathogen? Frontiers in Ecology and the Environment 0. 

Bowerman, J., C. Rombough, S. R. Weinstock, and G. E. Padgett-Flohr. 2010. Terbinafine 
Hydrochloride in Ethanol Effectively Clears <span class="genus-species">Batrachochytrium 
dendrobatidis</span> in Amphibians. Journal of Herpetological Medicine and Surgery 20:24-
28, 25. 

Boyle, D. G., A. D. Hyatt, P. Daszak, L. Berger, J. E. Longcore, D. Porter, S. G. Hengstberger, and V. 
Olsen. 2003. Cryo-archiving of Batrachochytrium dendrobatidis and other chytridiomycetes. 
Dis Aquat Organ 56:59-64. 

Bradford, B. J., C. A. Cooper, M. L. Tizard, T. J. Doran, and T. M. Hinton. 2017. RNA interference-based 
technology: what role in animal agriculture? Animal Production Science 57:1-15. 

Brannelly, L. A., G. Martin, J. Llewelyn, L. F. Skerratt, and L. Berger. 2018a. Age- and size-dependent 
resistance to chytridiomycosis in the invasive cane toad Rhinella marina. Dis Aquat Organ 
131:107-120. 

Brannelly, L. A., C. L. Richards-Zawacki, and A. P. Pessier. 2012. Clinical trials with itraconazole as a 
treatment for chytrid fungal infections in amphibians. Dis Aquat Organ 101:95-104. 

Brannelly, L. A., L. F. Skerratt, and L. Berger. 2015. Treatment trial of clinically ill corroboree frogs 
with chytridiomycosis with two triazole antifungals and electrolyte therapy. Veterinary 
Research Communications 39:179-187. 

Brannelly, L. A., R. J. Webb, D. A. Hunter, N. Clemann, K. Howard, L. F. Skerratt, L. Berger, and B. C. 
Scheele. 2018b. Non-declining amphibians can be important reservoir hosts for amphibian 
chytrid fungus. Animal Conservation 21:91-101. 

Brody, H., and S. Maiyuran. 2009. RNAi-mediated gene silencing of highly expressed genes in the 
industrial fungi Trichoderma reesei and Aspergillus niger. Industrial Biotechnology 5:53-60. 

Brown, G. D. 2011. Innate antifungal immunity: the key role of phagocytes. Annu Rev Immunol 29:1-
21. 

Brown, L. D., T. T. Cai, and A. DasGupta. 2001. Interval Estimation for a Binomial Proportion. 
Statistical Science 16:101-117. 

Brown, N. A., and G. H. Goldman. 2016. The contribution of Aspergillus fumigatus stress responses to 
virulence and antifungal resistance. J Microbiol 54:243-253. 

Brutyn, M., K. D'Herde, M. Dhaenens, P. Van Rooij, E. Verbrugghe, A. D. Hyatt, S. Croubels, D. 
Deforce, R. Ducatelle, F. Haesebrouck, A. Martel, and F. Pasmans. 2012. Batrachochytrium 
dendrobatidis zoospore secretions rapidly disturb intercellular junctions in frog skin. Fungal 
Genet Biol 49:830-837. 

Burrow, A. K., S. L. Rumschlag, and M. D. Boone. 2017. Host size influences the effects of four isolates 
of an amphibian chytrid fungus. Ecology and Evolution 7:9196-9202. 

Bustamante, H. M., L. J. Livo, and C. Carey. 2010. Effects of temperature and hydric environment on 
survival of the Panamanian Golden Frog infected with a pathogenic chytrid fungus. 
Integrative Zoology 5:143-153. 



102 
Literature cited 

Byrne, A. Q., V. T. Vredenburg, A. Martel, F. Pasmans, R. C. Bell, D. C. Blackburn, M. C. Bletz, J. Bosch, 
C. J. Briggs, R. M. Brown, A. Catenazzi, M. Familiar López, R. Figueroa-Valenzuela, S. L. Ghose, 
J. R. Jaeger, A. J. Jani, M. Jirku, R. A. Knapp, A. Muñoz, D. M. Portik, C. L. Richards-Zawacki, H. 
Rockney, S. M. Rovito, T. Stark, H. Sulaeman, N. T. Tao, J. Voyles, A. W. Waddle, Z. Yuan, and 
E. B. Rosenblum. 2019. Cryptic diversity of a widespread global pathogen reveals expanded 
threats to amphibian conservation. Proceedings of the National Academy of Sciences 
116:20382-20387. 

Cabañes, F. J., D. A. Sutton, and J. Guarro. 2014. Chrysosporium-Related Fungi and Reptiles: A Fatal 
Attraction. PLOS Pathogens 10:e1004367. 

Cai, Q., B. He, K. H. Kogel, and H. Jin. 2018. Cross-kingdom RNA trafficking and environmental RNAi-
nature's blueprint for modern crop protection strategies. Curr Opin Microbiol 46:58-64. 

Cai, Q., B. He, A. Weiberg, A. H. Buck, and H. Jin. 2020. Small RNAs and extracellular vesicles: New 
mechanisms of cross-species communication and innovative tools for disease control. PLOS 
Pathogens 15:e1008090. 

Cairns, T. C., D. J. Studholme, N. J. Talbot, and K. Haynes. 2016. New and Improved Techniques for 
the Study of Pathogenic Fungi. Trends in Microbiology 24:35-50. 

Calkins, S., N. C. Elledge, R. A. Hanafy, M. S. Elshahed, and N. Youssef. 2016. A fast and reliable 
procedure for spore collection from anaerobic fungi: Application for RNA uptake and long-
term storage of isolates. Journal of Microbiological Methods 127:206-213. 

Calkins, S. S., N. C. Elledge, K. E. Mueller, S. M. Marek, M. B. Couger, M. S. Elshahed, and N. H. 
Youssef. 2018. Development of an RNA interference (RNAi) gene knockdown protocol in the 
anaerobic gut fungus Pecoramyces ruminantium strain C1A. PeerJ 6:e4276. 

Canessa, S., C. Bozzuto, E. H. Campbell Grant, S. S. Cruickshank, M. C. Fisher, J. C. Koella, S. Lötters, A. 
Martel, F. Pasmans, B. C. Scheele, A. Spitzen-van der Sluijs, S. Steinfartz, and B. R. Schmidt. 
2018. Decision-making for mitigating wildlife diseases: From theory to practice for an 
emerging fungal pathogen of amphibians. Journal of Applied Ecology 55:1987-1996. 

Cao, C., H. Li, M. G. K. Jones, and S. J. Wylie. 2019. Challenges to elucidating how endornaviruses 
influence fungal hosts: Creating mycovirus-free isogenic fungal lines and testing them. 
Journal of Virological Methods 274:113745. 

Carter, E. D., M. C. Bletz, M. Le Sage, B. LaBumbard, L. A. Rollins-Smith, D. C. Woodhams, D. L. Miller, 
and M. J. Gray. 2021. Winter is coming–Temperature affects immune defenses and 
susceptibility to Batrachochytrium salamandrivorans. PLOS Pathogens 17:e1009234. 

Carvalho, T., C. G. Becker, and L. F. Toledo. 2017. Historical amphibian declines and extinctions in 
Brazil linked to chytridiomycosis. Proceedings of the Royal Society B: Biological Sciences 
284:20162254. 

Casadevall, A., and L.-a. Pirofski. 1999. Host-pathogen interactions: redefining the basic concepts of 
virulence and pathogenicity. Infection and Immunity 67:3703-3713. 

Cashins, S. D., L. F. Grogan, M. McFadden, D. Hunter, P. S. Harlow, L. Berger, and L. F. Skerratt. 2013. 
Prior Infection Does Not Improve Survival against the Amphibian Disease Chytridiomycosis. 
PLOS ONE 8:e56747. 

Castillo, A., L. Cottet, M. Castro, and F. Sepúlveda. 2011. Rapid isolation of mycoviral double-stranded 
RNA from Botrytis cinerea and Saccharomyces cerevisiae. Virology Journal 8:38. 

Castro, M., K. Kramer, L. Valdivia, S. Ortiz, and A. Castillo. 2003. A double-stranded RNA mycovirus 
confers hypovirulence-associated traits to Botrytis cinerea. FEMS Microbiology Letters 
228:87-91. 

Chandrasekaran, M., B. Thangavelu, S. C. Chun, and M. Sathiyabama. 2016. Proteases from 
phytopathogenic fungi and their importance in phytopathogenicity. Journal of General Plant 
Pathology 82:233-239. 

Chaturvedi, S., S. S. Rajkumar, X. Li, G. J. Hurteau, M. Shtutman, and V. Chaturvedi. 2011. Antifungal 
testing and high-throughput screening of compound library against Geomyces destructans, 
the etiologic agent of geomycosis (WNS) in bats. PLOS ONE 6:e17032. 



103 
Literature cited 

Chen, B., L. M. Geletka, and D. L. Nuss. 2000. Using chimeric hypoviruses to fine-tune the interaction 
between a pathogenic fungus and its plant host. J Virol 74:7562-7567. 

Cheng, M. C., K. Ko, W. L. Chang, W. C. Kuo, G. H. Chen, and T. P. Lin. 2015. Increased glutathione 
contributes to stress tolerance and global translational changes in Arabidopsis. Plant J 
83:926-939. 

Cheng, T. L., H. Mayberry, L. P. McGuire, J. R. Hoyt, K. E. Langwig, H. Nguyen, K. L. Parise, J. T. Foster, 
C. K. R. Willis, A. M. Kilpatrick, and W. F. Frick. 2017. Efficacy of a probiotic bacterium to treat 
bats affected by the disease white-nose syndrome. Journal of Applied Ecology 54:701-708. 

Chiba, S., L. Salaipeth, Y. H. Lin, A. Sasaki, S. Kanematsu, and N. Suzuki. 2009. A novel bipartite 
double-stranded RNA Mycovirus from the white root rot Fungus Rosellinia necatrix: 
molecular and biological characterization, taxonomic considerations, and potential for 
biological control. J Virol 83:12801-12812. 

Chilver, M. J., J. Harrison, and T. J. B. Webb. 1978. Use of Immunofluorescence and Viability Stains in 
Quality Control. Journal of the American Society of Brewing Chemists 36:13-18. 

Chiu, Y. L., and T. M. Rana. 2003. siRNA function in RNAi: a chemical modification analysis. Rna 
9:1034-1048. 

Choi, J., K.-T. Kim, J. Jeon, J. Wu, H. Song, F. O. Asiegbu, and Y.-H. Lee. 2014. funRNA: a fungi-centered 
genomics platform for genes encoding key components of RNAi. BMC Genomics 15:S14. 

Chowdhury, A. A., J. Chaudhuri, N. Biswas, A. Manna, S. Chatterjee, S. K. Mahato, U. Chaudhuri, P. 
Jaisankar, and S. Bandyopadhyay. 2013. Synergistic Apoptosis of CML Cells by Buthionine 
Sulfoximine and Hydroxychavicol Correlates with Activation of AIF and GSH-ROS-JNK-ERK-
iNOS Pathway. PLOS ONE 8:e73672. 

Chu, Y. M., J. J. Jeon, S. J. Yea, Y. H. Kim, S. H. Yun, Y. W. Lee, and K. H. Kim. 2002. Double-stranded 
RNA mycovirus from Fusarium graminearum. Appl Environ Microbiol 68:2529-2534. 

Chum, P. Y., G. Schmidt, M. Saloheimo, and C. P. Landowski. 2017. Transient Silencing of DNA Repair 
Genes Improves Targeted Gene Integration in the Filamentous Fungus Trichoderma reesei. 
Appl Environ Microbiol 83. 

Clark, R. W., M. N. Marchand, B. J. Clifford, R. Stechert, and S. Stephens. 2011. Decline of an isolated 
timber rattlesnake (Crotalus horridus) population: Interactions between climate change, 
disease, and loss of genetic diversity. Biological Conservation 144:886-891. 

Claytor, SC. 2020. The role of serotonin and glutathione in the pathogenisis of chytridiomycosis. PhD 
thesis, James Cook University. 

Clemens, S., E. J. Kim, D. Neumann, and J. I. Schroeder. 1999. Tolerance to toxic metals by a gene 
family of phytochelatin synthases from plants and yeast. Embo j 18:3325-3333. 

Cobbett, C., and P. Goldsbrough. 2002. Phytochelatins and metallothioneins: roles in heavy metal 
detoxification and homeostasis. Annu Rev Plant Biol 53:159-182. 

Connolly, J. H. 2009. A review of mucormycosis in the platypus (Ornithorhynchus anatinus). 
Australian Journal of Zoology 57:235-244. 

Connolly, J. H., D. L. Obendorf, R. J. Whittington, and D. B. Muir. 1998. Causes of Morbidity and 
Mortality in Platypus (Ornithorhynchus anatinus) From Tasmania, With Particular Reference 
to Mucor amphibiorum infection. Australian Mammalogy 20:177-187. 

Cotton, A. 1916. Host plants of Synchytrium endobioticum. Studies from the pathological laboratory: 
IV. Bulletin of Miscellaneous Information (Royal Botanic Gardens, Kew) 1916:272-275. 

Courbot, M., L. Diez, R. Ruotolo, M. Chalot, and P. Leroy. 2004. Cadmium-Responsive Thiols in the 
Ectomycorrhizal Fungus <i>Paxillus involutus</i>. Applied and Environmental Microbiology 
70:7413-7417. 

Daszak, P., A. Strieby, A. A. Cunningham, J. Longcore, C. Brown, and D. Porter. 2004. Experimental 
evidence that the bullfrog (Rana catesbeiana) is a potential carrier of chytridiomycosis, an 
emerging fungal disease of amphibians. Herpetological Journal 14:201-208. 

Davy, C. M., L. Shirose, D. Campbell, R. Dillon, C. McKenzie, N. Nemeth, T. Braithwaite, H. Cai, T. 
Degazio, T. Dobbie, S. Egan, H. Fotherby, J. D. Litzgus, P. Manorome, S. Marks, J. E. Paterson, 
L. Sigler, D. Slavic, E. Slavik, J. Urquhart, and C. Jardine. 2021. Revisiting Ophidiomycosis 



104 
Literature cited 

(Snake Fungal Disease) After a Decade of Targeted Research. Frontiers in Veterinary Science 
8. 

De Bernardis, F., M. Amacker, S. Arancia, S. Sandini, C. Gremion, R. Zurbriggen, C. Moser, and A. 
Cassone. 2012. A virosomal vaccine against candidal vaginitis: immunogenicity, efficacy and 
safety profile in animal models. Vaccine 30:4490-4498. 

Dean, R., J. A. Van Kan, Z. A. Pretorius, K. E. Hammond‐Kosack, A. Di Pietro, P. D. Spanu, J. J. Rudd, M. 
Dickman, R. Kahmann, and J. Ellis. 2012. The Top 10 fungal pathogens in molecular plant 
pathology. Mol Plant Pathol 13:414-430. 

DeLay, B. D., V. Krneta-Stankic, and R. K. Miller. 2016. Technique to Target Microinjection to the 
Developing Xenopus Kidney. J Vis Exp. 

Dent, M. F., L. Hubbold, H. Radford, and A. P. Wilson. 1995. The methylene blue colorimetric 
microassay for determining cell line response to growth factors. Cytotechnology 17:27-33. 

Dietl, A. M., Z. Meir, Y. Shadkchan, N. Osherov, and H. Haas. 2018. Riboflavin and pantothenic acid 
biosynthesis are crucial for iron homeostasis and virulence in the pathogenic mold 
Aspergillus fumigatus. Virulence 9:1036-1049. 

Ding, S. W., and R. Lu. 2011. Virus-derived siRNAs and piRNAs in immunity and pathogenesis. Curr 
Opin Virol 1:533-544. 

Donaire, L., J. Rozas, and M. A. Ayllón. 2016. Molecular characterization of Botrytis ourmia-like virus, 
a mycovirus close to the plant pathogenic genus Ourmiavirus. Virology 489:158-164. 

Drinnenberg, I. A., G. R. Fink, and D. P. Bartel. 2011. Compatibility with Killer Explains the Rise of 
RNAi-Deficient Fungi. Science 333:1592-1592. 

Drinnenberg, I. A., D. E. Weinberg, K. T. Xie, J. P. Mower, K. H. Wolfe, G. R. Fink, and D. P. Bartel. 
2009. RNAi in Budding Yeast. Science 326:544-550. 

Duanis-Assaf, D., O. Galsurker, O. Davydov, D. Maurer, O. Feygenberg, M. Sagi, E. Poverenov, R. 
Fluhr, and N. Alkan. 2022. Double-stranded RNA targeting fungal ergosterol biosynthesis 
pathway controls Botrytis cinerea and postharvest grey mould. Plant Biotechnology Journal 
20:226-237. 

Elbashir, S. M., W. Lendeckel, and T. Tuschl. 2001. RNA interference is mediated by 21- and 22-
nucleotide RNAs. Genes & development 15:188-200. 

Ellison, A. R., G. V. DiRenzo, C. A. McDonald, K. R. Lips, and K. R. Zamudio. 2017. First in Vivo 
Batrachochytrium dendrobatidis Transcriptomes Reveal Mechanisms of Host Exploitation, 
Host-Specific Gene Expression, and Expressed Genotype Shifts. G3 
Genes|Genomes|Genetics 7:269-278. 

Erwig, L. P., and N. A. Gow. 2016. Interactions of fungal pathogens with phagocytes. Nat Rev 
Microbiol 14:163-176. 

Fanson, B. G., P. Osmack, and A. M. Di Bisceglie. 2000. A comparison between the phenol-chloroform 
method of RNA extraction and the QIAamp viral RNA kit in the extraction of hepatitis C and 
GB virus-C/hepatitis G viral RNA from serum. J Virol Methods 89:23-27. 

Farrer, R. A., D. A. Henk, T. W. Garner, F. Balloux, D. C. Woodhams, and M. C. Fisher. 2013. 
Chromosomal copy number variation, selection and uneven rates of recombination reveal 
cryptic genome diversity linked to pathogenicity. PLoS genetics 9:e1003703. 

Farrer, R. A., A. Martel, E. Verbrugghe, A. Abouelleil, R. Ducatelle, J. E. Longcore, T. Y. James, F. 
Pasmans, M. C. Fisher, and C. A. Cuomo. 2017. Genomic innovations linked to infection 
strategies across emerging pathogenic chytrid fungi. Nature Communications 8:14742. 

Farrer, R. A., L. A. Weinert, J. Bielby, T. W. Garner, F. Balloux, F. Clare, J. Bosch, A. A. Cunningham, C. 
Weldon, and L. H. du Preez. 2011. Multiple emergences of genetically diverse amphibian-
infecting chytrids include a globalized hypervirulent recombinant lineage. Proceedings of the 
National Academy of Sciences 108:18732-18736. 

Fire, A., S. Xu, M. K. Montgomery, S. A. Kostas, S. E. Driver, and C. C. Mello. 1998. Potent and specific 
genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature 391:806-
811. 



105 
Literature cited 

Fisher, M. C., J. BOSCH, Z. YIN, D. A. STEAD, J. WALKER, L. SELWAY, A. J. P. BROWN, L. A. WALKER, N. 
A. R. GOW, J. E. STAJICH, and T. W. J. GARNER. 2009. Proteomic and phenotypic profiling of 
the amphibian pathogen Batrachochytrium dendrobatidis shows that genotype is linked to 
virulence. Molecular Ecology 18:415-429. 

Fisher, M. C., P. Ghosh, J. M. G. Shelton, K. Bates, L. Brookes, C. Wierzbicki, G. M. Rosa, R. A. Farrer, 
D. M. Aanensen, M. Alvarado-Rybak, A. Bataille, L. Berger, S. Böll, J. Bosch, F. C. Clare, E. A. 
Courtois, A. Crottini, A. A. Cunningham, T. M. Doherty-Bone, F. Gebresenbet, D. J. Gower, J. 
Höglund, T. Y. James, T. S. Jenkinson, T. A. Kosch, C. Lambertini, A. Laurila, C.-F. Lin, A. Loyau, 
A. Martel, S. Meurling, C. Miaud, P. Minting, S. Ndriantsoa, S. J. O’Hanlon, F. Pasmans, T. 
Rakotonanahary, F. C. E. Rabemananjara, L. P. Ribeiro, D. S. Schmeller, B. R. Schmidt, L. 
Skerratt, F. Smith, C. Soto-Azat, G. Tessa, L. F. Toledo, A. Valenzuela-Sánchez, R. Verster, J. 
Vörös, B. Waldman, R. J. Webb, C. Weldon, E. Wombwell, K. R. Zamudio, J. E. Longcore, and 
T. W. J. Garner. 2018. Development and worldwide use of non-lethal, and minimal 
population-level impact, protocols for the isolation of amphibian chytrid fungi. Scientific 
Reports 8:7772. 

Fisher, M. C., S. J. Gurr, C. A. Cuomo, D. S. Blehert, H. Jin, E. H. Stukenbrock, J. E. Stajich, R. Kahmann, 
C. Boone, D. W. Denning, N. A. R. Gow, B. S. Klein, J. W. Kronstad, D. C. Sheppard, J. W. 
Taylor, G. D. Wright, J. Heitman, A. Casadevall, L. E. Cowen, and A. Chowdhary. 2020. Threats 
Posed by the Fungal Kingdom to Humans, Wildlife, and Agriculture. mBio 11:e00449-00420. 

Fisher, M. C., D. A. Henk, C. J. Briggs, J. S. Brownstein, L. C. Madoff, S. L. McCraw, and S. J. Gurr. 2012. 
Emerging fungal threats to animal, plant and ecosystem health. Nature 484:186-194. 

Fisher, M. C., F. Pasmans, and A. Martel. 2021. Virulence and Pathogenicity of Chytrid Fungi Causing 
Amphibian Extinctions. Annu Rev Microbiol 75:673-693. 

Fites, J. S., J. P. Ramsey, W. M. Holden, S. P. Collier, D. M. Sutherland, L. K. Reinert, A. S. Gayek, T. S. 
Dermody, T. M. Aune, K. Oswald-Richter, and L. A. Rollins-Smith. 2013. The invasive chytrid 
fungus of amphibians paralyzes lymphocyte responses. Science 342:366-369. 

Flieger, M., H. Bandouchova, J. Cerny, M. Chudíčková, M. Kolarik, V. Kovacova, N. Martínková, P. 
Novák, O. Šebesta, E. Stodůlková, and J. Pikula. 2016. Vitamin B2 as a virulence factor in 
Pseudogymnoascus destructans skin infection. Scientific Reports 6:33200. 

Flynt, A. S., and E. C. Lai. 2011. RNAi in Xenopus: look before you leap. Genes & development 
25:1105-1108. 

Forrest, M. J., and M. A. Schlaepfer. 2011. Nothing a hot bath won't cure: infection rates of 
amphibian chytrid fungus correlate negatively with water temperature under natural field 
settings. PLOS ONE 6:e28444. 

Forzán, M. J., H. Gunn, and P. Scott. 2008. Chytridiomycosis in an aquarium collection of frogs: 
diagnosis, treatment, and control. J Zoo Wildl Med 39:406-411. 

Fréalle, E., C. M. Aliouat-Denis, L. Delhaes, D. Hot, and E. Dei-Cas. 2013. Transcriptomic insights into 
the oxidative response of stress-exposed Aspergillus fumigatus. Curr Pharm Des 19:3713-
3737. 

Friend, M. 1999. Aspergillosis. US Geological Survey. 
Froese, J. M. W., J. E. G. Smits, and M. L. Wickstrom. 2005. EVALUATION OF TWO METHODS FOR 

MEASURING NONSPECIFIC IMMUNITY IN TIGER SALAMANDERS (AMBYSTOMA TIGRINUM). J 
Wildl Dis 41:209-217. 

Fu, M., and B. Waldman. 2019. Ancestral chytrid pathogen remains hypervirulent following its long 
coevolution with amphibian hosts. Proceedings of the Royal Society B 286:20190833. 

Gaálová, B., I. Vyletelová, K. Pokorná, J. Kikhney, A. Moter, J. Bujdák, and H. Bujdáková. 2019. 
Decreased vitality and viability of Escherichia coli isolates by adherence to saponite particles. 
Applied Clay Science 183:105316. 

Gahl, M. K., B. D. Pauli, and J. E. Houlahan. 2011. Effects of chytrid fungus and a glyphosate-based 
herbicide on survival and growth of wood frogs (Lithobates sylvaticus). Ecological 
Applications 21:2521-2529. 



106 
Literature cited 

Galiazzo, F., A. Schiesser, and G. Rotilio. 1987. Glutathione peroxidase in yeast. Presence of the 
enzyme and induction by oxidative conditions. Biochemical and Biophysical Research 
Communications 147:1200-1205. 

Gao, W., T. Nan, G. Tan, H. Zhao, W. Tan, F. Meng, Z. Li, Q. X. Li, and B. Wang. 2015. Cellular and 
Subcellular Immunohistochemical Localization and Quantification of Cadmium Ions in Wheat 
(Triticum aestivum). PLOS ONE 10:e0123779. 

Garfoot, A. L., O. Zemska, and C. A. Rappleye. 2014. Histoplasma capsulatum depends on de novo 
vitamin biosynthesis for intraphagosomal proliferation. Infection and Immunity 82:393-404. 

Garner, T. W. J., B. R. Schmidt, A. Martel, F. Pasmans, E. Muths, A. A. Cunningham, C. Weldon, M. C. 
Fisher, and J. Bosch. 2016. Mitigating amphibian chytridiomycoses in nature. Philosophical 
Transactions of the Royal Society B: Biological Sciences 371:20160207. 

Geiger, C. C., C. Bregnard, E. Maluenda, M. J. Voordouw, and B. R. Schmidt. 2017. Antifungal 
treatment of wild amphibian populations caused a transient reduction in the prevalence of 
the fungal pathogen, Batrachochytrium dendrobatidis. Scientific Reports 7:5956-5956. 

Ghabrial, S. A. 1998. Origin, Adaptation and Evolutionary Pathways of Fungal Viruses. Virus Genes 
16:119-131. 

Ghabrial, S. A., J. R. Castón, D. Jiang, M. L. Nibert, and N. Suzuki. 2015. 50-plus years of fungal viruses. 
Virology 479-480:356-368. 

Ghag, S. B., U. K. S. Shekhawat, and T. R. Ganapathi. 2014. Host-induced post-transcriptional hairpin 
RNA-mediated gene silencing of vital fungal genes confers efficient resistance against 
Fusarium wilt in banana. Plant Biotechnology Journal 12:541-553. 

Gianessi, L., and N. Reigner. 2006. The importance of fungicides in US crop production. Outlooks on 
Pest Management 17:209. 

Glaeser, H., A. Coblenz, R. Kruczek, I. Ruttke, A. Ebert-Jung, and K. Wolf. 1991. Glutathione 
metabolism and heavy metal detoxification in Schizosaccharomyces pombe. Current 
Genetics 19:207-213. 

Goldoni, M., G. Azzalin, G. Macino, and C. Cogoni. 2004. Efficient gene silencing by expression of 
double stranded RNA in Neurospora crassa. Fungal Genetics and Biology 41:1016-1024. 

Grant, C. M., L. P. Collinson, J. H. Roe, and I. W. Dawes. 1996. Yeast glutathione reductase is required 
for protection against oxidative stress and is a target gene for yAP-1 transcriptional 
regulation. Mol Microbiol 21:171-179. 

Grant, C. M., G. Perrone, and I. W. Dawes. 1998. Glutathione and catalase provide overlapping 
defenses for protection against hydrogen peroxide in the yeast Saccharomyces cerevisiae. 
Biochem Biophys Res Commun 253:893-898. 

Greener, M. S., E. Verbrugghe, M. Kelly, M. Blooi, W. Beukema, S. Canessa, S. Carranza, S. Croubels, 
N. De Troyer, and D. Fernandez-Giberteau. 2020. Presence of low virulence chytrid fungi 
could protect European amphibians from more deadly strains. Nature Communications 11:1-
11. 

Greenspan, S., C. Lambertini, T. Carvalho, T. James, L. Toledo, C. Haddad, and C. Becker. 2018. 
Hybrids of amphibian chytrid show high virulence in native hosts. Scientific Reports 8:1-10. 

Greenspan, S. E., D. S. Bower, R. J. Webb, E. A. Roznik, L. A. Stevenson, L. Berger, G. Marantelli, D. A. 
Pike, L. Schwarzkopf, and R. A. Alford. 2017. Realistic heat pulses protect frogs from disease 
under simulated rainforest frog thermal regimes. Functional Ecology 31:2274-2286. 

Greenspan, S. E., J. E. Longcore, and A. J. K. Calhoun. 2012. Host invasion by Batrachochytrium 
dendrobatidis: fungal and epidermal ultrastructure in model anurans. Dis Aquat Organ 
100:201-210. 

Grente, J. 1965. Les formes hypovirulentes d'Endothia parasitica et les espoirs de lutte contre le 
chancre du chataignier. CR Acad. Agric. France 51:1033-1037. 

Griffith, O. W., and A. Meister. 1979. Potent and specific inhibition of glutathione synthesis by 
buthionine sulfoximine (S-n-butyl homocysteine sulfoximine). J Biol Chem 254:7558-7560. 



107 
Literature cited 

Grimm, D., K. L. Streetz, C. L. Jopling, T. A. Storm, K. Pandey, C. R. Davis, P. Marion, F. Salazar, and M. 
A. Kay. 2006. Fatality in mice due to oversaturation of cellular microRNA/short hairpin RNA 
pathways. Nature 441:537-541. 

Grogan, L. F., J. Robert, L. Berger, L. F. Skerratt, B. C. Scheele, J. G. Castley, D. A. Newell, and H. I. 
McCallum. 2018. Review of the Amphibian Immune Response to Chytridiomycosis, and 
Future Directions. Front Immunol 9:2536. 

Gutiérrez-Escobedo, G., E. Orta-Zavalza, I. Castaño, and A. De Las Peñas. 2013. Role of glutathione in 
the oxidative stress response in the fungal pathogen Candida glabrata. Curr Genet 59:91-106. 

Hamilton, A. J., and D. C. Baulcombe. 1999. A species of small antisense RNA in posttranscriptional 
gene silencing in plants. Science 286:950-952. 

Hammond, S. M., E. Bernstein, D. Beach, and G. J. Hannon. 2000. An RNA-directed nuclease mediates 
post-transcriptional gene silencing in Drosophila cells. Nature 404:293-296. 

Hammond, S. M., S. Boettcher, A. A. Caudy, R. Kobayashi, and G. J. Hannon. 2001. Argonaute2, a link 
between genetic and biochemical analyses of RNAi. Science 293:1146-1150. 

Hammond, T. M., M. D. Andrewski, M. J. Roossinck, and N. P. Keller. 2008. Aspergillus mycoviruses 
are targets and suppressors of RNA silencing. Eukaryot Cell 7:350-357. 

Hampson, M. C. 1988. Control of potato wart disease through the application of chemical soil 
treatments: a historical review of early studies (1909-1928)1. EPPO Bulletin 18:153-161. 

Hannon, G. J. 2002. RNA interference. Nature 418:244-251. 
Harris, R. N., R. M. Brucker, J. B. Walke, M. H. Becker, C. R. Schwantes, D. C. Flaherty, B. A. Lam, D. C. 

Woodhams, C. J. Briggs, V. T. Vredenburg, and K. P. Minbiole. 2009. Skin microbes on frogs 
prevent morbidity and mortality caused by a lethal skin fungus. Isme j 3:818-824. 

Heard, G. W., M. P. Scroggie, N. Clemann, and D. S. Ramsey. 2014. Wetland characteristics influence 
disease risk for a threatened amphibian. Ecological Applications 24:650-662. 

Heckman, D. S., D. M. Geiser, B. R. Eidell, R. L. Stauffer, N. L. Kardos, and S. B. Hedges. 2001. 
Molecular evidence for the early colonization of land by fungi and plants. Science 293:1129-
1133. 

Heiniger, U., and D. Rigling. 1994. BIOLOGICAL CONTROL OF CHESTNUT BLIGHT IN EUROPE. Annual 
Review of Phytopathology 32:581-599. 

Herrero, N., and I. Zabalgogeazcoa. 2011. Mycoviruses infecting the endophytic and 
entomopathogenic fungus Tolypocladium cylindrosporum. Virus Res 160:409-413. 

Heuring, W., B. Poynter, S. Wells, and A. Pessier. 2020. Successful clearance of chytrid fungal 
infection in threatened Chiricahua leopard frog (Rana chiricahuensis) larvae and frogs using 
an elevated temperature treatment protocol. 

Hinton, T. M., and T. J. Doran. 2008. Inhibition of chicken anaemia virus replication using multiple 
short-hairpin RNAs. Antiviral Res 80:143-149. 

Hu, S., J. Qiao, Q. Fu, C. Chen, W. Ni, S. Wujiafu, S. Ma, H. Zhang, J. Sheng, P. Wang, D. Wang, J. 
Huang, L. Cao, and H. Ouyang. 2015. Transgenic shRNA pigs reduce susceptibility to foot and 
mouth disease virus infection. Elife 4:e06951. 

Hu, X., S. Hipolito, R. Lynn, V. Abraham, S. Ramos, and F. Wong-Staal. 2004. Relative gene-silencing 
efficiencies of small interfering RNAs targeting sense and antisense transcripts from the same 
genetic locus. Nucleic Acids Research 32:4609-4617. 

Huang, K., K. J. Czymmek, J. L. Caplan, J. A. Sweigard, and N. M. Donofrio. 2011. HYR1-Mediated 
Detoxification of Reactive Oxygen Species Is Required for Full Virulence in the Rice Blast 
Fungus. PLOS Pathogens 7:e1001335. 

Hudson, M. A., R. P. Young, J. Lopez, L. Martin, C. Fenton, R. McCrea, R. A. Griffiths, S.-L. Adams, G. 
Gray, and G. Garcia. 2016. In-situ itraconazole treatment improves survival rate during an 
amphibian chytridiomycosis epidemic. Biological Conservation 195:37-45. 

Huitema, E., M. Smoker, and S. Kamoun. 2011. A straightforward protocol for electro-transformation 
of Phytophthora capsici zoospores. Methods Mol Biol 712:129-135. 



108 
Literature cited 

Hunter, D. A., R. Speare, G. Marantelli, D. Mendez, R. Pietsch, and W. Osborne. 2010. Presence of the 
amphibian chytrid fungus Batrachochytrium dendrobatidis in threatened corroboree frog 
populations in the Australian Alps. Dis Aquat Organ 92:209-216. 

Ikeda, K.-i., H. Nakamura, and N. Matsumoto. 2005. Comparison between Rosellinia necatrix isolates 
from soil and diseased roots in terms of hypovirulence. FEMS Microbiology Ecology 54:307-
315. 

Inoue, Y., T. Matsuda, K. Sugiyama, S. Izawa, and A. Kimura. 1999. Genetic analysis of glutathione 
peroxidase in oxidative stress response of Saccharomyces cerevisiae. J Biol Chem 274:27002-
27009. 

Jacquat, A. G., M. G. Theumer, M. C. Cañizares, H. J. Debat, J. Iglesias, M. D. García Pedrajas, and J. S. 
Dambolena. 2020. A Survey of Mycoviral Infection in Fusarium spp. Isolated from Maize and 
Sorghum in Argentina Identifies the First Mycovirus from Fusarium verticillioides. Viruses 
12:1161. 

James, T. Y., P. M. Letcher, J. E. Longcore, S. E. Mozley-Standridge, D. Porter, M. J. Powell, G. W. 
Griffith, and R. Vilgalys. 2006. A molecular phylogeny of the flagellated fungi 
(Chytridiomycota) and description of a new phylum (Blastocladiomycota). Mycologia 98:860-
871. 

Jamieson, D. J., D. W. S. Stephen, and E. C. Terrière. 1996. Analysis of the adaptive oxidative stress 
response of Candida albicans. FEMS Microbiology Letters 138:83-88. 

Jepsen, H. F., I. Pocsi, and B. Jensen. 2008. The glutathione response to salt stress in the thermophilic 
fungus, Thermomyces lanuginosus. Acta Biol Hung 59:357-363. 

Jiao, Y., X. Gong, J. Du, M. Liu, X. Guo, L. Chen, W. Miao, T. Jin, H. Chang, Y. Zeng, and Z. Zheng. 2013. 
Transgenically mediated shRNAs targeting conserved regions of foot-and-mouth disease 
virus provide heritable resistance in porcine cell lines and suckling mice. Veterinary Research 
44:47. 

Jiménez, R. R., A. Carfagno, L. Linhoff, B. Gratwicke, D. C. Woodhams, L. S. Chafran, M. C. Bletz, B. 
Bishop, C. R. Muletz-Wolz, and G. Reguera. 2022. Inhibitory Bacterial Diversity and 
Mucosome Function Differentiate Susceptibility of Appalachian Salamanders to Chytrid 
Fungal Infection. Applied and Environmental Microbiology 88:e01818-01821. 

Jin, Y., J.-H. Zhao, P. Zhao, T. Zhang, S. Wang, and H.-S. Guo. 2019. A fungal milRNA mediates 
epigenetic repression of a virulence gene in <i>Verticillium dahliae</i>. Philosophical 
Transactions of the Royal Society B: Biological Sciences 374:20180309. 

Joanisse, D. R., and K. B. Storey. 1996. Oxidative damage and antioxidants in Rana sylvatica, the 
freeze-tolerant wood frog. Am J Physiol 271:R545-553. 

Jöchl, C., E. Loh, A. Ploner, H. Haas, and A. Hüttenhofer. 2009. Development-dependent scavenging 
of nucleic acids in the filamentous fungus Aspergillus fumigatus. RNA Biology 6:179-186. 

Johnson, M. L., L. Berger, L. Philips, and R. Speare. 2003. Fungicidal effects of chemical disinfectants, 
UV light, desiccation and heat on the amphibian chytrid Batrachochytrium dendrobatidis. Dis 
Aquat Organ 57:255-260. 

Johnson, M. S., S. D. Holladay, K. S. Lippenholz, J. L. Jenkins, and W. C. McCain. 2000. Effects of 2,4,6-
trinitrotoluene in a holistic environmental exposure regime on a terrestrial salamander, 
Ambystoma tigrinum. Toxicol Pathol 28:334-341. 

Joneson, S., J. E. Stajich, S.-H. Shiu, and E. B. Rosenblum. 2011. Genomic transition to pathogenicity in 
chytrid fungi. PLOS Pathogens 7:e1002338. 

Jordan, E. T., M. Collins, J. Terefe, L. Ugozzoli, and T. Rubio. 2008. Optimizing electroporation 
conditions in primary and other difficult-to-transfect cells. Journal of biomolecular 
techniques : JBT 19:328-334. 

Kamath, R. S., A. G. Fraser, Y. Dong, G. Poulin, R. Durbin, M. Gotta, A. Kanapin, N. Le Bot, S. Moreno, 
M. Sohrmann, D. P. Welchman, P. Zipperlen, and J. Ahringer. 2003. Systematic functional 
analysis of the Caenorhabditis elegans genome using RNAi. Nature 421:231-237. 



109 
Literature cited 

Kanematsu, S., A. Sasaki, M. Onoue, Y. Oikawa, and T. Ito. 2010. Extending the fungal host range of a 
partitivirus and a mycoreovirus from Rosellinia necatrix by inoculation of protoplasts with 
virus particles. Phytopathology 100:922-930. 

Karpala, A. J., T. J. Doran, and A. G. Bean. 2005. Immune responses to dsRNA: implications for gene 
silencing technologies. Immunol Cell Biol 83:211-216. 

Kavitha, S., and T. S. Chandra. 2014. Oxidative Stress Protection and Glutathione Metabolism in 
Response to Hydrogen Peroxide and Menadione in Riboflavinogenic Fungus Ashbya gossypii. 
Applied Biochemistry and Biotechnology 174:2307-2325. 

Khatri, M., and M. V. Rajam. 2007. Targeting polyamines of Aspergillus nidulans by siRNA specific to 
fungal ornithine decarboxylase gene. Medical Mycology 45:211-220. 

Kho, C. W., P. Y. Lee, K. H. Bae, S. Kang, S. Cho, D. H. Lee, C. H. Sun, G. S. Yi, B. C. Park, and S. G. Park. 
2008. Gpx3-dependent responses against oxidative stress in Saccharomyces cerevisiae. J 
Microbiol Biotechnol 18:270-282. 

Khullar, S., and M. Sudhakara Reddy. 2019. Cadmium and arsenic responses in the ectomycorrhizal 
fungus Laccaria bicolor: glutathione metabolism and its role in metal(loid) homeostasis. 
Environmental Microbiology Reports 11:53-61. 

Knapp, R. A., M. B. Joseph, T. C. Smith, E. E. Hegeman, V. T. Vredenburg, J. E. Erdman, Jr., D. M. 
Boiano, A. J. Jani, and C. J. Briggs. 2022. Effectiveness of antifungal treatments during 
chytridiomycosis epizootics in populations of an endangered frog. PeerJ 10:e12712. 

Koch, A., D. Biedenkopf, A. Furch, L. Weber, O. Rossbach, E. Abdellatef, L. Linicus, J. Johannsmeier, L. 
Jelonek, A. Goesmann, V. Cardoza, J. McMillan, T. Mentzel, and K.-H. Kogel. 2016. An RNAi-
Based Control of Fusarium graminearum Infections Through Spraying of Long dsRNAs 
Involves a Plant Passage and Is Controlled by the Fungal Silencing Machinery. PLOS 
Pathogens 12:e1005901. 

Koch, A., N. Kumar, L. Weber, H. Keller, J. Imani, and K. H. Kogel. 2013. Host-induced gene silencing of 
cytochrome P450 lanosterol C14α-demethylase-encoding genes confers strong resistance to 
Fusarium species. Proc Natl Acad Sci U S A 110:19324-19329. 

Kotta-Loizou, I., and R. H. A. Coutts. 2017. Mycoviruses in Aspergilli: A Comprehensive Review. 
Frontiers in microbiology 8. 

Krishnan, P., P. Gireesh-Babu, K. V. Rajendran, and A. Chaudhari. 2009. RNA interference-based 
therapeutics for shrimp viral diseases. Dis Aquat Organ 86:263-272. 

Krueger, U., T. Bergauer, B. Kaufmann, I. Wolter, S. Pilk, M. Heider-Fabian, S. Kirch, C. Artz-Oppitz, M. 
Isselhorst, and J. Konrad. 2007. Insights into effective RNAi gained from large-scale siRNA 
validation screening. Oligonucleotides 17:237-250. 

Kwolek-Mirek, M., and R. Zadrag-Tecza. 2014. Comparison of methods used for assessing the viability 
and vitality of yeast cells. FEMS Yeast Research 14:1068-1079. 

Lane, A., and S. Burgin. 2008. Comparison of frog assemblages between urban and non‐urban 
habitats in the upper Blue Mountains of Australia. Freshwater Biology 53:2484-2493. 

Langhammer, P. F., K. R. Lips, P. A. Burrowes, T. Tunstall, C. M. Palmer, and J. P. Collins. 2013. A 
fungal pathogen of amphibians, Batrachochytrium dendrobatidis, attenuates in pathogenicity 
with in vitro passages. PLOS ONE 8:e77630. 

Laundon, D., N. Chrismas, K. Bird, S. Thomas, T. Mock, and M. Cunliffe. 2022. A cellular and molecular 
atlas reveals the basis of chytrid development. Elife 11. 

Lee, H. C., L. Li, W. Gu, Z. Xue, S. K. Crosthwaite, A. Pertsemlidis, Z. A. Lewis, M. Freitag, E. U. Selker, 
C. C. Mello, and Y. Liu. 2010. Diverse pathways generate microRNA-like RNAs and Dicer-
independent small interfering RNAs in fungi. Mol Cell 38:803-814. 

Lee, J., I. W. Dawes, and J. H. Roe. 1997. Isolation, expression, and regulation of the pgr1(+) gene 
encoding glutathione reductase absolutely required for the growth of Schizosaccharomyces 
pombe. J Biol Chem 272:23042-23049. 

Lee, K.-M., J. Yu, M. Son, Y.-W. Lee, and K.-H. Kim. 2011. Transmission of Fusarium boothii Mycovirus 
via Protoplast Fusion Causes Hypovirulence in Other Phytopathogenic Fungi. PLOS ONE 
6:e21629. 



110 
Literature cited 

Léjohn, H. B., and J. S. Lovett. 1966. Characterization of ribonucleic acids from Rhizophlyctis rosea 
zoospores. Planta 71:283-290. 

Leng, Y., C. Wu, Z. Liu, T. L. Friesen, J. B. Rasmussen, and S. Zhong. 2011. RNA-mediated gene 
silencing in the cereal fungal pathogen Cochliobolus sativus. Mol Plant Pathol 12:289-298. 

Li, D., Y. Tang, J. Lin, and W. Cai. 2017. Methods for genetic transformation of filamentous fungi. 
Microbial cell factories 16:168-168. 

Li, G.-Q., H. C. Huang, A. Laroche, and S. N. Acharya. 2003. Occurrence and characterization of 
hypovirulence in the tan sclerotial isolate S10 of Sclerotinia sclerotiorum. Mycological 
Research 107:1350-1360. 

Li, L., Q. Li, Y. Bao, J. Li, Z. Chen, X. Yu, Y. Zhao, K. Tian, and N. Li. 2014. RNAi-based inhibition of 
porcine reproductive and respiratory syndrome virus replication in transgenic pigs. J 
Biotechnol 171:17-24. 

Li, M., and B. Rohrer. 2006. Gene silencing in Xenopus laevis by DNA vector-based RNA interference 
and transgenesis. Cell Research 16:99-105. 

Li, Z.-S., M. Szczypka, Y.-P. Lu, D. J. Thiele, and P. A. Rea. 1996. The Yeast Cadmium Factor Protein 
(YCF1) Is a Vacuolar Glutathione S-Conjugate Pump (∗). Journal of Biological Chemistry 
271:6509-6517. 

Li, Z. S., Y. P. Lu, R. G. Zhen, M. Szczypka, D. J. Thiele, and P. A. Rea. 1997. A new pathway for vacuolar 
cadmium sequestration in Saccharomyces cerevisiae: YCF1-catalyzed transport of 
bis(glutathionato)cadmium. Proc Natl Acad Sci U S A 94:42-47. 

Liao, R. S., R. P. Rennie, and J. A. Talbot. 1999. Assessment of the Effect of Amphotericin B on the 
Vitality of <i>Candida albicans</i>. Antimicrobial Agents and Chemotherapy 43:1034-1041. 

Lin, C. H., S. L. Yang, and K. R. Chung. 2009. The YAP1 homolog-mediated oxidative stress tolerance is 
crucial for pathogenicity of the necrotrophic fungus Alternaria alternata in citrus. Mol Plant 
Microbe Interact 22:942-952. 

Lindauer, A., T. May, G. Rios-Sotelo, C. Sheets, and J. Voyles. 2019. Quantifying Batrachochytrium 
dendrobatidis and Batrachochytrium salamandrivorans Viability. EcoHealth. 

Lips, K. R. 2016. Overview of chytrid emergence and impacts on amphibians. Philosophical 
Transactions of the Royal Society B: Biological Sciences 371:20150465. 

Lis, P., M. Zarzycki, Y. H. Ko, M. Casal, P. L. Pedersen, A. Goffeau, and S. Ułaszewski. 2012. Transport 
and cytotoxicity of the anticancer drug 3-bromopyruvate in the yeast Saccharomyces 
cerevisiae. J Bioenerg Biomembr 44:155-161. 

Liu, C., M. Li, E. T. Redda, J. Mei, J. Zhang, B. Wu, and X. Jiang. 2019. A novel double-stranded RNA 
mycovirus isolated from Trichoderma harzianum. Virology Journal 16:113. 

Liu, J., M. A. Carmell, F. V. Rivas, C. G. Marsden, J. M. Thomson, J. J. Song, S. M. Hammond, L. Joshua-
Tor, and G. J. Hannon. 2004. Argonaute2 is the catalytic engine of mammalian RNAi. Science 
305:1437-1441. 

Longcore, J. E., A. P. Pessier, and D. K. Nichols. 1999. Batrachochytrium Dendrobatidis gen. et sp. 
nov., a Chytrid Pathogenic to Amphibians. Mycologia 91:219-227. 

Lorch, J. M., S. Knowles, J. S. Lankton, K. Michell, J. L. Edwards, J. M. Kapfer, R. A. Staffen, E. R. Wild, 
K. Z. Schmidt, A. E. Ballmann, D. Blodgett, T. M. Farrell, B. M. Glorioso, L. A. Last, S. J. Price, K. 
L. Schuler, C. E. Smith, J. F. X. Wellehan, Jr., and D. S. Blehert. 2016. Snake fungal disease: an 
emerging threat to wild snakes. Philosophical transactions of the Royal Society of London. 
Series B, Biological sciences 371:20150457. 

Maher, S. P., A. M. Kramer, J. T. Pulliam, M. A. Zokan, S. E. Bowden, H. D. Barton, K. Magori, and J. M. 
Drake. 2012. Spread of white-nose syndrome on a network regulated by geography and 
climate. Nature Communications 3:1306. 

Mahony, M. 1996. The decline of the green and golden bell frog Litoria aurea viewed in the context 
of declines and disappearances of other Australian frogs. Australian Zoologist 30:237-247. 

Marantelli, G., L. Berger, R. Speare, and L. Keegan. 2004. Distribution of the amphibian chytrid 
Batrachochytrium dendrobatidis and keratin during tadpole development. Pacific 
Conservation Biology 10:173-179. 



111 
Literature cited 

Maras, B., L. Angiolella, G. Mignogna, E. Vavala, A. Macone, M. Colone, G. Pitari, A. Stringaro, S. 
Dupré, and A. T. Palamara. 2014. Glutathione Metabolism in Candida albicans Resistant 
Strains to Fluconazole and Micafungin. PLOS ONE 9:e98387. 

Margni, M., D. Rossier, P. Crettaz, and O. Jolliet. 2002. Life cycle impact assessment of pesticides on 
human health and ecosystems. Agriculture, ecosystems & environment 93:379-392. 

Marquez, L. M., R. S. Redman, R. J. Rodriguez, and M. J. Roossinck. 2007. A virus in a fungus in a 
plant: three-way symbiosis required for thermal tolerance. Science 315:513-515. 

Martel, A., M. Blooi, C. Adriaensen, P. Van Rooij, W. Beukema, M. C. Fisher, R. A. Farrer, B. R. 
Schmidt, U. Tobler, K. Goka, K. R. Lips, C. Muletz, K. R. Zamudio, J. Bosch, S. Lötters, E. 
Wombwell, T. W. J. Garner, A. A. Cunningham, A. Spitzen-van der Sluijs, S. Salvidio, R. 
Ducatelle, K. Nishikawa, T. T. Nguyen, J. E. Kolby, I. Van Bocxlaer, F. Bossuyt, and F. Pasmans. 
2014. Recent introduction of a chytrid fungus endangers Western Palearctic salamanders. 
Science 346:630-631. 

Martel, A., A. Spitzen-van der Sluijs, M. Blooi, W. Bert, R. Ducatelle, M. C. Fisher, A. Woeltjes, W. 
Bosman, K. Chiers, F. Bossuyt, and F. Pasmans. 2013. Batrachochytrium salamandrivorans sp. 
nov. causes lethal chytridiomycosis in amphibians. Proc Natl Acad Sci U S A 110:15325-15329. 

Martinez, J., A. Patkaniowska, H. Urlaub, R. Lührmann, and T. Tuschl. 2002. Single-stranded antisense 
siRNAs guide target RNA cleavage in RNAi. Cell 110:563-574. 

Marzano, S.-Y. L., B. D. Nelson, O. Ajayi-Oyetunde, C. A. Bradley, T. J. Hughes, G. L. Hartman, D. M. 
Eastburn, and L. L. Domier. 2016. Identification of Diverse Mycoviruses through 
Metatranscriptomics Characterization of the Viromes of Five Major Fungal Plant Pathogens. J 
Virol 90:6846-6863. 

May, J. M., Z.-c. Qu, and R. R. Whitesell. 2003. Generation of oxidant stress in cultured endothelial 
cells by methylene blue: protective effects of glucose and ascorbic acid. Biochemical 
Pharmacology 66:777-784. 

Mayer, F. L., and J. W. Kronstad. 2017. Disarming Fungal Pathogens: Bacillus safensis Inhibits 
Virulence Factor Production and Biofilm Formation by Cryptococcus neoformans and Candida 
albicans. mBio 8. 

McCoy, C. M., C. M. Lind, and T. M. Farrell. 2017. Environmental and physiological correlates of the 
severity of clinical signs of snake fungal disease in a population of pigmy rattlesnakes, 
Sistrurus miliarius. Conservation Physiology 5. 

McLoughlin, A. G., N. Wytinck, P. L. Walker, I. J. Girard, K. Y. Rashid, T. de Kievit, W. G. D. Fernando, S. 
Whyard, and M. F. Belmonte. 2018. Identification and application of exogenous dsRNA 
confers plant protection against Sclerotinia sclerotiorum and Botrytis cinerea. Scientific 
Reports 8:7320. 

McMahon, T. A., and J. R. Rohr. 2014. Trypan Blue Dye is an Effective and Inexpensive Way to 
Determine the Viability of Batrachochytrium dendrobatidis Zoospores. EcoHealth 11:164-
167. 

McMahon, T. A., and J. R. Rohr. 2015. Transition of Chytrid Fungus Infection from Mouthparts to Hind 
Limbs During Amphibian Metamorphosis. EcoHealth 12:188-193. 

McMahon, T. A., B. F. Sears, M. D. Venesky, S. M. Bessler, J. M. Brown, K. Deutsch, N. T. Halstead, G. 
Lentz, N. Tenouri, S. Young, D. J. Civitello, N. Ortega, J. S. Fites, L. K. Reinert, L. A. Rollins-
Smith, T. R. Raffel, and J. R. Rohr. 2014. Amphibians acquire resistance to live and dead 
fungus overcoming fungal immunosuppression. Nature 511:224-227. 

Meister, A., and M. E. Anderson. 1983. Glutathione. Annu Rev Biochem 52:711-760. 
Mercier, J., M. Kong, and F. Cook. 2010. Fungicide resistance among Botrytis cinerea isolates from 

California strawberry fields. Plant Health Progress 11:12. 
Merker, M. P., R. D. Bongard, J. H. Linehan, Y. Okamoto, D. Vyprachticky, B. M. Brantmeier, D. L. 

Roerig, and C. A. Dawson. 1997. Pulmonary endothelial thiazine uptake: separation of cell 
surface reduction from intracellular reoxidation. Am J Physiol 272:L673-680. 



112 
Literature cited 

Mesquita, A. F. C., C. Lambertini, M. Lyra, L. R. Malagoli, T. Y. James, L. F. Toledo, C. F. B. Haddad, and 
C. G. Becker. 2017. Low resistance to chytridiomycosis in direct-developing amphibians. Sci 
Rep 7:16605. 

Metcalf, B. W., P. Bey, C. Danzin, M. J. Jung, P. Casara, and J. P. Vevert. 1978. Catalytic irreversible 
inhibition of mammalian ornithine decarboxylase (E.C.4.1.1.17) by substrate and product 
analogs. Journal of the American Chemical Society 100:2551-2553. 

Metz, E. N., P. Balcerzak, and A. L. Sagone, Jr. 1976. Mechanisms of methylene blue stimulation of 
the hexose monophosphate shunt in erythrocytes. The Journal of Clinical Investigation 
58:797-802. 

Milgroom, M. G., and P. Cortesi. 2004. Biological control of chestnut blight with hypovirulence: a 
critical analysis. Annu Rev Phytopathol 42:311-338. 

Missall, T. A., J. F. Cherry-Harris, and J. K. Lodge. 2005. Two glutathione peroxidases in the fungal 
pathogen Cryptococcus neoformans are expressed in the presence of specific substrates. 
Microbiology 151:2573-2581. 

Missall, T. A., J. K. Lodge, and J. E. McEwen. 2004. Mechanisms of Resistance to Oxidative and 
Nitrosative Stress: Implications for Fungal Survival in Mammalian Hosts. Eukaryotic Cell 
3:835-846. 

Mitchell, M. A., and M. R. Walden. 2013. Chrysosporium anamorph Nannizziopsis vriesii: an emerging 
fungal pathogen of captive and wild reptiles. Veterinary Clinics: Exotic Animal Practice 
16:659-668. 

Mitter, N., E. A. Worrall, K. E. Robinson, P. Li, R. G. Jain, C. Taochy, S. J. Fletcher, B. J. Carroll, G. Q. Lu, 
and Z. P. Xu. 2017. Clay nanosheets for topical delivery of RNAi for sustained protection 
against plant viruses. Nature plants 3:16207. 

Moazeni, M., M. R. Khoramizadeh, P. Kordbacheh, Z. Sepehrizadeh, H. Zeraati, F. Noorbakhsh, L. 
Teimoori-Toolabi, and S. Rezaie. 2012. RNA-mediated gene silencing in Candida albicans: 
inhibition of hyphae formation by use of RNAi technology. Mycopathologia 174:177-185. 

Molina, L., and R. Kahmann. 2007. An Ustilago maydis gene involved in H2O2 detoxification is 
required for virulence. Plant Cell 19:2293-2309. 

Monod, M., S. Capoccia, B. Léchenne, C. Zaugg, M. Holdom, and O. Jousson. 2002. Secreted 
proteases from pathogenic fungi. International Journal of Medical Microbiology 292:405-419. 

Moore, M. M. 2009. Genetic engineering of fungal cells. Biotechnology, Fundamentals in 
Biotechnology, Encyclopedia of life support systems (EoLSS) vol 3:36-66. 

Morris, T., and J. Dodds. 1979. Isolation and analysis of double-stranded RNA from virus-infected 
plant and fungal tissue. Phytopathology 69:854-858. 

Murray, K., R. Retallick, K. R. McDonald, D. Mendez, K. Aplin, P. Kirkpatrick, L. Berger, D. Hunter, H. B. 
Hines, R. Campbell, M. Pauza, M. Driessen, R. Speare, S. J. Richards, M. Mahony, A. Freeman, 
A. D. Phillott, J.-M. Hero, K. Kriger, D. Driscoll, A. Felton, R. Puschendorf, and L. F. Skerratt. 
2010. The distribution and host range of the pandemic disease chytridiomycosis in Australia, 
spanning surveys from 1956–2007. Ecology 91:1557-1558. 

Mutoh, N., and Y. Hayashi. 1988. Isolation of mutants of Schizosaccharomycespombe unable to 
synthesize cadystin, small cadmium-binding peptides. Biochemical and Biophysical Research 
Communications 151:32-39. 

Myers, J. M., A. E. Bonds, R. A. Clemons, N. A. Thapa, D. R. Simmons, D. Carter-House, J. Ortanez, P. 
Liu, A. Miralles-Durán, A. Desirò, J. E. Longcore, G. Bonito, J. E. Stajich, J. W. Spatafora, Y. 
Chang, L. M. Corrochano, A. Gryganskyi, I. V. Grigoriev, and T. Y. James. 2020. Survey of Early-
Diverging Lineages of Fungi Reveals Abundant and Diverse Mycoviruses. mBio 11:e02027-
02020. 

Nakayashiki, H., and Q. B. Nguyen. 2008. RNA interference: roles in fungal biology. Curr Opin 
Microbiol 11:494-502. 

Nerva, L., M. Ciuffo, M. Vallino, P. Margaria, G. C. Varese, G. Gnavi, and M. Turina. 2016. Multiple 
approaches for the detection and characterization of viral and plasmid symbionts from a 
collection of marine fungi. Virus Res 219:22-38. 



113 
Literature cited 

Neumann, E., M. Schaefer-Ridder, Y. Wang, and P. H. Hofschneider. 1982. Gene transfer into mouse 
lyoma cells by electroporation in high electric fields. Embo j 1:841-845. 

Ng, T. F. F., L.-F. Chen, Y. Zhou, B. Shapiro, M. Stiller, P. D. Heintzman, A. Varsani, N. O. Kondov, W. 
Wong, X. Deng, T. D. Andrews, B. J. Moorman, T. Meulendyk, G. MacKay, R. L. Gilbertson, and 
E. Delwart. 2014. Preservation of viral genomes in 700-y-old caribou feces from a subarctic 
ice patch. Proceedings of the National Academy of Sciences 111:16842-16847. 

Nishikura, K. 2001. A Short Primer on RNAi: RNA-Directed RNA Polymerase Acts as a Key Catalyst. Cell 
107:415-418. 

Nosanchuk, J. D., R. Ovalle, and A. Casadevall. 2001. Glyphosate inhibits melanization of 
Cryptococcus neoformans and prolongs survival of mice after systemic infection. J Infect Dis 
183:1093-1099. 

Nourrisson, C., M. Vidal-Roux, S. Cayot, C. Jacomet, C. Bothorel, A. Ledoux-Pilon, F. Anthony-
Moumouni, O. Lesens, and P. Poirier. 2018. Invasive Infections Caused by Nannizziopsis spp. 
Molds in Immunocompromised Patients. Emerg Infect Dis 24:549-552. 

Nowara, D., A. Gay, C. Lacomme, J. Shaw, C. Ridout, D. Douchkov, G. Hensel, J. Kumlehn, and P. 
Schweizer. 2010. HIGS: Host-Induced Gene Silencing in the Obligate Biotrophic Fungal 
Pathogen Blumeria graminis    The Plant Cell 22:3130-3141. 

Nuss, D. L. 2005. Hypovirulence: mycoviruses at the fungal-plant interface. Nat Rev Microbiol 3:632-
642. 

Nuss, D. L. 2011. Mycoviruses, RNA silencing, and viral RNA recombination. Adv Virus Res 80:25-48. 
Nykänen, A., B. Haley, and P. D. Zamore. 2001. ATP requirements and small interfering RNA structure 

in the RNA interference pathway. Cell 107:309-321. 
O’Hanlon, S. J., A. Rieux, R. A. Farrer, G. M. Rosa, B. Waldman, A. Bataille, T. A. Kosch, K. A. Murray, B. 

Brankovics, M. Fumagalli, M. D. Martin, N. Wales, M. Alvarado-Rybak, K. A. Bates, L. Berger, 
S. Böll, L. Brookes, F. Clare, E. A. Courtois, A. A. Cunningham, T. M. Doherty-Bone, P. Ghosh, 
D. J. Gower, W. E. Hintz, J. Höglund, T. S. Jenkinson, C.-F. Lin, A. Laurila, A. Loyau, A. Martel, S. 
Meurling, C. Miaud, P. Minting, F. Pasmans, D. S. Schmeller, B. R. Schmidt, J. M. G. Shelton, L. 
F. Skerratt, F. Smith, C. Soto-Azat, M. Spagnoletti, G. Tessa, L. F. Toledo, A. Valenzuela-
Sánchez, R. Verster, J. Vörös, R. J. Webb, C. Wierzbicki, E. Wombwell, K. R. Zamudio, D. M. 
Aanensen, T. Y. James, M. T. P. Gilbert, C. Weldon, J. Bosch, F. Balloux, T. W. J. Garner, and 
M. C. Fisher. 2018. Recent Asian origin of chytrid fungi causing global amphibian declines. 
Science 360:621-627. 

Ong, J. W. L., H. Li, K. Sivasithamparam, K. W. Dixon, M. G. K. Jones, and S. J. Wylie. 2016. Novel 
Endorna-like viruses, including three with two open reading frames, challenge the 
membership criteria and taxonomy of the Endornaviridae. Virology 499:203-211. 

Ong, J. W. L., H. Li, K. Sivasithamparam, K. W. Dixon, M. G. K. Jones, and S. J. Wylie. 2018. Novel and 
divergent viruses associated with Australian orchid-fungus symbioses. Virus Res 244:276-283. 

Ozeki, K., F. Kyoya, K. Hizume, A. Kanda, M. Hamachi, and Y. Nunokawa. 1994. Transformation of 
intact Aspergillus niger by electroporation. Biosci Biotechnol Biochem 58:2224-2227. 

Paez-Espino, D., E. A. Eloe-Fadrosh, G. A. Pavlopoulos, A. D. Thomas, M. Huntemann, N. Mikhailova, 
E. Rubin, N. N. Ivanova, and N. C. Kyrpides. 2016. Uncovering Earth’s virome. Nature 
536:425-430. 

Painting, K., and B. Kirsop. 1990. A quick method for estimating the percentage of viable cells in a 
yeast population, using methylene blue staining. World Journal of Microbiology and 
Biotechnology 6:346-347. 

Park, C. M., N. Banerjee, Y. Koltin, and J. A. Bruenn. 1996. The Ustilago maydis virally encoded KP1 
killer toxin. Molecular microbiology 20:957-963. 

Parker, R. A., K. T. Gabriel, K. Graham, and C. T. Cornelison. 2020. Validation of methylene blue 
viability staining with the emerging pathogen Candida auris. Journal of Microbiological 
Methods 169:105829. 

Parris, M. J., and D. R. Baud. 2004. Interactive effects of a heavy metal and chytridiomycosis on gray 
treefrog larvae (Hyla chrysoscelis). Copeia 2004:344-350. 



114 
Literature cited 

Parsons, B. D., A. Schindler, D. H. Evans, and E. Foley. 2010. A Direct Phenotypic Comparison of siRNA 
Pools and Multiple Individual Duplexes in a Functional Assay. PLOS ONE 4:e8471. 

Patsoukis, N., and C. D. Georgiou. 2007. Effect of glutathione biosynthesis-related modulators on the 
thiol redox state enzymes and on sclerotial differentiation of filamentous phytopathogenic 
fungi. Mycopathologia 163:335-347. 

Pearson, M. N., R. E. Beever, B. Boine, and K. Arthur. 2009. Mycoviruses of filamentous fungi and 
their relevance to plant pathology. Mol Plant Pathol 10:115-128. 

Pegg, A. E. 2006. Regulation of ornithine decarboxylase. J Biol Chem 281:14529-14532. 
Pelletier, B., F. Dhainaut, A. Pauly, and J. P. Zahnd. 1988. Evaluation of growth rate in adhering cell 

cultures using a simple colorimetric method. J Biochem Biophys Methods 16:63-73. 
Peterson, N. R., K. Rose, S. Shaw, T. H. Hyndman, L. Sigler, D. İ. Kurtböke, J. Llinas, B. L. Littleford-

Colquhoun, R. Cristescu, and C. Frère. 2020. Cross-continental emergence of Nannizziopsis 
barbatae disease may threaten wild Australian lizards. Scientific Reports 10:20976. 

Peyambari, M., and M. J. Roossinck. 2018. Characterizing Mycoviruses. Methods Mol Biol 1848:13-
24. 

Pfaffl, M. W. 2001. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic 
Acids Res 29:e45. 

Pfaffl, M. W., A. Tichopad, C. Prgomet, and T. P. Neuvians. 2004. Determination of stable 
housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper--
Excel-based tool using pair-wise correlations. Biotechnol Lett 26:509-515. 

Phillips, J. M., and D. Hayman. 1970. Improved procedures for clearing roots and staining parasitic 
and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Transactions of 
the British mycological Society 55:158-IN118. 

Pinzón, N., S. Bertrand, L. Subirana, I. Busseau, H. Escrivá, and H. Seitz. 2019. Functional lability of 
RNA-dependent RNA polymerases in animals. PLoS genetics 15:e1007915. 

Piotrowski, J. S., S. L. Annis, and J. E. Longcore. 2004. Physiology of Batrachochytrium dendrobatidis, 
a chytrid pathogen of amphibians. Mycologia 96:9-15. 

Piovia-Scott, J., K. Pope, S. Joy Worth, E. B. Rosenblum, T. Poorten, J. Refsnider, L. A. Rollins-Smith, L. 
K. Reinert, H. L. Wells, and D. Rejmanek. 2015. Correlates of virulence in a frog-killing fungal 
pathogen: evidence from a California amphibian decline. The ISME journal 9:1570-1578. 

Pirie, N. W., and K. G. Pinhey. 1929. THE TITRATION CURVE OF GLUTATHIONE. Journal of Biological 
Chemistry 84:321-333. 

Pócsi, I., R. A. Prade, and M. J. Penninckx. 2004. Glutathione, altruistic metabolite in fungi. Adv 
Microb Physiol 49:1-76. 

Prawitt, D., L. Brixel, C. Spangenberg, L. Eshkind, R. Heck, F. Oesch, B. Zabel, and E. Bockamp. 2004. 
RNAi knock-down mice: an emerging technology for post-genomic functional genetics. 
Cytogenet Genome Res 105:412-421. 

Prévéral, S., E. Ansoborlo, S. Mari, A. Vavasseur, and C. Forestier. 2006. Metal(loid)s and 
radionuclides cytotoxicity in Saccharomyces cerevisiae. Role of YCF1, glutathione and effect 
of buthionine sulfoximine. Biochimie 88:1651-1663. 

Rahman, M. 2020. Chytrid infection in Asia: How much do we know and what else do we need to 
know? Herpetological journal. 30:99-111. 

Rehman, L., X. Su, H. Guo, X. Qi, and H. Cheng. 2016. Protoplast transformation as a potential 
platform for exploring gene function in Verticillium dahliae. BMC Biotechnology 16:57. 

Reiczigel, J., J. Földi, and L. Ozsvári. 2010. Exact confidence limits for prevalence of a disease with an 
imperfect diagnostic test. Epidemiol Infect 138:1674-1678. 

Ren, P., S. S. Rajkumar, T. Zhang, H. Sui, P. S. Masters, N. Martinkova, A. Kubátová, J. Pikula, S. 
Chaturvedi, and V. Chaturvedi. 2020. A common partitivirus infection in United States and 
Czech Republic isolates of bat white-nose syndrome fungal pathogen Pseudogymnoascus 
destructans. Scientific Reports 10:13893. 

Rigling, D., and S. Prospero. 2018. Cryphonectria parasitica, the causal agent of chestnut blight: 
invasion history, population biology and disease control. Mol Plant Pathol 19:7-20. 



115 
Literature cited 

Riley, K., O. F. Berry, and J. D. Roberts. 2013. Do global models predicting environmental suitability 
for the amphibian fungus, Batrachochytrium dendrobatidis, have local value to conservation 
managers? Journal of Applied Ecology 50:713-720. 

Robinson, K., K. Pereira, M. Bletz, E. Carter, M. Gray, J. Piovia-Scott, J. Romansic, D. Woodhams, and 
L. Fritz-Laylin. 2019. Isolation and maintenance of Batrachochytrium salamandrivorans 
cultures. 

Robinson, K. A., S. M. Prostak, E. H. Campbell Grant, and L. K. Fritz-Laylin. 2022. Amphibian mucus 
triggers a developmental transition in the frog-killing chytrid fungus. Current Biology 
32:2765-2771.e2764. 

Rogan, W. J., and B. Gladen. 1978. Estimating prevalence from the results of a screening test. Am J 
Epidemiol 107:71-76. 

Rollins-Smith, L. A., J. K. Doersam, J. E. Longcore, S. K. Taylor, J. C. Shamblin, C. Carey, and M. A. 
Zasloff. 2002. Antimicrobial peptide defenses against pathogens associated with global 
amphibian declines. Developmental & Comparative Immunology 26:63-72. 

Rollins-Smith, L. A., J. S. Fites, L. K. Reinert, A. R. Shiakolas, T. P. Umile, K. P. C. Minbiole, and G. S. 
Deepe. 2015. Immunomodulatory Metabolites Released by the Frog-Killing Fungus 
Batrachochytrium dendrobatidis. Infection and Immunity 83:4565-4570. 

Rollins-Smith, L. A., L. K. Reinert, M. Le Sage, K. N. Linney, B. M. Gillard, T. P. Umile, and K. P. 
Minbiole. 2022. Lymphocyte Inhibition by the Salamander-Killing Chytrid Fungus, 
Batrachochytrium salamandrivorans. Infection and Immunity 90:e00020-00022. 

Rollins-Smith, L. A., A. C. Ruzzini, J. S. Fites, L. K. Reinert, E. M. Hall, B. A. Joosse, V. I. Ravikumar, M. I. 
Huebner, A. Aka, M. H. Kehs, B. M. Gillard, E. Doe, J. A. Tasca, T. P. Umile, J. Clardy, and K. P. 
C. Minbiole. 2019. Metabolites Involved in Immune Evasion by Batrachochytrium 
dendrobatidis Include the Polyamine Spermidine. Infect Immun 87. 

Rols, M. P., and J. Teissié. 1998. Electropermeabilization of mammalian cells to macromolecules: 
control by pulse duration. Biophysical journal 75:1415-1423. 

Romano, N., and G. Macino. 1992. Quelling: transient inactivation of gene expression in Neurospora 
crassa by transformation with homologous sequences. Mol Microbiol 6:3343-3353. 

Root, C., C. Balbalian, R. Bierman, L. M. Geletka, S. Anagnostakis, M. Double, W. MacDonald, and D. L. 
Nuss. 2005. Multi-seasonal field release and spermatization trials of transgenic hypovirulent 
strains of Cryphonectria parasitica containing cDNA copies of hypovirus CHV1-EP713. Forest 
Pathology 35:277-297. 

Rosenblum, E. B., M. C. Fisher, T. Y. James, J. E. Stajich, J. E. Longcore, L. R. Gentry, and T. J. Poorten. 
2010. A molecular perspective: biology of the emerging pathogen Batrachochytrium 
dendrobatidis. Dis Aquat Organ 92:131-147. 

Rosenblum, E. B., T. J. Poorten, S. Joneson, and M. Settles. 2012. Substrate-specific gene expression 
in Batrachochytrium dendrobatidis, the chytrid pathogen of amphibians. PLOS ONE 
7:e49924. 

Rosenblum, E. B., J. E. Stajich, N. Maddox, and M. B. Eisen. 2008. Global gene expression profiles for 
life stages of the deadly amphibian pathogen Batrachochytrium dendrobatidis. Proceedings 
of the National Academy of Sciences 105:17034-17039. 

Roznik, E. A., S. J. Sapsford, D. A. Pike, L. Schwarzkopf, and R. A. Alford. 2015. Natural disturbance 
reduces disease risk in endangered rainforest frog populations. Scientific Reports 5:13472. 

Ruggeri, J., A. V. Longo, M. P. Gaiarsa, L. R. Alencar, C. Lambertini, D. S. Leite, S. P. Carvalho-e-Silva, K. 
R. Zamudio, L. F. Toledo, and M. Martins. 2015. Seasonal variation in population abundance 
and chytrid infection in stream-dwelling frogs of the Brazilian Atlantic forest. PLOS ONE 
10:e0130554. 

Sanglard, D. 2003. Resistance and tolerance mechanisms to antifungal drugs in fungal pathogens. 
Mycologist 17:74-78. 

Sasaki, A., M. Onoue, S. Kanematsu, K. Suzaki, M. Miyanishi, N. Suzuki, D. L. Nuss, and K. Yoshida. 
2002. Extending chestnut blight hypovirus host range within diaporthales by biolistic delivery 
of viral cDNA. Mol Plant Microbe Interact 15:780-789. 



116 
Literature cited 

Sato, I., M. Shimizu, T. Hoshino, and N. Takaya. 2009. The glutathione system of Aspergillus nidulans 
involves a fungus-specific glutathione S-transferase. J Biol Chem 284:8042-8053. 

Savage, A. E., and K. R. Zamudio. 2011. MHC genotypes associate with resistance to a frog-killing 
fungus. Proceedings of the National Academy of Sciences 108:16705-16710. 

Schaefer, L. K., F. Parlange, G. Buchmann, E. Jung, A. Wehrli, G. Herren, M. C. Müller, J. Stehlin, R. 
Schmid, T. Wicker, B. Keller, and S. Bourras. 2020. Cross-Kingdom RNAi of Pathogen Effectors 
Leads to Quantitative Adult Plant Resistance in Wheat. Front Plant Sci 11:253. 

Scheele, B. C., D. A. Hunter, S. C. Banks, J. C. Pierson, L. F. Skerratt, R. Webb, and D. A. Driscoll. 2016. 
High adult mortality in disease-challenged frog populations increases vulnerability to 
drought. Journal of Animal Ecology 85:1453-1460. 

Scheele, B. C., D. A. Hunter, L. F. Grogan, L. Berger, J. E. Kolby, M. S. McFadden, G. Marantelli, L. F. 
Skerratt, and D. A. Driscoll. 2014. Interventions for reducing extinction risk in 
chytridiomycosis-threatened amphibians. Conserv Biol 28:1195-1205. 

Scheele, B. C., D. A. Hunter, L. F. Skerratt, L. A. Brannelly, and D. A. Driscoll. 2015. Low impact of 
chytridiomycosis on frog recruitment enables persistence in refuges despite high adult 
mortality. Biological Conservation 182:36-43. 

Scheele, B. C., F. Pasmans, L. F. Skerratt, L. Berger, A. Martel, W. Beukema, A. A. Acevedo, P. A. 
Burrowes, T. Carvalho, A. Catenazzi, I. De la Riva, M. C. Fisher, S. V. Flechas, C. N. Foster, P. 
Frías-Álvarez, T. W. J. Garner, B. Gratwicke, J. M. Guayasamin, M. Hirschfeld, J. E. Kolby, T. A. 
Kosch, E. La Marca, D. B. Lindenmayer, K. R. Lips, A. V. Longo, R. Maneyro, C. A. McDonald, J. 
Mendelson, P. Palacios-Rodriguez, G. Parra-Olea, C. L. Richards-Zawacki, M.-O. Rödel, S. M. 
Rovito, C. Soto-Azat, L. F. Toledo, J. Voyles, C. Weldon, S. M. Whitfield, M. Wilkinson, K. R. 
Zamudio, and S. Canessa. 2019. Amphibian fungal panzootic causes catastrophic and ongoing 
loss of biodiversity. Science 363:1459-1463. 

Scheele, B. C., L. F. Skerratt, L. F. Grogan, D. A. Hunter, N. Clemann, M. McFadden, D. Newell, C. J. 
Hoskin, G. R. Gillespie, G. W. Heard, L. Brannelly, A. A. Roberts, and L. Berger. 2017. After the 
epidemic: Ongoing declines, stabilizations and recoveries in amphibians afflicted by 
chytridiomycosis. Biological Conservation 206:37-46. 

Schmidt, K., M. L. Blanchette, R. G. Pearson, R. A. Alford, and A. M. Davis. 2017. Trophic roles of 
tadpoles in tropical Australian streams. Freshwater Biology 62:1929-1941. 

Schmitt, M. J., and F. Breinig. 2006. Yeast viral killer toxins: lethality and self-protection. Nature 
Reviews Microbiology 4:212-221. 

Segers, G. C., X. Zhang, F. Deng, Q. Sun, and D. L. Nuss. 2007. Evidence that RNA silencing functions as 
an antiviral defense mechanism in fungi. Proc Natl Acad Sci U S A 104:12902-12906. 

Sergeant, E. S. G. 2018. Epitools Epidemiological Calculators. Ausvet. Available at: 
http://epitools.ausvet.com.au. 

Shahabipour, F., N. Barati, T. P. Johnston, G. Derosa, P. Maffioli, and A. Sahebkar. 2017. Exosomes: 
Nanoparticulate tools for RNA interference and drug delivery. J Cell Physiol 232:1660-1668. 

Shapiro-Ilan, D. I., J. R. Fuxa, L. A. Lacey, D. W. Onstad, and H. K. Kaya. 2005. Definitions of 
pathogenicity and virulence in invertebrate pathology. Journal of invertebrate pathology 
88:1-7. 

Sheets, C. N., D. R. Schmidt, P. J. Hurtado, A. Q. Byrne, E. B. Rosenblum, C. L. Richards-Zawacki, and J. 
Voyles. 2021. Thermal performance curves of multiple isolates of batrachochytrium 
dendrobatidis, a lethal pathogen of amphibians. Frontiers in Veterinary Science 8:648. 

Shinn, E. A., G. W. Smith, J. M. Prospero, P. Betzer, M. L. Hayes, V. Garrison, and R. T. Barber. 2000. 
African dust and the demise of Caribbean coral reefs. Geophysical Research Letters 27:3029-
3032. 

Silver, N., S. Best, J. Jiang, and S. L. Thein. 2006. Selection of housekeeping genes for gene expression 
studies in human reticulocytes using real-time PCR. BMC Mol Biol 7:33. 

Singh, N., S. K. Mukherjee, and M. V. Rajam. 2020. Silencing of the Ornithine Decarboxylase Gene of 
Fusarium oxysporum f. sp. lycopersici by Host-Induced RNAi Confers Resistance to Fusarium 
Wilt in Tomato. Plant Molecular Biology Reporter 38:419-429. 



117 
Literature cited 

Skerratt, L. F., L. Berger, N. Clemann, D. A. Hunter, G. Marantelli, D. A. Newell, A. Philips, M. 
McFadden, H. B. Hines, B. C. Scheele, L. A. Brannelly, R. Speare, S. Versteegen, S. D. Cashins, 
and M. West. 2016. Priorities for management of chytridiomycosis in Australia: saving frogs 
from extinction. Wildlife Research 43:105-120, 116. 

Skerratt, L. F., L. Berger, R. Speare, S. Cashins, K. R. McDonald, A. D. Phillott, H. B. Hines, and N. 
Kenyon. 2007. Spread of Chytridiomycosis Has Caused the Rapid Global Decline and 
Extinction of Frogs. EcoHealth 4:125. 

Sofyanovich, O. A., H. Nishiuchi, K. Yamagishi, E. V. Matrosova, and V. A. Serebrianyi. 2019. Multiple 
pathways for the formation of the γ-glutamyl peptides γ-glutamyl-valine and γ- glutamyl-
valyl-glycine in Saccharomyces cerevisiae. PLOS ONE 14:e0216622. 

Son, M., J. Yu, and K.-H. Kim. 2015. Five Questions about Mycoviruses. PLOS Pathogens 11:e1005172. 
Springer, J. C., A. L. Davelos Baines, M. T. Chansler, and A. M. Jarosz. 2013. Evaluating the long-term 

storage of Cryphonectria parasitica. Fungal Genetics Reports 60:11-15. 
Stam, R., J. Jupe, A. J. M. Howden, J. A. Morris, P. C. Boevink, P. E. Hedley, and E. Huitema. 2013. 

Identification and Characterisation CRN Effectors in Phytophthora capsici Shows Modularity 
and Functional Diversity. PLOS ONE 8:e59517-e59517. 

Stegen, G., F. Pasmans, B. R. Schmidt, L. O. Rouffaer, S. Van Praet, M. Schaub, S. Canessa, A. 
Laudelout, T. Kinet, and C. Adriaensen. 2017. Drivers of salamander extirpation mediated by 
Batrachochytrium salamandrivorans. Nature 544:353-356. 

Stein, P., P. Svoboda, M. Anger, and R. M. Schultz. 2003. RNAi: mammalian oocytes do it without 
RNA-dependent RNA polymerase. Rna 9:187-192. 

Stevenson, L. A., R. A. Alford, S. C. Bell, E. A. Roznik, L. Berger, and D. A. Pike. 2013. Variation in 
Thermal Performance of a Widespread Pathogen, the Amphibian Chytrid Fungus 
Batrachochytrium dendrobatidis. PLOS ONE 8:e73830. 

Stice, M. J., and C. J. Briggs. 2010. Immunization is ineffective at preventing infection and mortality 
due to the amphibian chytrid fungus Batrachochytrium dendrobatidis. J Wildl Dis 46:70-77. 

Stockwell, M., J. Clulow, and M. Mahony. 2015. Evidence of a salt refuge: chytrid infection loads are 
suppressed in hosts exposed to salt. Oecologia 177:901-910. 

Stockwell, M., S. Clulow, J. Clulow, and M. Mahony. 2008. The impact of the Amphibian Chytrid 
Fungus Batrachochytrium dendrobatidis on a Green and Golden Bell Frog Litoria aurea 
reintroduction program at the Hunter Wetlands Centre Australia in the Hunter Region of 
NSW. Australian Zoologist 34:379-386. 

Stockwell, M. P., J. Clulow, and M. J. Mahony. 2010. Efficacy of SYBR 14/propidium iodide viability 
stain for the amphibian chytrid fungus Batrachochytrium dendrobatidis. Dis Aquat Organ 
88:177-181. 

Stockwell, M. P., J. Clulow, and M. J. Mahony. 2012. Sodium Chloride Inhibits the Growth and 
Infective Capacity of the Amphibian Chytrid Fungus and Increases Host Survival Rates. PLOS 
ONE 7:e36942. 

Strapps, W. R., V. Pickering, G. T. Muiru, J. Rice, S. Orsborn, B. A. Polisky, A. Sachs, and S. R. Bartz. 
2010. The siRNA sequence and guide strand overhangs are determinants of in vivo duration 
of silencing. Nucleic Acids Research 38:4788-4797. 

Sugiyama, K., S. Izawa, and Y. Inoue. 2000. The Yap1p-dependent induction of glutathione synthesis 
in heat shock response of Saccharomyces cerevisiae. J Biol Chem 275:15535-15540. 

Sun, B., T. Li, J. Xiao, L. Liu, P. Zhang, R. W. Murphy, S. He, and D. Huang. 2016. Contribution of 
Multiple Inter-Kingdom Horizontal Gene Transfers to Evolution and Adaptation of 
Amphibian-Killing Chytrid, Batrachochytrium dendrobatidis. Frontiers in microbiology 
7:1360-1360. 

Sun, G., Z. Yang, T. Kosch, K. Summers, and J. Huang. 2011. Evidence for acquisition of virulence 
effectors in pathogenic chytrids. BMC evolutionary biology 11:1-9. 

Sun, J., X. Li, P. Feng, J. Zhang, Z. Xie, E. Song, and L. Xi. 2014. RNAi-mediated silencing of fungal acuD 
gene attenuates the virulence of Penicillium marneffei. Medical Mycology 52:167-178. 



118 
Literature cited 

Sun, Q., G. H. Choi, and D. L. Nuss. 2009. A single Argonaute gene is required for induction of RNA 
silencing antiviral defense and promotes viral RNA recombination. Proc Natl Acad Sci U S A 
106:17927-17932. 

Sutherland, W. J., R. Aveling, T. M. Brooks, M. Clout, L. V. Dicks, L. Fellman, E. Fleishman, D. W. 
Gibbons, B. Keim, F. Lickorish, K. A. Monk, D. Mortimer, L. S. Peck, J. Pretty, J. Rockström, J. P. 
Rodríguez, R. K. Smith, M. D. Spalding, F. H. Tonneijck, and A. R. Watkinson. 2014. A horizon 
scan of global conservation issues for 2014. Trends in Ecology & Evolution 29:15-22. 

Suzuki, N., and D. L. Nuss. 2002. Contribution of protein p40 to hypovirus-mediated modulation of 
fungal host phenotype and viral RNA accumulation. J Virol 76:7747-7759. 

Swafford, A. J. M., S. P. Hussey, and L. K. Fritz-Laylin. 2020. High-Efficiency Electroporation of Chytrid 
Fungi. bioRxiv:2020.2005.2025.114942. 

Tabor, C. W., and H. Tabor. 1976. 1,4-Diaminobutane (putrescine), spermidine, and spermine. Annu 
Rev Biochem 45:285-306. 

Takahashi-Nakaguchi, A., E. Shishido, M. Yahara, S.-i. Urayama, K. Sakai, H. Chibana, K. Kamei, H. 
Moriyama, and T. Gonoi. 2020. Analysis of an Intrinsic Mycovirus Associated With Reduced 
Virulence of the Human Pathogenic Fungus Aspergillus fumigatus. Frontiers in microbiology 
10. 

Thapa, V., and M. J. Roossinck. 2019. Determinants of Coinfection in the Mycoviruses. Frontiers in 
Cellular and Infection Microbiology 9. 

Thapa, V., G. G. Turner, S. Hafenstein, B. E. Overton, K. J. Vanderwolf, and M. J. Roossinck. 2016. 
Using a Novel Partitivirus in Pseudogymnoascus destructans to Understand the Epidemiology 
of White-Nose Syndrome. PLOS Pathogens 12:e1006076. 

Thekkiniath, J. 2013. Molecular responses of Batrachochytrium dendrobatidis following exposure to 
thyroid hormone. 

Thorpe, G. W., C. S. Fong, N. Alic, V. J. Higgins, and I. W. Dawes. 2004. Cells have distinct mechanisms 
to maintain protection against different reactive oxygen species: Oxidative-stress-response 
genes. Proceedings of the National Academy of Sciences 101:6564-6569. 

Threlfall, C., D. Jolley, N. Evershed, R. Goldingay, and W. Buttemer. 2008. Do green and golden bell 
frogs Litoria aurea occupy habitats with fungicidal properties? Australian Zoologist 34:350-
360. 

Tillmann, A. T., K. Strijbis, G. Cameron, E. Radmaneshfar, M. Thiel, C. A. Munro, D. M. MacCallum, B. 
Distel, N. A. Gow, and A. J. Brown. 2015. Contribution of Fdh3 and Glr1 to Glutathione Redox 
State, Stress Adaptation and Virulence in Candida albicans. PLOS ONE 10:e0126940. 

Torres-Martínez, S., and R. M. Ruiz-Vázquez. 2017. The RNAi Universe in Fungi: A Varied Landscape of 
Small RNAs and Biological Functions. Annu Rev Microbiol 71:371-391. 

Torto, T. A., S. Li, A. Styer, E. Huitema, A. Testa, N. A. Gow, P. van West, and S. Kamoun. 2003. EST 
mining and functional expression assays identify extracellular effector proteins from the 
plant pathogen Phytophthora. Genome Res 13:1675-1685. 

Travella, S., T. E. Klimm, and B. Keller. 2006. RNA interference-based gene silencing as an efficient 
tool for functional genomics in hexaploid bread wheat. Plant Physiol 142:6-20. 

Turner, G. G., D. Reeder, and J. T. Coleman. 2011. A Five-year Assessment of Mortality and 
Geographic Spread of White-Nose Syndrome in North American Bats, with a Look at the 
Future. Update of White-Nose Syndrome in Bats. Bat research news 52:13. 

van de Vossenberg, B. T. L. H., C. Prodhomme, J. H. Vossen, and T. A. J. van der Lee. 2022. 
Synchytrium endobioticum, the potato wart disease pathogen. Mol Plant Pathol 23:461-474. 

Van den Wyngaert, S., K. Rojas‐Jimenez, K. Seto, M. Kagami, and H. P. Grossart. 2018. Diversity and 
hidden host specificity of chytrids infecting colonial volvocacean algae. Journal of Eukaryotic 
Microbiology 65:870-881. 

Van Diepeningen, A., A. Debets, S. M. Slakhorst, C. Fekete, L. Hornok, and R. F. Hoekstra. 1999. 
Interspecies virus transfer via protoplast fusions between Fusarium poae and black 
Aspergillus strains. Fungal Genetics Newsletter 47 (2000) 47. 



119 
Literature cited 

Van Heerden, S. W., and M. J. Wingfield. 2001. Genetic diversity of Cryphonectria cubensis isolates in 
South Africa. Mycological Research 105:94-99. 

Van Rooij, P., A. Martel, K. D'Herde, M. Brutyn, S. Croubels, R. Ducatelle, F. Haesebrouck, and F. 
Pasmans. 2012. Germ Tube Mediated Invasion of Batrachochytrium dendrobatidis in 
Amphibian Skin Is Host Dependent. PLOS ONE 7:e41481. 

Vanderwolf, K., D. Malloch, and D. McAlpine. 2016. Detecting viable Pseudogymnoascus destructans 
(Ascomycota: Pseudeurotiaceae) from walls of bat hibernacula: Effect of culture media. 
Journal of cave and karst studies the National Speleological Society bulletin 78:158-162. 

Vandesompele, J., K. De Preter, F. Pattyn, B. Poppe, N. Van Roy, A. De Paepe, and F. Speleman. 2002. 
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of 
multiple internal control genes. Genome Biol 3:Research0034. 

Verbrugghe, E., F. Pasmans, and A. Martel. 2019. Reference gene screening of Batrachochytrium 
dendrobatidis and Batrachochytrium salamandrivorans for quantitative real-time PCR 
studies. Scientific Reports 9:18534-18534. 

Vido, K., D. Spector, G. Lagniel, S. Lopez, M. B. Toledano, and J. Labarre. 2001. A proteome analysis of 
the cadmium response in Saccharomyces cerevisiae. J Biol Chem 276:8469-8474. 

Vogel, E., D. Santos, L. Mingels, T. W. Verdonckt, and J. V. Broeck. 2018. RNA Interference in Insects: 
Protecting Beneficials and Controlling Pests. Front Physiol 9:1912. 

Voyles, J., L. Berger, S. Young, R. Speare, R. Webb, J. Warner, D. Rudd, R. Campbell, and L. F. Skerratt. 
2007. Electrolyte depletion and osmotic imbalance in amphibians with chytridiomycosis. Dis 
Aquat Organ 77:113-118. 

Voyles, J., L. R. Johnson, J. Rohr, R. Kelly, C. Barron, D. Miller, J. Minster, and E. B. Rosenblum. 2017. 
Diversity in growth patterns among strains of the lethal fungal pathogen Batrachochytrium 
dendrobatidis across extended thermal optima. Oecologia 184:363-373. 

Voyles, J., D. C. Woodhams, V. Saenz, A. Q. Byrne, R. Perez, G. Rios-Sotelo, M. J. Ryan, M. C. Bletz, F. 
A. Sobell, S. McLetchie, L. Reinert, E. B. Rosenblum, L. A. Rollins-Smith, R. Ibáñez, J. M. Ray, E. 
J. Griffith, H. Ross, and C. L. Richards-Zawacki. 2018. Shifts in disease dynamics in a tropical 
amphibian assemblage are not due to pathogen attenuation. Science 359:1517-1519. 

Voyles, J., S. Young, L. Berger, C. Campbell, W. F. Voyles, A. Dinudom, D. Cook, R. Webb, R. A. Alford, 
L. F. Skerratt, and R. Speare. 2009. Pathogenesis of chytridiomycosis, a cause of catastrophic 
amphibian declines. Science 326:582-585. 

Vredenburg, V., C. J. Briggs, and R. Harris. 2011. Host pathogen dynamics of amphibian 
chytridiomycosis: the role of the skin microbiome in health and disease. Fungal Diseases: An 
Emerging Threat to Human, Animal, and Plant Health:342-355. 

Waddle, A. W., R. Rivera, H. Rice, E. C. Keenan, G. Rezaei, J. E. Levy, Y. S. Vasquez, M. Sai, J. Hill, A. 
Zmuda, Y. Lambreghts, and J. R. Jaeger. 2021. Amphibian resistance to chytridiomycosis 
increases following low-virulence chytrid fungal infection or drug-mediated clearance. 
Journal of Applied Ecology 58:2053-2064. 

Waddle, A. W., M. Sai, J. E. Levy, G. Rezaei, F. van Breukelen, and J. R. Jaeger. 2018. Systematic 
approach to isolating Batrachochytrium dendrobatidis. Dis Aquat Organ 127:243-247. 

Wang, J., M. Wu, B. Wang, and Z. Han. 2013. Comparison of the RNA interference effects triggered by 
dsRNA and siRNA in Tribolium castaneum. Pest Manag Sci 69:781-786. 

Wang, M., and H. Jin. 2017. Spray-Induced Gene Silencing: a Powerful Innovative Strategy for Crop 
Protection. Trends Microbiol 25:4-6. 

Wang, M., A. Weiberg, E. Dellota, D. Yamane, and H. Jin. 2017. Botrytis small RNA Bc-siR37 
suppresses plant defense genes by cross-kingdom RNAi. RNA Biology 14:421-428. 

Wang, M., A. Weiberg, F.-M. Lin, B. P. H. J. Thomma, H.-D. Huang, and H. Jin. 2016. Bidirectional 
cross-kingdom RNAi and fungal uptake of external RNAs confer plant protection. Nature 
plants 2:16151-16151. 

Warnecke, L., J. M. Turner, T. K. Bollinger, J. M. Lorch, V. Misra, P. M. Cryan, G. Wibbelt, D. S. Blehert, 
and C. K. Willis. 2012. Inoculation of bats with European Geomyces destructans supports the 



120 
Literature cited 

novel pathogen hypothesis for the origin of white-nose syndrome. Proc Natl Acad Sci U S A 
109:6999-7003. 

Watts, J. K., and D. R. Corey. 2012. Silencing disease genes in the laboratory and the clinic. J Pathol 
226:365-379. 

Webb, R., A. Philips, R. Speare, J. Connolly, and L. Berger. 2012. Controlling wildlife fungal disease 
spread: in vitro efficacy of disinfectants against Batrachochytrium dendrobatidis and Mucor 
amphibiorum. Dis Aquat Organ 99:119-125. 

Weiberg, A., M. Wang, F. M. Lin, H. Zhao, Z. Zhang, I. Kaloshian, H. D. Huang, and H. Jin. 2013. Fungal 
small RNAs suppress plant immunity by hijacking host RNA interference pathways. Science 
342:118-123. 

Werner, B. T., F. Y. Gaffar, J. Schuemann, D. Biedenkopf, and A. M. Koch. 2020. RNA-Spray-Mediated 
Silencing of Fusarium graminearum AGO and DCL Genes Improve Barley Disease Resistance. 
Frontiers in Plant Science 11. 

West, M., S. Anderson, R. A. Davis, R. Will, M. Scroggie, and K. M. Parris. 2020. Seasonal prevalence 
of the chytrid fungus in populations of the motorbike frog Litoria moorei. 

Wheeler, G. L., K. A. Quinn, G. Perrone, I. W. Dawes, and C. M. Grant. 2002. Glutathione regulates the 
expression of γ-glutamylcysteine synthetase via the Met4 transcription factor. Molecular 
microbiology 46:545-556. 

Whisson, S. C., A. O. Avrova, V. A. N. W. P, and J. T. Jones. 2005. A method for double-stranded RNA-
mediated transient gene silencing in Phytophthora infestans. Mol Plant Pathol 6:153-163. 

Wibbelt, G., A. Kurth, D. Hellmann, M. Weishaar, A. Barlow, M. Veith, J. Prüger, T. Görföl, L. Grosche, 
and F. Bontadina. 2010. White-nose syndrome fungus (Geomyces destructans) in bats, 
Europe. Emerg Infect Dis 16:1237. 

Wightwick, A., R. Walters, G. Allinson, S. Reichman, and N. Menzies. 2010. Environmental risks of 
fungicides used in horticultural production systems. Fungicides 1:273-304. 

Wojtaszek, P. 1997. Oxidative burst: an early plant response to pathogen infection. Biochem J 322 ( 
Pt 3):681-692. 

Woodhams, D. C., R. A. Alford, and G. Marantelli. 2003. Emerging disease of amphibians cured by 
elevated body temperature. Dis Aquat Organ 55:65-67. 

Woodhams, D. C., J. Bosch, C. J. Briggs, S. Cashins, L. R. Davis, A. Lauer, E. Muths, R. Puschendorf, B. 
R. Schmidt, B. Sheafor, and J. Voyles. 2011. Mitigating amphibian disease: strategies to 
maintain wild populations and control chytridiomycosis. Frontiers in Zoology 8:8. 

Woodhams, D. C., C. C. Geiger, L. K. Reinert, L. A. Rollins-Smith, B. Lam, R. N. Harris, C. J. Briggs, V. T. 
Vredenburg, and J. Voyles. 2012. Treatment of amphibians infected with chytrid fungus: 
learning from failed trials with itraconazole, antimicrobial peptides, bacteria, and heat 
therapy. Dis Aquat Organ 98:11-25. 

Wu, A. L., and W. S. Moye-Rowley. 1994. GSH1, which encodes gamma-glutamylcysteine synthetase, 
is a target gene for yAP-1 transcriptional regulation. Molecular and cellular biology 14:5832-
5839. 

Wylie, S. J., and M. G. K. Jones. 2011. The complete genome sequence of a Passion fruit woodiness 
virus isolate from Australia determined using deep sequencing, and its relationship to other 
potyviruses. Archives of Virology 156:479-482. 

Wytinck, N., D. S. Sullivan, K. T. Biggar, L. Crisostomo, P. Pelka, M. F. Belmonte, and S. Whyard. 2020. 
Clathrin mediated endocytosis is involved in the uptake of exogenous double-stranded RNA 
in the white mold phytopathogen Sclerotinia sclerotiorum. Sci Rep 10:12773. 

Xie, F., P. Xiao, D. Chen, L. Xu, and B. Zhang. 2012. miRDeepFinder: a miRNA analysis tool for deep 
sequencing of plant small RNAs. Plant Molecular Biology 80:75-84. 

Xie, J., and D. Jiang. 2014. New Insights into Mycoviruses and Exploration for the Biological Control of 
Crop Fungal Diseases. Annual Review of Phytopathology 52:45-68. 

Yadav, A. K., P. R. Desai, M. N. Rai, R. Kaur, K. Ganesan, and A. K. Bachhawat. 2011. Glutathione 
biosynthesis in the yeast pathogens Candida glabrata and Candida albicans: essential in C. 
glabrata, and essential for virulence in C. albicans. Microbiology 157:484-495. 



121 
Literature cited 

Yan, Y., J. Tang, Q. Yuan, H. Liu, J. Huang, T. Hsiang, C. Bao, and L. Zheng. 2022. Ornithine 
decarboxylase of the fungal pathogen Colletotrichum higginsianum plays an important role in 
regulating global metabolic pathways and virulence. Environmental Microbiology 24:1093-
1116. 

Yang, S. L., P.-L. Yu, and K.-R. Chung. 2016a. The glutathione peroxidase-mediated reactive oxygen 
species resistance, fungicide sensitivity and cell wall construction in the citrus fungal 
pathogen Alternaria alternata. Environmental Microbiology 18:923-935. 

Yang, X., Y. Wang, Y. Zhang, W.-H. Lee, and Y. Zhang. 2016b. Rich diversity and potency of skin 
antioxidant peptides revealed a novel molecular basis for high-altitude adaptation of 
amphibians. Scientific Reports 6:19866. 

Yao, Y., A. Yonezawa, H. Yoshimatsu, T. Omura, S. Masuda, and K. Matsubara. 2013. Involvement of 
riboflavin transporter RFVT2/Slc52a2 in hepatic homeostasis of riboflavin in mice. Eur J 
Pharmacol 714:281-287. 

Young, S., P. Whitehorn, L. Berger, L. F. Skerratt, R. Speare, S. Garland, and R. Webb. 2014. Defects in 
Host Immune Function in Tree Frogs with Chronic Chytridiomycosis. PLOS ONE 9:e107284. 

Yu, J., K.-M. Lee, W. K. Cho, J. Y. Park, and K.-H. Kim. 2018. Differential Contribution of RNA 
Interference Components in Response to Distinct Fusarium graminearum Virus Infections. J 
Virol 92:e01756-01717. 

Yu, X., B. Li, Y. Fu, J. Xie, J. Cheng, S. A. Ghabrial, G. Li, X. Yi, and D. Jiang. 2013. Extracellular 
transmission of a DNA mycovirus and its use as a natural fungicide. Proc Natl Acad Sci U S A 
110:1452-1457. 

Zamora-Ballesteros, C., B. D. Wingfield, M. J. Wingfield, J. Martín-García, and J. J. Diez. 2021. Residual 
Effects Caused by a Past Mycovirus Infection in Fusarium circinatum. Forests 12:11. 

Zamore, P. D., T. Tuschl, P. A. Sharp, and D. P. Bartel. 2000. RNAi: double-stranded RNA directs the 
ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. Cell 101:25-33. 

Zhang, D.-X., M. J. Spiering, and D. L. Nuss. 2014. Characterizing the Roles of Cryphonectria parasitica 
RNA-Dependent RNA Polymerase-Like Genes in Antiviral Defense, Viral Recombination and 
Transposon Transcript Accumulation. PLOS ONE 9:e108653. 

Zipkin, E. F., G. V. DiRenzo, J. M. Ray, S. Rossman, and K. R. Lips. 2020. Tropical snake diversity 
collapses after widespread amphibian loss. Science 367:814-816. 

Zoll, J., P. E. Verweij, and W. J. G. Melchers. 2018. Discovery and characterization of novel Aspergillus 
fumigatus mycoviruses. PLOS ONE 13:e0200511. 

 

 

 

 

 

 

 

 

 



122 
Appendix A- Viability 

 

 Appendices 

Appendix A 

This appendix contains additional images during the development of the methylene blue viability and 

growth assay (Chapter 2).  

  

Figure 8.1 Comparison between methylene blue and trypan blue stain on zoosporangia of different 

ages.  Dead cells stained blue with both methods, however, methylene blue provided a clearer 

distinction between live and dead fungi at all ages. Scale bar= 20 µM. 
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Figure 8.2 Stability of methylene blue staining. Serial images of the same slide were taken over 60 

min. The stained zoosporangia remained blue indicating that the stain stable and was not re-oxidised 

over 60 min. 

 

Australian Biostain Sigma  
Alive Dead Alive Dead 

    

    
Figure 8.3 Comparison of from methylene blue staining from two stain manufacturers, Australian 

Biostain and Sigma.  Both types of methylene blue stained dead cells blue leaving live cells unstained. 

The stain works on both the zoospore (upper image) and zoosporangia (lower image) life stage. 
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Figure 8.4 Effect of different concentrations of methylene blue on absorbance of eluted dye at 

different cell densities. Cells were fixed with ethanol before staining with methylene blue, washing 

and subsequent elution of bound dye. A concentration of 0.5 mg/mL methylene blue increased the 

absorbance compared to 0.1 mg/mL, although there was no improvement in staining with 1 mg/mL.  
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Appendix B 

Chapter 3 required substantial development and optimization of RT-qPCR protocols and 

determination of the minimal inhibitory concentration (MIC) for a range of stressors, as described in 

this Appendix. 

Section 1 RT-qPCT optimisation: Methods and results.  

Section 2 A note on mRNA expression in zoospores 

Section 3 Sub-lethal concentrations for stressors 

Section 4 Growth effects of glutathione modulators- BSO and GSH 

Section 5 Viability of cadmium + BSO treated cells.  

Section 6 Effect of varying BSO concentrations on stressed cells 

Section 7 Effect of varying glutathione concentrations on stressed cells.  
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SECTION 1: 

RT-qPCR optimisation methods 

Validation of GCL and GR primers  

The specificity of primers designed in this study was confirmed by PCR and agarose gel 

electrophoresis to ensure that they produced the expected product sizes in both DNA and cDNA.  The 

PCR was performed as a 25 µL reaction containing 15 ng of template, 2.5 µL 10X ThermoPol Reaction 

Buffer, 10 mM dNTP’s, 0.625 U Taq polymerase (NEB), with 0.2 µM of each forward and reverse 

primer. The reactions were performed on a Biorad S1000 thermocycler with an initial activation step 

of 95°C for 30 s, followed by cycles of 30 s 95°C denaturation, 30 s 55°C annealing, and 40 s 68°C 

extension for 35 cycles.  The PCR products (10 µL) were run on a 1.2% agarose gel with gel red 

(Biotium) and visualised under UV light. 

Table 8.1 primers used for GCL and GR gene expression quantification  

 

RT-qPCR primer efficiency 

The efficiency of each primer pair under the specific PCR conditions is required for expression 

calculations. The efficiency of APRT was obtained from published material. The efficiency of the GCL, 

α Centractin and 5.8s were calculated by a 4 point standard curve as follows. A mixed population of 

cells from an actively growing B. dendrobatidis culture was harvested for RNA extraction, followed by 

cDNA synthesis, and qPCR.  Pilot experiments indicated that a Zymo RNA extraction kit in conjunction 

with bead beating and DNAse treatment resulted in the best RNA yields, and this protocol was 

chosen for the remaining experiments.  Cells were pelleted, treated with 90 µL of RNA/DNA shield 

(Zymo), and subjected to 1 min of bead beating with 0.1 mm and 0.5 mm silica beads (Daintree 

Scientific) to break up the chitin cell walls.  RNA was extracted from the homogenized solution using 

the “Quick RNA micro kit” (Zymo), including a 15 min DNase treatment.  RNA concentration and 

purity was measured using a nanodrop, and RNA synthesised into cDNA using the QuantiTect reverse 

transcription kit (Qiagen).  To produce the standard curve, four x 10-fold dilutions of cDNA were 

prepared.  qRT-PCR was performed in a 20 µL reaction containing 1 µL of template, 1x Rotor-Gene 

SYBR green master mix and 1 µM of each forward and reverse primer.  Two replicates were included 

for each dilution point.  The reactions were run on a Rotorgene 6000 with an initial activation step of 

Gene  Forward Reverse Product size 

GCL 
(BATDEDRAFT_35498) 

TCGTACTCATGGCATCGCTC AGTGCGAGCATCCTTGTTGA 127bp in cDNA 
358bp in DNA 

GR (BATDEDRAFT_21097) CTGGGCAGTAGGACGGAATG CCCAAGAGCGTAAACACCCT 139bp in both 
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95°C for 5mins, followed by 35 cycles of a 5 s 95°C denaturation step and a 10 s 60°C 

annealing/extension step.  Primer efficiency was calculated using Rotorgene Q software.   

in vitro reference gene selection 

To evaluate the best reference genes for early life stages of B. dendrobatidis in vitro, the 

stability of each gene was compared over a range of samples.  RNA was harvested from synchronized 

cells at various time points (18-36h), followed by cDNA synthesis and RT-PCR as described earlier.  CT 

values were also retrieved from experiments in which the zoospores had been electroporated, giving 

a final sample size of n=35.  The CT values for each gene were analysed using different algorithms, 

including “BestKeeper” (Pfaffl et al. 2004), “Ref Finder” (Xie et al. 2012), Delta Ct (Silver et al. 2006) 

and “NormFinder” (Andersen et al. 2004).  NormFinder allows samples to be grouped, therefore 

additional analyses were run grouping samples together by age (18 h, 24 h, 30 h).  

in vivo reference gene selection  

To evaluate the best reference genes for B. dendrobatidis in vivo, the primer specificity was 

evaluated using BLAST and uninfected host tissue.  Each primer set was assessed for non-specific 

amplification using the NCBI Primer blast.  In addition, RNA was extracted from uninfected host 

tissue to confirm that the primers were only detecting B. dendrobatidis, and not host gene 

expression.  Two juvenile cane toads Rhinella marina were euthanized using 0.1% MS222.  The 

ventral pelvic patch skin (thighs and lower abdomen) was removed (Figure 8.5) and cut into very 

small pieces.  The skin was placed in individual 1.5 mL tubes containing 0.1 mm and 0.5 mm 

zirconia/silica beads (Daintree scientific) as well as 150 µL DNA/RNA shield (Zymo).  The tubes were 

then subjected to 3 x cycles of 1 min bead beating. RNA extraction, cDNA synthesis and RT-PCR was 

performed as described previously.  The target gene primers were also evaluated using this method 

to ensure that they would only detect B. dendrobatidis GCL.  
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Figure 8.5 Infection and harvesting of host tissue for in vivo gene expression.  A. Rhinella marinia toe 

in contact with live zoospores.  B. Ventral skin of R. marinia removed for RT-PCR. 

RT-qPCR optimisation results: 

The primers designed in this study produced amplicons of the expected product size (127 bp 

for GCl and 139 bp for GR). 

 

Figure 8.6 PCR amplicons. L= ladder (Gene Ruler 1kb+), GCL primer set, GR primer set in cDNA. 

The efficiency for the GCL primer pair and reference genes are listed in Table 8.2.  Reference 

gene analysis consistently ranked α centractin and APRT as the most stable for young zoosporangia in 

vitro (Table 8.3).  However, α centractin primers produced non-specific amplification when tested on 

uninfected host tissue.  Therefore, APRT and 5.8s were chosen as reference genes for in vivo 

experiments.  

Table 8.2 Primer efficiency 

Primer set Efficiency (%) 

GCL 91.5% 

α centractin 96.4% 

5.8s 118.4% 

APRT  96.9% (Verbrugghe et al. 2019)  
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Table 8.3 Ranking of in vitro reference genes 

Program Best  Second Third 

RefFinder  α centractin APRT 5.8s 

BestKeeper SD α centractin 5.8s APRT 

BestKeeper R α centractin APRT 5.8s 

Δ Ct  α centractin APRT 5.8s 

NormFinder α centractin APRT 5.8s 

 

Similar ΔCT values indicates that GCL is not upregulated in the cane toad infection model compared 

to the in vitro results (Table 8.4).  

Table 8.4 Results from expression analysis ΔCT APRT vs GCL 

ΔCT APRT vs GCLC 

 In vitro In vivo  

20h 1.34 2.63 

32h 2.69 1.99 

44h 2.18 3.03 

 

SECTION 2: 

mRNA expression in zoospores.  

It was noted that although 5.8s was the lowest ranked housekeeping gene for young 

zoosporangia (18-36 h), it was clearly the most stable when comparing between zoospores and 

zoosporangia.  Zoospores contained very little mRNA.  In these pilot experiments, the levels of GCL 

and the housekeeping genes α centractin, APRT and Cystn1 were all very low in the zoospore 

samples, compared with 5.8s, even though equal cell numbers were compared (3 x 106) and the 

spectrophotometric quantification (via Nanodrop, Thermo Scientific) indicated high total RNA 

concentrations.  The Ct value of 5.8s remained stable across the zoospore and zoosporangia sample, 

whereas the Ct values of α centractin, APRT, Cystn1 and GCL all decreased in the zoosporangia 

sample, correlated to higher expression in zoosporangia (Figure 8.7).  When mRNA expression is 

normalised to 5.8s, the fold change expression increases dramatically, eg: ~50-400-fold between the 

zoospore and zoosporangia sample for α centractin, APRT, Cystn1 and GCL (Figure 8.8).  

 



130 
Appendix B- Glutathione 

Zoospores Zoosporangia

0

10

20

30

40

C
T

 v
a
lu

e

5.8s

 centractin

GCL

Cytsn1

APRT

 

 

Figure 8.7 The Ct values between zoospore and zoosporangia samples. The Ct values of the rRNA 

reference gene 5.8s remain relatively stable between life-stages, whereas the genes encoding mRNA 

display decreased Ct values, indicating higher expression. 
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Figure 8.8 Fold-change in mRNA expression normalised to 5.8s rRNA.  Expression of reference genes 

(α centractin, APRT and Cystn1) and gene of interest (GCL) increases in zoosporangia compared to 

zoospores, when normalised to 5.8s. 
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SECTION 3 

Determining sub-lethal levels of stressors  

Methods: 

Zoospores (8.5 x 104 ) were plated in 96 well plates in TGhL broth and allowed to encyst 

overnight.  Various concentrations of stressors were added to the cells.  All chemical stressors 

were dissolved in water and filter sterilized before use. The hydrogen peroxide (H2O2) solution 

was freshly prepared from 30% stock solution (Merck), the cadmium (Cd) solution was prepared 

from CdCl2 salt, the terbinafine (TBF) solution was prepared from a commercial tinea spray (Ego 

SolvEasy), and the NaCl solution was prepared using laboratory grade NaCl (Sigma).  After 48 h 

growth was measured using the methylene blue assay, and calculated as relative to the 

untreated control. For heat tolerance, values were obtained from the literature (Greenspan et al. 

2017). 

Results: 

The ideal stress level for subsequent assays is a concentration that produces only a mild 

negative effect.  This level ensures that the stress levels are adequate, but also allows detection 

of increased susceptibility.  The concentration of each stressor selected is indicated by a dark 

shaded data point in the following graphs (Figure 8.9).  
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Figure 8.9 Sub-lethal concentrations of stressors. Young zoosporangia were exposed to H2O2, 

cadmium, terbinafine (TBF) or NaCl and growth was measured after 48 h using methylene blue. 

Relative growth was calculated relative to 0 mM control.  The sub-lethal concentrations were: 0.2 

mM H2O2 , 0.04 mM Cd, 0.1 µg/mL TBF, and 0.1 M NaCl. 

 

SECTION 4 

Growth effects of glutathione modulators 

Methods:   

Zoospores (8.5 x 104) were plated in 96 well plates and allowed to encyst overnight.  Various 

concentrations of buthionine sulfoximine (BSO) or glutathione (GSH) were added to the cells.  After 

48 h growth was measured using the methylene blue assay, and calculated as relative to the 

untreated control.  
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Figure 8.10 Relative growth of B. dendrobatidis at various BSO concentrations. The BSO 

concentrations required for adequate glutathione depletion (30 mM) also caused inhibited cell 

growth. 
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Figure 8.11 Relative growth of B. dendrobatidis at various GSH concentrations. Unexpectedly, 

glutathione concentrations above 2.5mM inhibited cell growth. 
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SECTION 5 

Viability of cadmium stressed cells. 

Glutathione depletion and subsequent cadmium (Cd) exposure inhibits cell growth, but the 

majority of cells are still viable (remain unstained with methylene blue) (Figure 8.12). 

0.04mM Cd only  0.04mM Cd + 30mM BSO 

  

Figure 8.12 Methylene blue staining of cells exposed to BSO and Cd. Cells stained blue are non-

viable. The cells in the Cd + BSO treatment are small with large vacuoles, but mostly still viable. 

Effect of varying BSO concentrations on stressed cells 

Zoospores (8.5 x 104) were plated in 96 well plates and allowed to encyst overnight.  Various 

concentrations of buthionine sulfoximine (BSO) were added to the cells, followed by addition of the 

stressor 6 h later.  After 48 h growth was measured using the methylene blue assay, and calculated 

as relative to the untreated control.  
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Figure 8.13 Effect of varying BSO concentrations on stressed cells. A=H2O2 (oxidative stress), B= Cd 

(heavy metal stress), C= NaCl (osmotic stress), D= heat stress.  

Exposure to various concentrations of glutathione to stressed cells 

Zoospores (8.5 x 104) were plated in 96 well plates and allowed to encyst overnight.  Various 

concentrations of glutathione (GSH) were added to the cells, followed by addition of the stressor 3 h 

later.  After 48 h growth was measured using the methylene blue assay, and calculated as relative to 

the untreated control.  

 

A 

0 2 4 6

0

10

20

30

GSH (mM)

R
e
la

ti
v

e
 g

ro
w

th

Control

H2O2

 

 

 

 



137 
Appendix B- Glutathione 

B 

0 2 4 6

0

10

20

30

GSH (mM)

R
e
la

ti
v

e
 g

ro
w

th

Control

Cd

 

C 

 

0 2 4 6

0

10

20

30

GSH (mM)

R
e
la

ti
v

e
 g

ro
w

th

Control

TBF

 

D 

0 2 4 6

0

10

20

30

GSH (mM)

R
e
la

ti
v

e
 g

ro
w

th

Control

NaCl

 

 

 



138 
Appendix B- Glutathione 

E 

0 2 4 6

0

10

20

30

GSH (mM)

R
e
la

ti
v

e
 g

ro
w

th

Control

Heat

 

Figure 8.14 Effect of GSH on stressed cells. A=H2O2 (oxidative stress), B= Cd (heavy metal stress), C= 

TBF (Fungicidal stress), D=NaCl (osmotic stress), E=heat stress. 
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Appendix C 

Chapter 3 required substantial optimisation with respect to siRNA delivery and protein 

quantification and is described in the following section. This Appendix also includes images used to 

determine viability of cells subjected to cadmium stress.  

Section 1: siRNA delivery- Initial trials 

Section 2: siRNA delivery-Electroporation optimisation  

Section 3: Protein quantification- Western Blot optimisation 

Section 4: RT-qPCR normalisation with rRNA 

Section 5: Full sized western blot images 

Section 6: Viability images of siRNA treated cells under Cd stress. 
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SECTION 1 

siRNA delivery- Initial trials. 

Methods 

There are various methods for delivering genetic material into cells, each with multiple 

variables to optimise.  At the time of experimentation, there were no published methods to deliver 

genetic material to B. dendrobatidis cells. Therefore, it was necessary to trial a variety of 

methods/variables to determine the most effective delivery methodology. Lipotransfection, 

electroporation and PEG-mediated transformation were all tested (Table 8.5).  Because uptake of 

dsRNA has been observed in fungi, termed RNA scavenging (Jöchl et al. 2009), I also included a 

treatment incubating the siRNA directly with the cells without any additional manipulation.  All 

experiments used siRNA#1, modified to include a Cy3 fluorescent tag to visualise siRNA delivery.  

Lipotransfection experiments generally followed the manufacturer’s recommendations, with varied 

concentrations and siRNA concentrations in both zoospores and zoosporangia.  Electroporation 

experiments used either HEPES buffer (Ozeki et al. 1994) or Petri’s buffer (Huitema et al. 2011), and 

explored different volumes, siRNA concentrations, pulse waveform, voltage and capacitance. PEG 

experiments were conducted by slowly adding a PEG/LiAc solution to either zoospores or 

zoosporangia (Thekkiniath 2013), and explored different reagent concentrations, exposure durations 

and inclusion of a heat shock treatment.  For each of the lipotransfection/electroporation or PEG 

experiments, the control was siRNA added to cells without any further treatment.  After each 

transformation attempt, the cells were transferred to a 12 well plate containing TGhL broth and a 

sterilised circular glass coverslip.  Zoosporangia adhered to the coverslip, which was removed after 

the appropriate incubation for microscopic observation.  A Cy3 filter was used to count fluorescing 

cells and estimate transformation efficiency.  If necessary, extracellular fluorescence was quenched 

using a drop of trypan blue, and cell viability was determined using a drop of methylene blue and 

light microscopy. 
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Table 8.5 Summary of different siRNA delivery techniques trialed. 

siRNA delivery method siRNA 
concentration 

Other variables  

Lipotransfection – Dharmacon 
5 x experiments  

25 nM-100 nM Reagent type: Red, yellow, and blue buffers 
(Dharmacon) 
Reagent concentration: 0.25-0.5% 
Temperature: 4-21°C 
Life stage: zoospores, zoosporangia. 
 

RNAi max – Thermo 
1 x experiment 

12.5 nM Reagent concentration: 3% 
Life stage: zoospores, zoosporangia. 
 

Electroporation  
6 x experiments  
 

1 mM-3 mM  Wave: exponential  
Voltage: 400-550 V 
 

PEG/LiAc  
6 x experiments  

0.5 µM-2 µM Reagent concentration: 15-40% 
Life stage: zoospores, zoosporangia 
Temperature: 20-30°C 

RNA scavenging  
4 x experiments 

1 µM Growth media: 10%-100% TGhL 
Life stage: zoospores, zoosporangia. 
Washing: Micrococcal nuclease 
  

 

Results:  

A range of transformation methods were tested for delivering fluorescently tagged siRNA into B. 

dendrobatidis cells.  Early attempts were complicated by two factors: the discovery that the siRNA 

bound to the outside of the zoosporangia wall, and that dead zoosporangia were brightly stained by 

fluorescent siRNA.  Extracellular bound fluorescent siRNA obscured the cell, making it difficult to 

determine if the contents were also fluorescing.  Washing or treating the cells with micrococcal 

nuclease did not remove the bound siRNA. This problem was eventually overcome by the addition of 

trypan blue to quench extra cellular fluorescence (Figure 8.15). Trypan blue revealed that 

intracellular florescence was much less common, indicating that delivery of siRNA had not occurred.  

Also, the observation that dead sporangia were strongly stained by the fluorescent siRNA raised the 

difficulty of distinguishing if the siRNA had been successfully delivered, or if the cell had been killed 

by electroporation.  Adding a drop of methylene blue without moving the slide from the stage 

enabled fluorescing cells to be identified as live or dead (Figure 8.16). Overall, there was no 

technique that consistently produced high transformation efficiency.  In many cases, the siRNA-only 

control had similar levels of fluorescing cells compared to the treatment cells, along with higher 

survival.  An electroporation protocol to deliver dextran was published during my optimisation 

experiments (Swafford et al. 2020) hence this protocol was adopted for all further experiments.  
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Figure 8.15. Effect of trypan blue. Trypan blue quenches extracellular fluorescence after Cy3-siRNA 

delivery A: Zoosporangia incubated with fluorescently tagged siRNA which is bound to the cell wall B: 

Cells from the same sample with trypan blue added to quench cell wall bound fluorescence. 
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Figure 8.16 Methylene blue staining after siRNA delivery.  Methylene blue distinguishes dead 

fluorescing cells from live cells with successful siRNA delivery. 

 

SECTION 2 

Optimisation of siRNA delivery via electroporation 

Methods:  

Electroporation was chosen as the siRNA delivery method.  Zoospores were electroporated 

following protocols developed for delivering fluorescent dextran (Swafford et al. 2020).  Zoospores 

(1.2 x 107) in 100 µL SM buffer were added to a 4 mm cuvette (Bulldog Bio), along with 100 µL of 

siRNA (in Horizon buffer). The cuvette was incubated on ice for 10 min before exposure to 2 x 3 ms 

square wave pulses, with a 5 s interval.  Immediately following electroporation, the cuvette was 

incubated on ice for a further 10 min, after which 200 µL ice cold 1% tryptone was gently added 

before a final 10 min incubation to allow the zoospores to recover.  A range of voltages and siRNA 

concentrations were tested, with a total of seven experiments (Table 8.6).  Each experiment included 

a control without siRNA to test the effect of electroporation alone (E+R-), a control without 

electroporation to provide information on background staining due to non-specific uptake of the 

siRNA (E-R+), as well as a negative no-electroporation and no-siRNA control (E-R-). In addition, a 
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dextran control was included for comparison.  After electroporation and recovery, the entire 400 µL 

was removed from the cuvette and diluted with 5 mL 1% tryptone, spun at 2500 x g/4°C for 5 min 

and the supernatant removed.  This process was repeated for a total of 3 washes with 1% tryptone, 

and a further 2 washes with Bonners salts.  After washing the final pellet was resuspended in 500 µL 

Bonners salt solution. Flow cytometry (BD LSRFortessa DUEL) was utilised to quantify the percentage 

of zoospores that successfully received siRNA.  From each treatment, 400 µL zoospore solution was 

fixed 1:1 with fixation buffer (PFA, sucrose and sodium phosphate) on ice for 20 min.  Fixation buffer 

was removed by centrifugation at 2200 x g for 5 min, and the pellet resuspended in 200 µL Bonners 

salts.  The zoospore solution was protected from light and stored at 4°C for approximately 1 h until 

flow cytometry analysis was performed.  Prior to analysis, zoospore suspensions were diluted with 

saline and gently vortexed.  A total of 104 cells were analysed using forward scatter, side scatter and 

FITC.  Survival and transformation rates were calculated using machine software. The E-R- control 

from each day was used to identify and gate the population of single, intact, non-fluorescing cells.  

These gates were then used to quantify percent survival. Percent survival of the experimental 

treatments was calculated in respect to the untreated control (E-R-).  Intact cells displaying FITC 

fluorescence higher than that of the control were considered to have successfully received siRNA.  

The background fluorescence in the E-R+ control was subtracted to give a final transformation 

percentage. Transformation efficiency was calculated by multiplying the percent transformed by the 

survival rate. Fluorescent intensity data was analysed using FlowJo software (Treestar, BD).  Relative 

fluorescence intensity was obtained by subtracting the intensity of the E-R- control for that 

experiment.  

Table 8.6 Electroporation parameters tested. Combinations of siRNA concentration and voltages 

tested indicated in green.  

 750 V 1000 V 1250 V 1500 V 

0.5 µM     

3 µM     

12.5 µM     

 

Results: 

 Electroporation successfully delivered siRNA into B. dendrobatidis zoospores. Both siRNA 

concentration and voltage affected the transformation rate (Figure 8.17).  Low concentrations and 

voltages resulted in a lower percentage of transformed zoospores, whereas higher concentrations 

and voltages increased the transformation rate. Zoospore survival was affected by voltage, with 1500 

V resulting in a dramatic decline in survival (Figure 8.18). Survival was generally lower in the presence 
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of siRNA compared to the electroporation only control, although this difference was not significant 

(Paired T-test P=0.49). Overall transformation efficiency (survival x percent transformed) was highest 

in the mid-range voltages (1000-1250 V) and in the mid to high range of tested concentrations (3-

12.5 µM) (Figure 8.19).  I chose 3 µM siRNA with 1000 V electroporation as the parameters for 

further experiments. 
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Figure 8.17 Percentage of transformed zoospores after electroporation. Transformation rates 

increased with siRNA concentration and voltage. 
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Figure 8.18 Zoospore survival after electroporation. Survival was reduced at 1500v. 
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Figure 8.19 Transformation efficiency of different electroporation parameters. Transformation 

efficiency calculated as survival x percent transformed.  
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SECTION 3 

Western blot optimisation 

Methods:    

As there are no published methods to quantify protein for B. dendrobatidis using western 

blot, I assessed two buffers and cell lysis methods, and determined the minimum amount of protein 

required for visualisation.  A commercial buffer (RIPA ThermoFisher) was compared to a Tris based 

buffer.  Cell lysis via sonication (3 cycles x 20 s 10% amplitude pulses) was compared to bead beating 

(4 cycles x 30 s with 0.1 and 0.05mm beads). Protein was measured using a Bradford assay, and 

concentrations of 0.02 µg to 34 µg were trialled. The protein from the pilot trials was run on a PAGE 

gel and stained with Instant Blue to compare yield and band sharpness.  The proteins were then 

transferred to PVDF membrane for western blot.  The optimal buffer, lysis method and protein 

concentration was determined by visualisation of the western blot under UV light using the G-box 

software. 

Results:  

The Tris buffer was clearly superior for protein extraction compared to the commercial RIPA 

buffer. Cell lysis via sonication produced a higher protein yield, but bead beating produced clearer 

bands on the page gel (Figure S6). Using the Tris lysis buffer and bead beating, 5 µg of protein was 

enough to produce a clear band after western blot (Figure 8.20). Hence this protocol used for further 

experiments. 

 

Figure 8.20 SDS-PAGE gel comparing the cell lysis and protein extraction efficiency of bead beating 

and sonication. Sonication produced higher protein yield, but bead beating produced clearer bands. 
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Figure 8.21 Western blot of GCL protein in B. dendrobatidis total protein extracts. The minimum total 

protein quantity required for sufficient detection is 5 µg.  
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SECTION 4 

Additional mRNA analysis of GCL knockdown with rRNA reference gene  

In Chapter 3, analysis of reference genes ranked α centractin and APRT as the most stable.  

However, the time course experiment had large variation in fold change results using these genes for 

normalisation at 18-30 h post siRNA delivery.  In Chapter 3 it was noted that the ribosomal reference 

gene 5.8s was much more stable during the transition from zoospore to zoosporangia.  Therefore, 

the gene expression data from the earlier time points was re-analysed using 5.8s as the reference 

gene. This produced less variation and indicated that there was significantly less GCL mRNA in the 

siRNA#1 treated cells compared to the control siRNA treated cells at 18 h (Figure 8.22). 
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Figure 8.22 Relative gene expression at 18-30 h, normalised to 5.8s.  Cell treated with siRNA#1 had 

significantly less GCL mRNA at 18 h post siRNA delivery (p=0.0124) when normalised to 5.8s. 

 

SECTION 5 

Full size western blot  

The western blot images in the main text were cropped for clarity.  The full images with 

loading control and ladder are included below for 48 h (Figure 8.23) and 56 h (Figure 8.24). 
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Figure 8.23 Full sized western blot of protein extractions from cells incubated for 48 h after siRNA 

treatment. The blot was separated just below the 70kDa mark (darkly stained mark on ladder), the 

top section contains the GCL protein, the bottom section contains the actin loading control and non-

specific actin band.  A pre-stained ladder is on either side (ThermoFisher-PageRuler). 

 

Figure 8.24 Full sized western blot of protein extractions from cells incubated for 56 h after siRNA 

treatment. The blot was separated just below the 70kDa mark, the top section contains the GCL 

protein, the bottom section contains the actin loading control and non specific actin band.  A faint 

pre-stained ladder is on either side (ThermoFisher-PageRuler). 
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SECTION 6 

Viability of siRNA treated cells 

Methylene blue was used to determine cell viability (Chapter 2) of the siRNA treated cells 

after exposure to Cd stress. There was no obvious difference between control siRNA and GCL siRNA 

treated cells (Figure 8.25).  
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Figure 8.25  Methylene blue staining to estimate viability of siRNA treated cells exposed to cadmium 

(Cd). There was no difference in viability of siRNA treated cells compared to the control.  
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Appendix D 

This appendix contains extra information in relation to Chapter 5 (Mycovirus screening).  

Geographical site characteristics of the freshly collected isolates 

New B. dendrobatidis isolates were collected from a variety of habitats around Australia 

Table 8.7 Site information for new isolates collected by R Webb 

Site  Amphibian  Description  Additional information  

Yanchep  

-31.548299, 115.681952 

Adult 

Litoria moorei 

Large lake, National park Water: 20°C, EC=748, pH=6.70

 salt=478 

Gwelup 

-31.876608, 115.793290 

Adult 

Litoria moorei 

Litoria adelaidensis 

Medium lake, Suburban  Water: 16°C, EC=522, pH=7.29

 salt=334 

Augusta  

-34.287352, 115.153576 

Adult 

Crinia georgiana 

Roadside seep, farmland Water: 13°C, EC=652, pH=7.04, 

salt=417 

Dunsborough 

-33.634241, 115.120600 

Adult 

Litoria adelaidensis 

Roadside seep, farmland Water: 10°C, EC=790, 

pH=6.86 salt=505 

Nannup 

-33.936461, 115.743564 

Adult  

Crinia georgiana 

Roadside seep, forest Water: 10°C, EC=169, 

pH=6.98 salt=108 

Frenchmans creek 

-17.304099, 145.916183 

Larvae 

Litoria sp 

Lowland fast flowing stream, 

Rainforest  

95 m elevation  

Tully River 

-17.765604, 145.639052 

Larvae 

Litoria sp 

Lowland fast flowing stream, 

Rainforest 

 

Kirrama bridge 10 

-18.21087 145.80671 

Larvae 

Litoria sp 

Upland fast flowing stream, 

rainforest 

710 m elevation  

Gap Creek 

-28.049577, 152.383142 

Larvae 

Mixophyes fleayi 

Slow flowing stream, 

Subtropical Rainforest 

Water: 17°C, pH=7.22,  720 m 

elevation  

Dalrymple Creek  

-27.980320,152.348408 

Larvae 

Mixophyes fleayi 

Mixophyes fasciolatus 

Slow flowing stream, Tall open 

forest 

Water 15°C, pH=7.33,  690 m 

elevation 

Armidale 

-30.559654, 152.345979 

Larvae 

Mixophyes balbus 

Fast flowing stream, Tall open 

forest 

 

EC = electrical conductivity, salt = parts per million  
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Primers used to validate dsRNA extraction 

The dsRNA extraction protocol developed in this thesis was validated using a positive control 

fungal isolate known to be infected with three mycoviruses. After dsRNA extraction, PCR was 

performed using the following primers (Table 8.8).  

Table 8.8 Primers used to confirm successful extraction of vial dsRNA by modified cellulose protocol 

Virus Forward 5’-3’ Reverse 5’-3’ Product  size 

CbEVB CCAATGCGTAGCAGACCTGT GTTTCCGCACTTGATTVVAT 918 bp 

CbEVC GCAATGAGGAGGCAGAAGAG GCCAACATGCGAAGGAATAC 809 bp 

CbEVD AGATTTGCAGAAGCGTGGTT AGCGTGGATGATAAGGTTGG 631 bp 

 

 

Identification of B. dendrobatidis cells in amphibian tissue.   

New B. dendrobatidis isolates were collected from naturally infected amphibian tissue. After 

removal of toe webbing or mouthparts, the tissue was examined for the presence for circular bodies 

to indicate B. dendrobatidis infection (Figure 8.26).  

 

Figure 8.26 Wet preparation of infected amphibian tissue.  B. dendrobatidis zoosporangia are visible 

as circular bodies (arrows). 

 

 

 

 


	Front Pages
	Title Page
	Acknowledgements
	Statement of the Contribution of Others
	Abstract
	Publications and presentations in support of this thesis
	Table of Contents
	List of Tables
	List of Figures

	Chapter 1 General Introduction
	Chapter 2 Viability Assay
	Chapter 3 Role of Glutathione
	Chapter 4 Development of RNAi
	Chapter 5 Mycovirus screen
	Chapter 6 Discussion
	Chapter 7 Literature cited
	Chapter 8 Appendices
	Appendix A
	Appendix B
	Appendix C
	Appendix D




