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ABSTRACT

Abstract

This thesis comprised of six chapters addressing two main aims: 1) To determine the role
of serotonin in the pathogenesis of Batrachochytrium dendrobatidis (Bd) and 2) To determine
if glutathione is involved in Bd’s ability to evade host immune defences. Chapter 1 is an
introduction and literature review of the virulence of the fungus Bd. Bd causes the disease
chytridiomycosis and is a major cause of the global decline and extinction of amphibians.
Previous studies of Bd susceptible populations of endangered alpine tree frogs (Litoria
verreauxii alpina) in Australia, found that the levels of the skin metabolite serotonin (5-
hydroxytryptamine) increased in the more susceptible populations, as infection progressed,
but then decreased in the terminal stages of the disease. The correlation between the levels of
skin serotonin and disease progression suggests that serotonin may be part of an immune
response against Bd.

Serotonin is well studied as a neurotransmitter, but is also known to have antimicrobial,
antifungal, and immunosuppressive effects. The amino acid tryptophan (Trp) is synthesized
into 5-hydroxytryptophan, and then into serotonin. Oxidized Trp can become kynurenine
(Kyn), a structural analog of serotonin, which has been shown to suppress amphibian
lymphocytes in vitro. Frogs synthesize serotonin from exogenous Trp (frog are unable to
produce Trp), while Bd produces Trp and Kyn, but does not make serotonin. Finally, some
fungi have developed antioxidant defences against the reactive oxygen species from the host
immune system, by using a process known as protein glutathionylation. Chapter 1 considered
the role of glutathione in the ability of Bd to evade host immune defences.

The objective of Chapter 2 was to examine the role of serotonin in the pathogenesis of
Bd, by determining the effects of serotonin and structural analaogues on Bd and lymphocytes
in vitro. Growth assays were performed by treating Bd with serotonin and various structural
analogues. The results showed that Bd growth decreased with increasing concentrations of
serotonin (minimum inhibitory concentration was between 1.5 mM and 2 mM). The
structural analogues Kyn and Trp did not reduce sporangial growth, suggesting that only the
conversion of Trp into serotonin within frog skin may inhibit Bd growth. A structure-activity
relationship analysis showed that the terminal primary amine (NH2) and 5-membered ring of
serotonin were important for inhibiting sporangial growth. Human Jurkat lymphocytes were
grown as a proxy for amphibian lymphocytes in serotonin and Kyn, and a viability assay was
performed. Human Jurkat lymphocytes from a patient are immortalized human T cell

lymphocytes obtained from the blood of a boy with T cell leukemia (Schneider et al., 1977).
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ABSTRACT

Serotonin and Kyn both inhibited human Jurkat lymphocyte growth. The host serotonin
production may increase in susceptible frogs due to pathogen excretion of Trp, but may
decrease in moribund frogs with reduced host metabolic activity. This study suggests that
serotonin may have both antifungal and immunosuppressive effects.

Frog skin contains mucous and granular glands that contain biogenic amines that could
affect immunity to Bd. Therefore, the presence and amount of granular gland serotonin was
compared between four amphibian species (common eastern froglets (Crinia signifera),
southern corroboree frogs (Pseudophryne corroboree), Baw Baw frogs (Philoria frosti), and
cane toads (Rhinella marina)) that differ in resistance to chytridiomycosis. Hence, the
objectives of Chapter 3 were to determine the location and amount of serotonin in frog and
toad skin. Dorsal and ventral skin sites were compared in all species. Additional factors such
as age were examined in the cane toads and infection status in the southern corroboree frogs,
and a serotonin treatment (0.44 g/L serotonin bath) was administered in common eastern

froglets.

Immunohistochemistry (IHC) was used to visualise the location of serotonin within frog and
toad skin and high-performance liquid chromatography (HPLC) was used to quantify the
amount within the skin. The location of the skin (dorsal versus ventral) did not have an effect
on the amount of serotonin detected except in the southern corroboree frogs which had
greater levels in dorsal skin. Serotonin was detected in all age classes in the cane toads.
Overall, more susceptible species had less serotonin in their skin, suggesting that serotonin’s
antifungal effects may inhibit Bd in some hosts. This contrasts with previous work (Chapter
2) on alpine tree frogs where the more resistant population had lower serotonin levels when
infected. Chapter 4 aimed to understand how serotonin inhibits Bd growth. Bd was grown
with various concentrations of serotonin and luminescent assays were used to determine both
the overall protease activity and the caspase-3/7 activity as a measure of apoptosis. The
protease assay showed that total Bd zoospore protease activity decreased with increased
concentrations of serotonin, possibly due to reduced cellular metabolic activity. Similarly, Bd
was grown with various concentrations of serotonin, and RT-PCR was performed on three
highly expressed protease genes. Semi-quantitative analysis showed that there was no
difference in gene expression in highly expressed protease genes (aspartyl protease (ASP),
serine peptidase (S41), and fungalysin metallopeptidase (M36)) in untreated and serotonin
treated Bd. Real time quantification of expression of a wider array of genes expression would

allow detection of more and smaller differences in gene expression between groups. After
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ABSTRACT

performing a caspase assay, we found a decrease in caspase (apoptosis-mediator) activity
with increased concentrations of serotonin. Therefore, Bd is not likely to be undergoing

increased apoptosis in the presence of serotonin.

To determine if serotonin inhibited the Trp biosynthetic pathways, Bd zoospores were
grown and supplemented with Trp and Kyn. Results showed that treatment of Trp and Kyn
does not restore growth of Bd with increasing concentrations of serotonin. Bd was grown
with various concentrations of serotonin, and RT-PCR was performed to determine the
expression of the Trp synthase gene. Trp gene expression in Bd showed no differences
between untreated and serotonin treated Bd. Kyn is believed to cause immunosuppression of
lymphocytes via apoptosis, hence, a caspase assay was performed to detect if apoptosis
occurred in Bd treated with serotonin. The results showed that caspase activity decreased
with increased concentrations of serotonin further supporting a disruption of metabolic
activity by serotonin. This could also be the mechanism of Bd cell death. The viability results
suggest that serotonin becomes progressively more fungicidal to Bd as concentrations of
serotonin increase. The effect of serotonin at high concentrations may not correspond to an

impact on virulence in vivo.

Many pathogens use glutathione (GSH) to protect against host reactive oxygen species
that are part of immune defences. Therefore, the objective of Chapter 5 was to determine the
role of glutathione in Bd’s ability to evade host immune defenses. Bd was treated with i. a
sublethal dosage of hydrogen peroxide (H20>) as a proxy for host reactive oxygen species, ii.
serotonin which in inhibits in vitro Bd growth in vitro, and iii. buthionine sulfoximine (BSO),
which inhibits the rate-limiting enzyme in glutathione synthesis. The Bd cultures were
analyzed via 1-D and 2-D Western blot, and 2-D gel electrophoresis and mass spectrometry
to identify differences in glutathionylated proteins. The Western blots showed that oxidative
stress had an effect on numerous glutathionylated proteins in Bd. Glutathionylated enolase
was identified in the untreated control, but the enzyme was not glutathionylated at a sublethal
concentration of H>O». a-Enolase is found in many species of fungi and plays a part in the
glycolytic pathway. This glutathionylated pattern and cellular abundance suggests a role for
enolase as a glutathione reservoir. Therefore, enolase may provide reducing agents for Bd as
a protective mechanism against host oxidative stress. For serotonin, the results showed that

Bd does not appear to use protein glutathionylation to protect proteins from the inhibitory
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effects of serotonin. Finally, There was no observable difference in glutathionylation of
proteins in the untreated control and BSO control.

Lastly, Chapter 6 discusses the overall conclusions of this thesis, gaps in knowledge, and
suggestions for future areas of investigation. In summary, serotonin is a bioactive compound
with diverse functional effects, and further work is needed to determine its likely context
specific roles in the pathogenesis of chytridiomycosis. Additional studies on glutathione
stores may provide insight into Bd’s mechanisms of resistance against host immune defences,
while identification of glutathionylated proteins may help characterise virulence factors in
Bd. Given the apparent lack of a cellular immune response from amphibians to Bd, further
work to understand metabolic immune responses and their role in resistance to
chytridiomycosis are warranted even though as shown here, they can be complicated and

require substantial effort to understand.
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CHAPTER 1

CHAPTER 1 | General Introduction

1.1 | Pathogenic fungi

As 0of 2019, 25% of the world’s plant and animal species were threated with
extinction (IPBES, 2019a). The loss of biodiversity (the variety of living organisms) is
largely due to anthropogenic causes, including overexploitation (Maxwell et al., 2016),
habitat loss (Brooks et al., 2002), climate change (Thomas et al., 2004), toxicity of the
environment (De Laender et al., 2014), introduction of invasive species (Simberloff, 2014),
and pathogen pollution (Cunningham et al., 2003). Pathogens have greatly influenced the
dynamics of wild animal populations, through emerging infectious diseases and introduced
pathogens from captive-bred animals. For example, ranavirus has been transmitted into the
wild by farmed American bullfrogs (Lithobates catesbeianus) that escaped into the
environment (Ruggeri et al., 2019, Both et al., 2011). Changes in human and domestic animal
migrations and trade of products and food are major means of transmitting pathogens
globally.

Pathogenic fungi have caused population declines in a wide variety of animal taxa and
environments; Pseudogymnoascus destructans. causes white-nose syndrome and has caused
significant decline in bats (Gargas et al., 2009), Batrochochytrium dendrobatidis (Bd) causes
chytridiomycosis and widespread declines and extinction of amphibian species (Berger et al.,
1998a), Fusarium solani results in hatching failure in loggerhead sea turtles (Sarmiento-
Ramirez et al., 2010), Aspergillus sydowii causes sea-fan aspergillosis in soft coral species
(Kim and Harvell, 2004), and Nosema spp. cause colony collapse disorder and population
declines in bees (Kim and Harvell, 2004).

Many emerging fungi have a broad host range that helps them spread widely and
persist in the environment (Fisher et al., 2012). For exampe, the fungus Bd infects over 700
species of amphibians (Olson and Ronnenberg, 2014), while the fungus responsible for
sudden oak death and ramorum blight, Phytophthora ramorum, infects over 100 plant species
(Grunwald et al., 2008). Other strategies that pathogenic fungi use to persist and disperse in
the environment include having saprobic life-stages or producing long-lived resistant spores
(Fisher et al., 2012).

Some fungal pathogens are highly virulent and can cause mass mortality, leading to
population declines or extinction. Virulence factors are mechanisms that increase disease
severity, and include the production of molecules that improve infectivity or host immune

system evasion. Pathogenicity is the ability to cause disease, whereas virulence is the degree
1
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of pathogencity. A well-studied example is Aspergillus fumigatus which causes liver damage
and produces aflatoxins with immunosuppressive effects on macrophage function in humans
(Williams et al., 2004, Neldon-Ortiz and Qureshi, 1991). Fungal virulence can also vary
among host species. In the globally distributed fungus Bd, virulence can vary amongst strains
and amphibian hosts (Dang et al., 2017). In Brazil, Bd lineages have hyrbridized (Schloegel

et al., 2012) and have high virulence in native host species (Greenspan et al., 2018).

1.2 | Chytridiomycosis
1.2.1 | Global amphibian declines

The pathogenic fungus Bd causes the disease chytridiomycosis and is a major cause of
the global decline and extinction of amphibians (Skerratt et al., 2007). Recently, the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES)
reported that greater than 40% of global amphibian species are threatened with extinction
(IPBES, 2019Db). Infection with Bd is listed as notifiable by the World Organisation for
Animal Health (OIE) (OIE, 2019). The fungus is found in frogs and toads (order Anura),
salamanders and newts (order Caudata), and caecilians (order Gymnophiona). Bd is an
aquatic fungi that infects the keratinized epidermis of amphibians (Berger et al., 1998a). The
fungus is able to spread quickly in some locations, and has spread over much of South
America in 20 years (Lips et al., 2008).

Since the 1980’s, frog populations in Australia and globally have declined
dramatically due to the spread of Bd (Skerratt et al., 2007). Six species of frog are extinct in
Australia, seven are endangered (Table 1.1) and 22 others have declined substantially due to
chytriomycosis (Skerratt et al., 2016). Australia has unique native fauna due to a long history
of evolutionary isolation, and is thus susceptible to introduced parasites (Abbott, 2006).
Chytridiomycosis has been reported in all Australian states and the Australian Captial
Territory, but has not been found in the Northern Territory (Skerratt et al., 2008).

Chytridiomycosis occurs in a broad range of Australian climates. Spatial models of
environmental suitability have predicted that Bd will persist in cool and wet areas of
Australia, with the central region being unsuitable (Murray et al., 2011). Bd has likely
reached its range limit in Australia, though models predict that areas where Bd has not been
detected may be suitable, such Cape York, Queensland and southwest Tasmania (Murray et
al., 2011). Other regions where no Bd sampling has occurred are predicted to be suitable for

Bd (uplands in far north Queensland and Brigalow Belt, the western slopes of the Great
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Dividing Range in New South Wales, the south-west central tablelands in New South Wales,
and in South Australia in the regions surrounding the Mount Gambier and Mount Lofty
Ranges) (Murray et al., 2011).

Recovery programs for Australian amphibian species affected by Bd have been
developed. There are active recovery program for endangered corroboreee frogs
(Pseudophryne corroboree and Pseudophryne pengilleyi). In Kosciuzko National Park,
approximately 50 southern corroboree frogs remain in their original habitat. In New South
Wales, the Australian Capital Territory, and Victoria, captive assurance colonies are held to
allow eggs and tadpoles to be released in their former range. Captive breeding,
reintroduction, and monitoring programs in Victoria for endangered spotted tree frogs
(Litoria spenceri) and critically endangered Baw Baw frogs (Philoria frosti) are also in place
(Skerratt et al., 2016, Hollis, 2011, NPWS, 2001).

There is no proven method to control chytridiomycosis in wild populations. It is
important to understand how some frogs are able to resist Bd so that managers can use this
knowledge to better protect threatened species. This chapter is a literature review that aims to

provide a background on the current research concerning Bd and fungal virulence
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TABLE 1.1 Australian amphibians in decline, extinct or threatened due to Bd and their

listing under the Commonwealth Environment Protection and Biodiversity Conservation Act

1999 (EPBC Act) (Skerratt et al., 2016, Scheele et al., 2017).

Common Name Species Region EPBC Act
Listing Status
Armoured mist frog  Litoria lorica Carbine Tablelands, Critically
northeast Queensland Endangered
(JCU, 2008)
Baw baw frog Philoria frosti Baw Baw Plateau, Critically
Victoria (Hollis, 1995)  Endangered
Kroombit tinkerfrog ~ Taudactylus pleione  Kroombit Tops, Critically
Queensland (Clarke et~ Endangered
al., 1999)
Mountain mistfrog Litoria nyakalensis ~ Montane, northeastern  Critically
Queensland (Richards, = Endangered
1993)
Northern corroboree  Pseudophryne Brindabella Ranges in ~ Critically
frog pengilleyi Australian Capital Endangered
Territory and Bogong
Mountains/Fiery Range
in New South Wales
(Osborne, 1989)
Northern gastric Rheobatrachus Rainforest, mideastern ~ Extinct (1985)
brooding frog vitellinus Queensland
(Covacevich and
McDonald, 1993)
Northern tinkerfrog ~ Taudactylus Montane, northern Endangered
rheophilus Queensland (Hero et
al., 1998)
Peppered tree frog Litoria piperata Montane wet forest Endangered

stream, New England
Tablelands in New
South Wales
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Sharp-snouted day
frog

Southern corroboree

frog

Southern day frog

Southern gastric-

brooding frog

Spotted tree frog

Tasmanian tree frog

Taudactylus

acutirostris

Pseudophryne

corroboree

Taudactylus diurnus

Rheobatrachus silus

Litoria spenceri

Litoria burrowsae

Montane, northern
Queensland
(McDonald, 1992)
Jagungal Wilderness
area, New South Wales
(Hunter, 2013)
Sub-coastal ranges,
southeastern
Queensland (Hines et
al., 1999)

Montane, southeastern
Queensland (Hines et
al., 1999)

Montane, Victoria and
New South Wales
(Gillespie and Hollis,
1996)

Tasmania

Extinct (1997)

Critically
Endangered

Extinct (1979)

Extinct (1981)

Endangered

Not Listed
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1.2.2 | Pathology and clinical signs

In Australia, chytridiomycosis is listed as a notifiable disease under Australia’s
National List of Reportable Diseases of Aquatic Animals. It is also listed as notifiable by the
World Organisation for Animal Health (OIE) in the Aquatic Animal Health Code. Anurans
(frogs and toads), urodeles (newts and salamanders), and caecilians are all susceptible to Bd
infection (Gower et al., 2013). Declines and extinctions of amphibians in Central-America
(Lips et al., 2006, Cheng et al., 2011), North America (Rachowicz et al., 2006), Australia
(Berger et al., 1998a), and southern Europe (Bosch and Martinez-Solano, 2006) were caused
by Bd infections. Bd has been found to co-infect amphibians with other pathogens, such as
Ranavirus (Kik et al., 2012, Whitfield et al., 2013), Chlamydia pneumonia (Reed et al.,
2000), Aeromonas hydrophila (Hill et al., 2010), and Mycobaterium spp (Hill et al., 2010).

Bd causes chytridiomycosis by infecting amphibian skin, causing epidermal
hyperplasia (the increase of cells in tissue), hyperkeratosis (the thickening of the outer layer
of the skin), and hindering cutaneous ion (sodium and potassium) transport, which ultimately
results in death via cardiac arrest (Campbell et al., 2012, Voyles et al., 2009). Amphibian skin
is important for osmoregulation (regulation of osmotic pressure of body fluid) and for
0,/CO» exchange (Heatwole, 1994).

The skin on the ventral abdomen, particularly the pelvic patch, which is a highly
vascularized skin area, feet, and toes are common sites of infection in frogs and toads (Berger
et al., 2005b, Puschendorf and Bolanos, 2006). In salamanders, the pelvic region, fore and
hind limbs, and the central side of the tail are common infection sites (Van Rooij et al.,
2011). Common signs of chytridiomycosis are excessive skin shedding, erythema, anorexia,
skin discoloration, lethargy, abnormal posture, and poor swimming capabilities may reduce
the amphibian’s ability to forage, thereby reflecting a reduced body size (Hanlon et al., 2015).
In metamorphosed amphibians, the signs vary from sudden death without obvious disease to
significant skin disorder. A clinical sign of chytridiomycosis in anuran larvae is the
depigmentation of mouthparts (Rachowicz and Vredenburg, 2004). In green tree frogs
(Litoria caerulea) skin ulcerations occur in severely infected individuals, though uncommon
in other species (Berger et al., 2005b). Tail autotomy (separation of the tail from the body)
occurs in bolitoglossine salamanders infected with Bd (Pasmans et al., 2004).

1.2.3 | Origin of Bd
Two hypotheses were proposed to explain the origin of Bd: the novel pathogen

hypothesis and the emerging endemic hypothesis. The novel pathogen hypothesis describes a
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pathogen that has recently spread into a new geographic area, encountering naive hosts that
are susceptible to infection (Rachowicz et al., 2005, Skerratt et al., 2007). The novel pathogen
hypothesis was suggested because of Bd’s irregular global distribution, wave-like global
epidemics, and the existence of amphibian vectors (carriers) (Lips et al., 2006, Kolby et al.,
2014, Garner et al., 2006). Alternatively, the emerging endemic hypothesis suggested that a
pathogen increases in incidence due to environmental change (Rachowicz et al., 2005). This
was supported by Bd’s presence in amphibian populations before the beginning of declines
and because declines from chytridiomycosis are associated with changes in the environment,
such as temperature (Weldon et al., 2004, Bosch et al., 2007).

Several studies have investigated the geographic origin of Bd. It is hypothesized that
Bd has spread anthropogenically into naive amphibian populations (Berger et al., 1999a). In
the Americas, Bd appears to have caused a wave of population declines starting in the 1970s
in Mexico, moving through Central America to Panama (Cheng et al., 2011). There is low
genetic diversity in Bd strains across geographic locations with low genetic variation in
isolates from North America, Africa, and Australia (Morehouse et al., 2003). Proposed
origins included southern Africa, shown by an archival African clawed frogs (Xenopus
laevis) from 1938 that tested positive for Bd (Weldon et al., 2004, Soto-Azat et al., 2010),
North America due to genetic similarity with European strains (James et al., 2009), Asia from
an archival sample collected in a Japanese giant salamander (4ndrias japonicas) from 1902
(Goka et al., 2009, Bai et al., 2012), and Brazil from an archived sample from 1894
(Rodriguez et al., 2014). Recently, O’Hanlon et al. (2018) used whole-genome sequencing
and found that Bd originated in the Korean peninsula in the early 20" century, from the

ancestral population ‘BdASIA-1".
1.2.4 | Taxonomy and life-cycle of Bd

Bd was named for a blue poison dart frog (Dendrobates azureus) from which it was
originally isolated (Longcore et al., 1999). Bd is a basal fungus within the “lower fungi”
phylum Chytridiomycota, order Rhizophydiales, tamily incertae sedis (Longcore et al., 1999,
Fisher et al., 2009b). Fungi in this phylum have flagellated, motile spores (zoospores).
Chytrid fungi are generally saprobic and are found in moist soil and fresh water or parasitic to
plants, algae or invertebrates (Longcore et al., 1999). Three species within Chytridiomycota
infect vertebrates; B. dendrobatidis and Batrochochytrium salamandrivorans (Bsal) (infects
salamanders) within the order Rhizophydiales, and Ichthyochytrium vulgare (infects

freshwater fish). The closest relative to Bd and Bsal is Homolaphlyctis polyrhiza, which is a



CHAPTER 1

non-pathogenic saprobic fungus. It is estimated that Bd and Bsal diverged from each other
approximately 67.3 million years ago (Martel et al., 2014).

Bd likely reproduces asexually (Morehouse et al., 2003). Although rare, sexual
recombination may also occur in Bd, as recombination occurs with some lineages of Bd
(Morgan et al., 2007). The Bd life-cycle is divided into two major stages: the substrate-
independent and the substrate-dependent stages (Rosenblum et al., 2008). The substrate-
independent stage consists of motile, waterborne zoospores. The zoospores encyst on
keratinized amphibian skin to invade the epidermis, their preferred substrate (Longcore et al.,
1999). During this stage, the Bd flagellum is absorbed and the cell wall is formed (Berger et
al., 2005a). Adhesion of Bd to amphibian skin occurs within 2-4 h after zoospore exposure
(Van Rooij et al., 2012). Zoospores mature and cluster at the foci of infection. The zoospore
cyst germinates and then develops a germ tube that enters the host epidermis. A new
sporangia develops from the tip of the germ tube (Van Rooijj et al., 2012, Greenspan et al.,
2012b). The sporangia then grow and multiply within epidermal cells located in the stratum
corneum and stratum granulosum. The sporangia are transported from the deeper skin to the
skin surface by epidermal cells as they differentiate and turnover. Once the sporangium
reaches maturity, it releases motile zoospores into the environment via discharge tubes that
poke through to the skin surface (Berger et al., 2005a).

The life-cycle of Bd in culture is similar to that observed in vivo. In culture, Bd
matures from zoospore to zoosporangium in approximately 4 to 5 days at 22°C (Berger et al.,
2005a). Keratin is not an essential ingredient for in vitro growth of Bd, though Bd can grow
on substances that contain keratin, such as autoclaved snake skin, 1% keratin agar, frog skin
agar, feathers and geese feet (Longcore et al., 1999, Piotrowski et al., 2004, Garmyn et al.,
2012). In culture, the rates of growth and development vary depending on nutrient media. Bd
can grow in vitro in mixtures of varying concentrations of peptonized milk, tryptone, gelatin
hydrolysate, lactose, glucose, asparagine, yeast extract, malt extract, peptone, sucrose,
maltose, sorbitol, and glycerol (Longcore et al., 1999, Piotrowski et al., 2004, Symonds et al.,
2008).

It is suggested that Bd uses chemotaxis to find its way to keratinous areas of the host.
Bd chemotaxis has been observed in studies with toe scales of geese and commercially
available keratin (Garmyn et al., 2012). Bd may also be attracted to the mucous layer of

amphibians, as reported for bacterial pathogens (Garmyn et al., 2012). In contrast, the
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mucosome (micro-ecosystem of the mucus) may reduce the infection load on skin, by acting

as a defence barrier (Van Rooij et al., 2012).

1.2.5 | Lineages of Bd

Phylogenetic studies have shown that there are different lineages of Bd. Many fungi
can undergo horizontal gene transfer, hybridization or genetic recombination (Richards et al.,
2011). This could lead to the creation of pathogenic lineages (Stukenbrock and McDonald,
2008) or increased virulence (Mallet, 2007).The global panzootic lineage (GPL) is the most
widespread strain of Bd (Schloegel et al., 2012). Two clades of GPL exist: GPL-1 and GPL-2
(Schloegel et al., 2012). The GPL-1 lineage is commonly found in North America and
Europe (Schloegel et al., 2012, Piovia-Scott et al., 2014). GPL-2 is found mostly in Central
America and Australia (Lips et al., 2006, Picco and Collins, 2007, Schloegel et al., 2012).

GPL is highly pathogenic and causes mortality more quickly than other strains (Fisher
et al., 2009b, Piovia-Scott et al., 2014). GPL contains additional copy numbers of
chromosomal segments compared to the same chromosomes in isolates from other lineages
(Piovia-Scott et al., 2014). Geographically distinct lineages have also been found from Japan
(Goka et al., 2009), South Africa (Farrer et al., 2011), Switzerland (Farrer et al., 2011), Brazil
(Schloegel et al., 2012) and Korea (Bataille et al., 2013). An isolate from Brazil showed the
genetic signature of both an endemic Brazilian lineage and a globally distributed lineage
(Schloegel et al., 2012).
1.2.6 | Ecology

Bd prefers cooler temperatures, between 4°C and 25°C (Piotrowski et al., 2004).
Declines mostly occur in aquatic and riparian (near rivers and streams) amphibians in high
elevations, with cool stream temperatures. Temperature may be important to amphibian
immunity, because disease susceptibility may differ seasonally (Andre et al., 2008). A study
of three Bd isolates from diverse latitudes in eastern Australia showed that each isolate had
different responses to temperature (Stevenson et al., 2013). Each isolate had different thermal
maxima for growth, zoospore production, and activity in relation to temperature that
correlated to their original habitat (Stevenson et al., 2013). Some frogs show lower
probability of infection if their body temperatures are greater than the thermal optima for Bd
(Rowley and Alford, 2013). When Bd was grown in vitro in temperatures simulating frog
basking temperatures, Bd growth was reduced (Daskin et al., 2011). The differences in
thermal optima for growth is likely why the distribution of Bd is restricted to cooler

environments. Bd poorly tolerates desiccation (Johnson et al., 2003), which may signify why
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it is not found in arid environments. One study has shown that Bd infected Peron’s tree frogs
(Litoria peronii) exposed to sodium chloride (NaCl) had higher survival rates than those that
were not (Stockwell et al., 2012).Warm, saline areas may be natural refuges for amphibians

from Bd (Heard et al., 2014), as solutions of 5% NaCl are lethal to Bd (Johnson et al., 2003).

Macroinvertebrate community structure and algae may also influence the occurrence
of Bd in the aquatic environment (Strauss and Smith, 2013). The microcrustacean
zooplankton, water fleas (Daphnia), consume chytrid fungus spores and reduce infection risk
(Searle et al., 2013). In addition, green algae may release secondary metabolites that harm Bd
(Searle et al., 2013, Wolfe and Rice, 1979).

1.2.7 | Transmission and spread of Bd

Infection dynamics vary between host species with implications for transmission. The
African clawed frog (Xenopus laevis) (Rollins-Smith et al., 2009) the North American
bullfrog (Lithobates catesbeianus) (Greenspan et al., 2012a, Miaud et al., 2016), and the
common eastern froglet (Crinia signifera) in Australia (Scheele et al., 2016), are believed to
serve as Bd reservoirs. The North American bullfrogs are traded mostly within the US, and to
South America, China, and Europe for food consumption (Herrel and van der Meijden, 2014,
Fisher and Garner, 2007). The African clawed frog is traded mostly for scientific research
(Weldon et al., 2004). Bullfrogs were introduced into Europe to create populations that could
be sold for frog legs (Ficetola et al., 2008). They are traded internationally in large numbers
and have a high prevalence of Bd (Fisher and Garner, 2007, Bai et al., 2010). Bullfrogs have
higher zoospore loads compared to amphibians native to Colorado in the United States of
America, and may contribute to maintaining Bd in the non-native species within the
community (Peterson and McKenzie, 2014), though heavy infections can cause mortality in
bullfrogs (Gervasi et al., 2013).

Bd is transmitted among hosts through either the motile zoospores or direct contact
with other infected amphibians (Longcore et al., 1999, Rowley and Alford, 2007). Shedding
of Bd zoospores by hosts into water may create environmental reservoirs of the fungus
(Johnson and Speare, 2003, Johnson and Speare, 2005). Under sterile conditions, Bd can
survive in moist soil and water from weeks to months (Johnson and Speare, 2003, Johnson
and Speare, 2005).

Non-amphibian carriers of Bd have also been suggested. Crayfish tissues were
positive by PCR in the wild (McMahon et al., 2013). Exposure experiments resulted in

crayfish mortality, and Bd could be transmitted to amphibians that were co-housed
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(McMahon et al., 2013). Bd DNA has been found on the skin of Panamanian lizards and
snakes though it is unclear if Bd grows on reptile skin (Kilburn et al., 2011).The toenails of
waterfowl may also be infected with Bd (Garmyn et al., 2012). Under laboratory conditions,
Bd can also infect and induce mortality in zebrafish larvae (Liew et al., 2017) and nematode
(Caenorhabditis elegans) (Shapard et al., 2012). This suggests that there are potentially non-
amphibian reservoirs of Bd.

The amphibian trade is a major contributor to the dispersal of Bd globally, through the
intentional release of imported frogs (Kolby, 2014, Kolby et al., 2014, Fisher and Garner,
2007). Bd was suspected to be present in Madagascar, when three frog species (Heterixalus
alboguttatus, Heterixalus betsileo, and Scaphiophryne spinosa) imported from Madagascar
into the United States of America, were positive for Bd (Kolby, 2014). Bd pathogen pollution
from the amphibian trade may occur if infected wastewater is not disposed of correctly.

In the wild, disease risk depends on the complexity of the amphibian community. An
increase in host and non-host species richness will reduce the impact of Bd prevalence and
intensity, by affecting the rate of contact and transmission, though species with long-lived
tadpole stages may enhance the persistance of infection within the community (Briggs et al.,
2010). Increased population recruitment may allow populations to recover from declines
caused by Bd. High population densities likely cause an increase in Bd infection intensity and
continuous reinfection of infected amphibians (Briggs et al., 2010).

Species vary greatly in susceptibility. A recent study involved infecting 20 species
and showed the frogs tested (from the Ranidae) had generally lower infection intensities and
mortality than the toads (Bufonidae) (Gervasi et al., 2017). One isolate was used in this study
(Gervasi et al., 2017), and different Bd isolates may have different effects. However, cane
toads are a resistant species and adults are rarely infected (Brannelly et al., 2018a). The host
life stage can also influence Bd transmission. As tadpoles do not usually die from infection,
they can be intra-species reservoirs (Rachowicz and Vredenburg, 2004).

1.2.8 | Detection and treatment

Bd can be detected by histology, quantitative polymerase chain reaction (QPCR) via
skin swabs and an I[gM monoclonal antibody (mAb), 5C4 (Berger et al., 1999b, Hyatt et al.,
2007, Dillon et al., 2017). The monoclonal antibody binds to a surface glycoprotein antigen
on zoospores and zoosporangia (Dillon et al., 2017). Chytridiomycosis can be diagnosed in
metamorphosed amphibians by observing sporangia in the keratinized skin layers. Irregular

thickening of the outermost keratinized layers of the epidermis, erosion of the stratum
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corneum, and increased tissue growth in the stratum spinosum is associated with infection.
Bd does not disseminate into the deeper layers of skin or internal organs (Pessier, 2008).

Immunization against Bd has not been shown to be effective (Stice and Briggs, 2010).
Probiotic treatment against Bd infection has been suggested, using skin bacterial flora that
secrete antifungal compounds (Bletz et al., 2013, Woodhams et al., 2020). Effects of
inhibitory skin bacteria vary depending on the Bd strain (Antwis et al., 2015). A range of
antifungal drugs developed for humans can clear Bd infections, such as itraconazole and
terbinafine. Itraconazole is commonly used, but is toxic to some species (Brannelly, 2014).
Itraconazole inhibits the synthesis of ergosterol, which is part of the fungal cell membrane
(Marichal et al., 1999).
1.3 | Bd virulence factors

Bd virulence factors are only just beginning to be identified. Bd is suspected to use a
variety of mechanisms, such as proteins and metabolites to evade the host immune system.
Attenuation can occur in Bd successively passaged on culture media, leading to weakened
infectivity and pathogenicity which can be partially restored by passaging through an
amphibian host (Brem et al., 2013).
1.3.1 | Proteins

The ability of Bd to invade the epidermis and evade the host immune system appears
partially due to its secreted proteins, which have a variety of functions. Proteins produced by
Bd disrupt skin intercellular junctions, causing apoptosis (programmed cell death) (Brutyn et
al., 2012). Numerous proteases were identified from zoospore supernatants, suggesting a role
for these enzymes in Bd infection. Proteolytic activity and elastin degradation may assist Bd
to colonize the epidermis of their amphibian hosts (Moss et al., 2010). There are relatively
few studies that have identified the function of Bd proteins (Symonds et al., 2008, Fisher et
al., 2009a, Brutyn et al., 2012, Rosenblum et al., 2012, Thekkiniath et al., 2013, Thekkiniath
et al., 2015). Bd has been shown to secrete a protease that can cleave some amphibian
antimicrobial peptides (AMP’s) (Thekkiniath et al., 2013). Other proteins, such as elastolytic
protease and subtilisin-like serine protease (Moss et al., 2010, Thekkiniath et al., 2013), and
genes for fungalysin metallopeptidase (involved in tissue repair) (Rosenblum et al., 2008)
were also identified. Unique gene families for Bd, especially proteases, have been found by
comparing Bd genomes to closely related genomes of other fungi (Joneson et al., 2011).

Non-protease proteins have also been identified in Bd; adhesins (that may assist

adhesion to the epidermal surface) (Rosenblum et al., 2012) and virulence effectors (proteins
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that aid in the virulence of the pathogen) such as crinkler proteins and serine peptidases, have
been identified (Sun et al., 2011). Genes from the carbohydrate-binding module family 18
(CBM18), which are associated with protecting fungal pathogens from the host, were found
in Bd (Liu and Stajich, 2015, Abramyan and Stajich, 2012). More research is needed that
focuses on identifying Bd adhesin and their receptors on the host surface.
1.3.2 | Metabolites

Bd can also release metabolic products that may inhibit host immunity in the skin. In
vitro, secretions from cultured Bd sporangia inhibit the proliferation of lymphocytes via
apoptosis (Fites et al., 2013, Fites et al., 2014). In vivo, the metabolites inhibit the localised
skin immune response (Fites et al., 2014, Piovia-Scott et al., 2014).Several
immunosuppressive molecules have been identified from Bd supernatants, including
methylthioadenosine (MTA), kynurenine (Kyn) and spermidine (Rollins-Smith et al., 2015,
Rollins-Smith et al., 2019). MTA is a naturally occurring product of metabolism (Albers,
2009) and Kyn is a product of tryptophan metabolism. Kyn is important to immunity as it
plays a role in T cell development (Mezrich et al., 2010). Kyn activates the aryl hydrocarbon
receptor (AHR), which effects T cell differentiation in mice cells (Mezrich et al., 2010).
Amphibian lymphocytes have been shown to be inhibited in vitro by Kyn (Rollins-Smith et
al., 2015).

1.3.3 | Growth

An additional virulence factor of Bd may be growth rate. Growth rates vary between
strains (Voyles et al., 2014). Lower temperatures result in slower population growth rates but
longer periods of zoospore activity (Voyles et al., 2012, Stevenson et al., 2013). This could
result in higher zoospore encounter rates by amphibians. Hence, virulence of Bd is a function
of temperature.
1.4 | Antioxidants

Pathogens can face oxidative stress by the host immune system. Some fungi have
developed antioxidant defences against the reactive oxygen species of the host immune
system via glutathionylation. Glutathione is a tripeptide composed of three amino-acids (y-L-
glutamyl-L-cysteinyl-glycine), and functions as an antioxidant in eukaryotic cells (Sies,
1999). Glutathione can either be in its reduced (GSH) form or oxidized as glutathione
disulfide (GSSG) which contains two glutathione molecules joined by a disulfide bond.
GSSG is the main mechanism of glutathionylation; GSH is the active antioxidant, and GSSG

must be reduced by enzymes, such as glutathione reductase. Protein cysteines connect to the

13



CHAPTER 1

cysteine of glutathione by a disulfide bond. In some species of pathogenic fungi, disrupting
biosynthesis of glutathione can lead to lower levels of virulence, as seen in the yeast Candida
albicans (Yadav et al., 2011). Previous high performance liquid chromatography (HPLC)
analysis of Bd extracts confirmed the presence of glutathione (A. Roberts, unpublished data).
Glutathione likely provides an evolutionary advantage in Bd, as glutathione metabolism
genes are thought to have arisen in Bd from bacteria via horizontal gene transfer from
bacteria led to the transferal of genes responsible for glutathione metabolism (Sun et al.,

2016).

1.5 | Amphibian immune response

Amphibians employ both adaptive and innate immunity to combat Bd infection.
Although Bd is a highly virulent pathogen, some species of frogs are able to overcome
infection (Davidson et al., 2003, Briggs et al., 2005). Mechanisms for resistance to Bd include
thermoregulatory behaviour to increase body temperature, innate variations in immunity and
presence of inhibitory bacterial flora on skin (Scheele et al., 2017). However, a robust
adaptive immune response to Bd has not been observed in amphibians by any methods
(Grogan et al., 2018c). For example, on histology, there is a marked absence of cellular
inflammatory response to foci of infection in all species (Ellison et al., 2014b). This suggests

resistance may be related to non-cellular factors.

1.5.1 | Adaptive immunity and innate immunity

Reinfection experiments with three frog species (Cuban tree frog: Osteopilu
septentrionalis, oak toads: Bufo quercicus, Booroolong frog: Litoria booroolongensis)
showed that although some immune responses to subsequent infections appeared to be
stimulated, mortality rates remained high and the potential for developing a vaccination may
be low (Cashins et al., 2013, McMahon et al., 2014, Berger et al., 2016).

However, amphibians resistant to Bd were shown to have conserved amino acids in
the binding pockets of the antigen binding groove of the major histocompatibility complex
(MHC) (Bataille et al., 2015). As part of the adaptive immune system, MHC class II is an
antigen binding molecule located on antigen-presenting cells, enabling pathogen resistance in
the host. Changes in amino acids in the deep pockets of the antigen binding grooves may
affect MHC structure, and thereby change MHC’s antigen binding affinity (Jones et al.,
2006). In a study of MHC genotypes, MHC heterozygosity was related to survival when
amphibians were experimentally infected with Bd (Savage and Zamudio, 2011). These

studies suggest that there is some recognition of Bd antigens by the adaptive immune system
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and that some resistance is conferred. However, it is possible that these findings have been
confounded by another unknown immune mechanism that is non-functionally linked to
MHC.

Currently, only the African clawed frog (X. laevis) has exhibited antibodies for Bd.
After injection with heat-killed zoospores, Bd specific IgM, IgX and IgY antibodies were
found in the skin (Ramsey et al., 2010). Immunization attempts have been made via
subcutaneous or intraperitoneal injections of formalin or heat-killed Bd, but have not resulted
in protective immunity (Stice and Briggs, 2010, Rollins-Smith et al., 2009).

Innate immune defences protect amphibian skin from pathogens in general.
Macrophages such as Kupffer cells (Corsaro et al., 2000), complement via pathogen lysis
(Lambris et al., 1995), natural killer cells (Horton et al., 2003), and antimicrobial peptides
(AMP’s) from frog skin glands occur in amphibian skin as a first line of defence against
pathogens (Rollins-Smith et al., 2002).

AMP’s and metabolites from bacteria can work synergistically to inhibit growth of Bd
(Myers et al., 2012). Temporin family peptides, which are associated with some antibacterial
activity and antifungal activity, were found to be active against Bd (Rollins-Smith et al.,
2003). Secondary metabolites secreted by symbiotic bacteria on amphibian skin are known to
defend against infection. The bacteria Janthinobacterium lividum, Lysobacter gummosus and
Pseudomonas fluorescens secrete several metabolites found to inhibit Bd growth in vitro (i.e.
2,4-diacetylphloroglucinol, indol-3-carboxaldehyde and violacein) (Brucker et al., 2008,
Myers et al., 2012, Lam et al., 2010).

1.5.2 | Serotonin

Little is known about metabolites that can defend the host against Bd infection.
Recent work suggests a role for serotonin (5-hydroxytryptamine) in disease progression in Bd
infected skin. A recent study using broad scale metabolomics found skin serotonin levels
increased over the course of an experimental infection in susceptible frogs, more than in
resistant frogs (Claytor et al., 2019, Grogan, 2014). However, the functional significance of
this correlation was not determined.

Serotonin is highly conserved amongst vertebrate groups and has been well studied as
a neurotransmitter, but also has other diverse biological activities including a role in
vasoconstriction and platelet aggregation. Serotonin has been shown to have effects on other
fungi, such as inhibiting sporulation of Stagonospora nodorum and Pyrenophora tritici-

repentis in wheat (Du Fall and Solomon, 2013), and affecting hyphal growth and cell
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membrane integrity in Aspergillus spp. (Perkhofer et al., 2007). Selective serotonin reuptake
inhibitors (SSRIs), which increase available serotonin, were shown to have fungicidal effects
in vitro on Aspergillus terreus and Candida parapsilosis (Lass-Florl et al., 2001). Serotonin
decreases serine proteinase secretion in C. albicans (Mayr et al., 2005).

In humans, serotonin also has been shown to have a variety of effects on immune
cells. Monocytes (Diirk et al., 2005) and lymphocytes (Iken et al., 1995) are stimulated by
serotonin, which influences the secretion of cytokines. Neutrophils can be recruited
(Duerschmied et al., 2013) and T-cells can be activated by serotonin (Nordlind et al., 1992).
However, Kyn, a structural analog to serotonin, suppresses amphibian lymphocytes (Rollins-
Smith et al., 2015).

Serotonin has previously been detected in the glands of frog skin (Roseghini et al.,
1988, Sengezer-Inceli et al., 2004, Yoshie et al., 1985). Frog skin is made predominately of
two types of dermal gland; the mucous and granular (poison) glands. Serotonin was detected
in both mucus and poison glands of marsh frogs (Rana ridibunda) (Sengezer-Inceli et al.,
2004), and in the poison glands of Northern leopard frogs (Lithobates pipiens) and African
clawed frogs (Xenopus laevis) (Bennett et al., 1981). Immunohistochemistry revealed the
occurrence of serotonin within frog dermal glands (Yoshie et al., 1985). Serotonin may
regulate secretion in mucus glands and trigger secretory material in the poison glands of the
marsh frog skin (Sengezer-inceli et al., 2004). The mechanistic link between serotonin and
increased susceptibility to Bd has not been elucidated. One possibility is via affecting the
permeability of skin, since serotonin stimulates sodium transport and decreases the
permeability of chloride (Dalton, 1979).

Serotonin is produced from the amino acid L-tryptophan (Trp) and is one of three
main host neurotransmitters. Trp is converted to 5-hydroxytryptophan by the enzyme
tryptophan 5-monooxygenase, and then converted to serotonin by SHTP decarboxylase.
Amphibians cannot produce Trp, and instead must acquire this amino acid from exogenous
sources, such as diet. Bd produces Trp and Kyn, but does not produce serotonin (Rollins-
Smith et al., 2015).

1.6 | Objectives

Host resistance to Bd varies between species and populations. The mechanisms of
resistance to Bd are unknown, and negligible cellular inflammation is observed in the skin.
Acquired immunity has had little effect on protecting amphibians from infection. Skin

antimicrobial peptides and inhibitory bacterial skin flora have been shown to be part of a
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frog’s innate immunity, though little is known of the effects of host metabolites. Previous
work by a former Ph.D. student in our laboratory, Dr. Laura Grogan, investigated survival in
populations of vulnerable alpine tree frogs (Litoria verreauxii alpina) infected with Bd
(Grogan et al., 2018b). In this work, a metabolomics approach was used to compare
expression levels of metabolites excreted from infected frog skin. Serotonin levels increased
in the skin of more susceptible frogs as infection progressed (Grogan, 2014). The correlation
between the levels of skin serotonin and disease progression may mean that serotonin has a
role in disease outcomes. This role could benefit the frog, such as having antifungal effects
that are an immune defence against Bd. Alternatively, increased serotonin could result in
more severe disease due to its immunosuppressive effects. Expanding upon L. Grogan’s
results regarding serotonin, is the first of two main objectives of this thesis:

e 1) To determine the role of serotonin in the pathogenesis of Bd

Within this broad objective there are five aims. My first aim relates to the antifungal and
immunomodulatory functions of serotonin and is:
e To determine the effects of serotonin and structural analogues on growth of

the Bd and human Jurkat lymphocytes in vitro

Serotonin is correlated with infection progression in frog skin, and different species
and life stages of frogs have varying susceptibility to Bd. Serotonin is known to occur within
frog skin mucous and granular glands. Therefore, to characterise the presence and amount of
granular gland serotonin in some Australian frogs, my next aims are:

e To determine the location and amount of serotonin in the frog and toad skin
e To determine how serotonin levels in the skin are affected by different factors

(species, location on the skin, age, infection status, treatment with serotonin)

Due to the complexity of serotonin activity in the host, it is important to understand
the mechanism of Bd inhibition by serotonin. Bd produces Trp and Kyn, therefore, if
serotonin inhibits the Trp biosynthetic pathways, we expect that serotonin would reduce Trp
gene expression in Bd. Bd proteases are important for parasitism in frog skin, and therefore if
serotonin inhibits Bd protease expression, the total protease activity and expression of key
protease genes would decrease when Bd is treated with serotonin. Kyn has a similar structure
to serotonin and causes immunosupression of lymphocytes, possibly via apoptosis

mechanisms. Therefore, we hypothesize that serotonin (i) interrupts Bd Trp biosynthesis and
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metabolism, (ii) inhibits Bd protease activity essential for growth, and (iii) causes apoptosis
of Bd. The aims are:
e To determine if serotonin reduces Trp and protease gene expression in Bd

e To determine if serotonin causes apoptosis in Bd

Regarding the second objective of my thesis, it is unknown how Bd survives in the
host skin. Many pathogens use glutathione to protect against oxidative stress from the host
immune system. Bd produces glutathione, though it is unknown if glutathione will protect its
proteins via protein S-glutathionylation. Therefore, the second objective of this thesis is:

e 2) To determine if glutathione is involved in Bd’s ability to evade host

immune defenses

Few proteins have been functionally characterized in Bd. It is possible that glutathionylated
proteins are involved in Bd virulence. The sole aim within this objective is:
e To determine if oxidative stress affects protein glutathionylation patterns in Bd using

sublethal H,O,

e To explore the function of glutathionylated proteins

In vitro cultures were treated with 1) hydrogen peroxide (H20:) as a proxy for reactive
oxygen species (ROS) stress, 2) serotonin, which inhibits Bd growth in vitro, and 3)
buthionine sulfoximine (BSO), which inhibits glutamylcysteine synthetase (y-GCS), the rate-
limiting enzyme in glutathione synthesis. Western blotting, 2D gel electrophoresis, and mass
spectrometry were used to identify differentially glutathionylated proteins.

This thesis is written as a series of connected manuscripts or chapters. Chapter 2 has
been published and chapters 3, 4, and 5 are in preparation for publication. Chapter 2
investigates the effects of serotonin and structural analogues on Bd and lymphocytes in vitro.
Chapter 3 characterizes serotonin in frog and toad skin, to determine where serotoin is found
in the skin, and how much is present under various conditions. Chapter 4 investigates the
mechanisms of Bd inhibition by serotonin, by focusing on the effect serotonin has on gene
expression and protease activity, since proteases are important for parasitism in frog skin by
causing epidermal degradation during infection. Chapter 5 investigates the role of
glutathione in protecting Bd from host immune defences, by determining if glutathionylated
proteins are imporant to Bd virulence. Chapter 6 summarizes the results of the research,

discusses their significance and implications, and explores possible future research avenues.
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CHAPTER 2 | Susceptibility of frogs to chytridiomycosis correlates with increased

levels of immunomodulatory serotonin in the skin

OVERVIEW
Previous work by Laura F. Grogan found that serotonin levels increased in more

susceptible populations of alpine tree frogs (Litoria verreauxii alpina) as Batrachochytrium
dendrobatidis (Bd) infection progressed. However, the importance of this correlation was not
determined. As other studies have found that serotonin has antifungal effects, it is possible
that serotonin may be accumulated by the host as an immune defense against Bd.
Alternatively, serotonin modulates immune responses in humans, and its structural analogue,
kynurenine, has been shown to suppress amphibian lymphocytes. Hence, it may be
contributing to the susceptibility of amphibians to Bd. The aim of this chapter is:

e To determine the effects of serotonin and structural analogues on growth of Bd and

human Jurkat lymphocytes in vitro

This chapter is a copy of the published manuscript. Some data in this chapter is from
Laura F. Grogan’s PhD thesis (Figures 2.1, 2.2, and S2.1; Table S2.1). The clinical
experiment and collected samples were performed by Laura Grogan. Joel Gummer performed

the metabolite extractions and GC-MS analyses.
Grogan, L.F. (2014) Understanding host and environmental factors in the immunology and

epidemiology of chytridiomycosis in anuran populations in Australia. PhD thesis,

James Cook University.
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ABSTRACT

Chytridiomycosis, caused by the fungus Batrachochytrium dendrobatidis (Bd), is a
skin disease responsible for the global decline of amphibians. Frog species and populations
can vary in susceptibility, but this phenomenon remains poorly understood. Here, we
investigated serotonin in the skin of infected and uninfected frogs. In more susceptible frog
populations, skin serotonin rose with increasing infection intensity, but decreased in later
stages of the disease. The more resistant population maintained a basal level of skin
serotonin. Serotonin inhibited both Bd sporangial growth and Jurkat lymphocyte proliferation
in vitro. However, serotonin accumulates in skin granular glands, and this
compartmentalisation may prevent inhibition of Bd growth in vivo. We suggest that skin
serotonin increases in susceptible frogs due to pathogen excretion of precursor tryptophan,
but that resistant frogs are able to control the levels of serotonin. Overall, the
immunosuppressive effects of serotonin may contribute to the susceptibility of frogs to

chytridiomycosis.

2.1 | INTRODUCTION

The fungus Batrachochytrium dendrobatidis (Bd) causes the disease
chytridiomycosis, which has caused the global decline and extinction of numerous amphibian
species (Skerratt et al., 2007). Fungal sporangia grow within amphibian epidermal skin cells,
and cause hyperplasia, hyperkeratosis, and inhibition of cutaneous ion transport, leading to
cardiac arrest (Voyles et al., 2009). Species vary greatly in their susceptibility to Bd, ranging
from 100% mortality to those that can clear infection, while others can be resistant reservoirs
(Brannelly et al., 2018b, Miaud et al., 2016, Rollins-Smith et al., 2009, Scheele et al., 2016,
Berger et al., 2016). Recent studies have shown population level differences in susceptibility
within species (Bataille et al., 2015). Metabolomic analysis of skin from infected and
uninfected alpine tree frogs Litoria verreauxii alpina (listed as vulnerable in Australia) from
these populations revealed a correlation between serotonin (5’-hydroxytryptamine) identified
by gas chromatography-mass spectrometry and the progression of Bd infection (Grogan et al.,
2018d). Understanding variation in susceptibility is necessary to improve the survival of
vulnerable species.

Differential susceptibility (mortality after infection) might correspond to the ability of
the host to develop a robust immune response to Bd (Grogan et al., 2016, Bataille et al.,

2016). Pathogen-induced suppression of lymphocytes is believed to reduce the effectiveness
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of this response (Ellison et al., 2014a, Fites et al., 2013, Young et al., 2014). The
immunosuppressive effect of Bd is likely due to the secretion of various metabolites,
including kynurenine (Kyn), methylthioadenosine (MTA) and spermidine (a biogenic amine),
which cause lymphocyte apoptosis in vitro (Rollins-Smith et al., 2015, Rollins-Smith et al.,
2019). Kynurenine and its amino acid precursor tryptophan (Trp) were detected in Bd
supernatants, with Trp being one of the most abundantly excreted molecules (Rollins-Smith
et al., 2015). MTA is a produced from the methionine salvage pathway (Albers, 2009). The
fate of pathogen-excreted metabolites, such as Trp, has not been explored in vivo.

Frogs must obtain Trp from their diet as they are unable to biosynthesise Trp. Frogs
can metabolize Trp into serotonin, 5’-hydroxytryptophan, tryptamine, and 5’-hydroxy 3°-
indoleacetic acid (5’HIAA). In contrast, although Bd produces Trp (Rollins-Smith et al.,
2015), the pathogen lacks the enzymes to metabolise it into serotonin (Fig S5).

Serotonin occurs within the skin of many vertebrates, including frogs and fish (Fasulo
et al., 1993), and has been suggested to have antifungal activities against Candida albicans
and fungal plant pathogens (Du Fall and Solomon, 2013, Lass-Florl et al., 2003, Mayr et al.,
2005). The role of serotonin in immune function is complex, with conflicting functions
proposed in the existing literature (Herr et al., 2017). Serotonin can be synthesised by mast
cells and T-cells, is secreted by platelets during inflammation, and can be taken up by
macrophages, dendritic cells, and B-cells (Ahern, 2011, Herr et al., 2017). The
immunomodulatory functions of serotonin include: controlling cytokine secretion by
macrophages (Sternberg et al., 1986), inducing proliferation of T-cells (Leon-Ponte et al.,
2007), and promoting apoptosis of Burkitt lymphoma cells (Serafeim et al., 2002).

There is a correlation between the levels of L. v. alpina skin serotonin and disease
progression (Grogan et al., 2018d), however, the mechanism of serotonin’s effect on the host-
pathogen interaction remains unknown. In this study, we sought to investigate the role of
serotonin in frog immunity and its effect on the pathogen, Bd. We hypothesized that frogs use
serotonin as an immune defence against Bd. Our objectives were (i) to determine serotonin
levels over the course of Bd infection and correlate this to pathogen load and host
susceptibility, (ii) to determine the location and abundance of serotonin in frog skin, (iii) to

determine the effects of serotonin and structural analogues on Bd and lymphocytes in vitro.
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2.2 | METHODS

2.2.1 | Study subjects, exposure experiment, and sampling

Study populations were sourced by D. Hunter in accordance with Scientific Licence
number S12848 (Grogan et al., 2018a, Grogan et al., 2018d, Grogan et al., 2018b). Source
populations originated in Kosciuszko National Park, New South Wales, Australia, from three
sites; Kiandra (Population K), Eucumbene (Population E), and Grey Mare (Population G).
Experimental procedures followed approved guidelines under permits issued by James Cook
University (A1408) and Taronga Conservation Society (4¢/01/10). Adult L. v. alpina (n = 44)
were inoculated with Bd and a further 15 frogs were mock inoculated with dilute salts
solution (negative control group) (Bataille et al., 2015). Animals were sampled throughout
the course of infection in a random block design (see Table S2.1 for details). Thirty-six
animals were euthanized during the subclinical phase of infection at 4, 14, and 18 d post
exposure (n = 12 at each time point). Fifteen control animals were also sampled (n =5 at each
time point). The remaining eight exposed frogs were sampled from 28 d post exposure when
they began to exhibit clinical signs of chytridiomycosis and were hence in the final stages of
disease. Frogs were swabbed to quantify Bd infection intensity via qPCR, and examined and
measured before being euthanized for tissue sample collection (Grogan et al., 2018d). Tissues
were collected from ventral abdominal skin, the common site of Bd infection (Berger et al.,
1998b, Berger et al., 2005a), and were immediately transferred to 500 puL of 100% methanol
(Fisher Scientific) and stored at -80°C. This study was part of a larger project investigating
the effect of Bd on host immune responses (Grogan et al., 2018b).
2.2.2 | Growth of Bd by liquid culture

Bd (isolate AbercrombieR-Lbooroolongensis-09-LB1 ) were cultured at 20 °C on
three mTGhL agar plates (8 g L' tryptone, 2 g L'! gelatin hydrolysate, 4 g L! lactose, 10 g
L! agar, with the addition of 200 mg L"! penicillin-G and 200-500 mg L! streptomycin
sulfate) before flooding plates with 10 mL dilute salts solution (1.0 mM KH>POy4, 0.2 mM
CaCl2.H;0, 0.1 mM MgCl».2H>0) for 20 min to harvest the sporangia and zoospores. The
suspension was then centrifuged at 2,800 x g for 10 min in a refrigerated Eppendorf
Centrifuge 5702 (Eppendorf, USA), the supernatant was removed, and the pellet resuspended
in a 2 mL cryotube with 1 mL methanol before storage at -80 °C.
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2.2.3 | Metabolite isolation from skin tissue and Bd, and analysis by GC-MS and UPLC
qTOF

Skin metabolites were extracted as previously described (Grogan et al., 2018d),
however the metabolite extracts were analysed by 10 pL injection into a UPLCqTOF-MS,
and without first drying the extracts. Metabolites from cultured Bd were isolated for analysis
by GC-MS. Bd metabolites were extracted from sporangia (in 1 mL methanol) by sonication
for five min at ambient temperature, followed by vigorous mixing by vortex to further disrupt
the cells. The suspension was then transferred to a 2 mL microcentrifuge tube and 300 pL.
water added before a further round of cell disruption, as already described. Cell debris were
collected by centrifuge at 16,100 g for 10 min at 4 °C, the supernatant transferred to a fresh
tube and 65 uL of 10 ug.mL"! 3Cg-sorbitol standard added. The Bd metabolite extracts were
dried in preparation for GC-MS analysis as previously described (Gummer et al., 2013), by
first concentrating the extract in an Eppendorf Concentrator Plus vacuum concentrator, before
then submersion in liquid nitrogen and lyophilising to dryness in a Labconco Freezone 2.5
Plus depressurized with a JLT-10 JAVAC high vacuum pump.

For GC-MS analysis, metabolites were derivatised with N-Methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA, Sigma-Aldrich). Analysis was using a Shimadzu QP2010 Ultra
GC-MS (Kyoto, Japan) as described in (Grogan et al., 2018d). The identity of serotonin and
tryptophan were assigned by chromatographic retention time and mass-spectral match, by
comparison to an authentic metabolite standard. Supportive data for the identification of
serotonin was by accurate mass measurement using a Waters Synapt G2S quadrupole time-
of-flight mass spectrometer operating in positive electrospray ionisation mode and coupled to
a Waters Acquity liquid chromagraphy system (UPLC qTOF/MS). Chromatography was
conducted using a Kinetex 1.7 pm HILIC column (Phenomenex Inc.). The mobile phases
consisted of A; 7.5 mM ammonium formate and B; 90:8:2, acetonitrile:isopropanol:water
(7.5 mM ammonium formate). The mobile phase flow of 500 uL min™! was equilibrated and
held at 99% B for 2.5 min before a linear gradient to 95% B over 12.5 min. The ion source
was operated with a capillary voltage of 3.0 kV, desolvation gas flow of 1000 L h™! and at a
temperature of 150 °C. MS data were collected in continuum mode, at a mass range of m/z
100 — 1,000, with a scan time of 0.5 s and operating at a resolution of 38,000. Mass accuracy
was maintained by infusion of leucine encephalin reference. Analyses were conducted using

SPSS Statistics Version 22 (IBM).
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General linear models (univariate) were fitted to serotonin levels measured in skin
between days 4 to 14 post-exposure to better understand likely determinants including
treatment effects (infected versus control), pathogen burden (infection load as measured in
zoospore equivalents), population of origin and duration of infection (days of the
experiment). One-way analysis of variance and non-parametric Kruskal-Wallis tests were
conducted to compare serotonin levels on different days.

2.2.4 | Immunohistochemistry

To determine the location of serotonin in Bd infected and Bd uninfected frog skin,
immunohistochemistry (IHC) was performed. Skin tissue from the original, 8-month old L. v.
alpina used in the exposure experiment was not viable for immunohistochemistry, and as
additional animals were not available from this endangered species we changed to an
alternative alpine species. We were able to collect fresh skin samples from 3 year old
Southern Corroboree frogs (Pseudophyrne corroboree) that were euthanized in an unrelated
infection experiment. The inoculation and husbandry of P. corroboree followed (Brannelly et
al., 2015). Skin sections (5 um thick) were cut from Bd infected and Bd uninfected P.
corroboree and embedded in paraffin blocks. Tissue collection followed approved guidelines
under James Cook University permit (A2171). Slides were deparaffinised and rehydrated
with xylene and ethanol, and rinsed with 1x phosphate-buffered saline (PBS). The slides were
incubated overnight at 4 °C with the mouse monoclonal anti-serotonin primary antibody
(ThermoFisher Scientific Cat# MA5-12111, RRID: AB_10982728) at a 1:20 dilution, in Tris
hydrochloride (Tris-HCL) buffer with 1% bovine serum albumin (BSA). Slides were again
rinsed with 1x PBS, and incubated overnight with rabbit anti-mouse IgG secondary antibody,
HRP (ThermoFisher Scientific Cat#: PA 1-28568, RRID: AB_10983403) ata 1:1,500
dilution in Tris-HCL buffer 1% BSA. After rinsing with 1x PBS, antibody detection was
performed by using 20 uL 3,3’-diaminobenzidine substrate-chromagen (DAB+ Chromagen)
in 1 mL DAB+ Substrate Buffer (Dako EnVision+ System-HRP (DAB)) for approximately
10 min. Slides were rinsed with distilled water, counterstained with haematoxylin, dehydrated

with ethanol and xylene, and mounted.

2.2.5 | Granular gland fullness
Granular gland fullness was measured in dorsal and ventral skin from 10 infected and
10 uninfected moribund P. corroboree. Tissue was prepared as previously described in the

section above. Slides were stained with haematoxylin and eosin, dehydrated with ethanol and
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xylene, and mounted with mounting medium. Photos of granular glands were taken with a
microscope, at 20x magnification. Photos of glands were analysed for size and fullness,
following Brannelly L. (unpublished data) using ImageJ (Schneider et al., 2012). The
protocol for measuring gland fullness consisted of fixing the photo white balance, outlining
the gland, adjusting photo saturation and brightness, analysing the area within the outlined
gland, and calculating the proportion full. The proportion of gland filled was measured for
five granular glands in dorsal and ventral tissues. The proportion filled was not normally
distributed, and therefore arcsine transformed. A linear mixed model was performed in SPSS
v. 25 where the arcsine transformed proportion filled was the dependent variable, fixed
effects were the location of granular glands (dorsal or ventral), infection status (exposed or

unexposed), and the interaction of location and status.

2.2.6 | Bd growth assays

The Bd isolate “Ethel creek-Lnannotis-2013-LB” (isolated from a Waterfall frog,
Litoria nannotis, in 2013 from northern Queensland, Australia) was grown on sterile
tryptone/gelatin hydrolysate/lactose (TGhL) plates using established methods (Longcore et
al., 1999). Plates were flooded with TGhL media to release zoospores, which were syringe
filtered to remove sporangia using a 10 um isopore filter (Millipore). Chemicals were
obtained from the Sigma-Aldrich Corporation. The chemicals tested were serotonin and the
structural analogues tryptamine, histamine, 5-hydroxyindole-3-acetic acid, Trp, 5’-hydroxy
L-tryptophan, and Kyn, as well as other biogenic amines ornithine, putrescine, spermidine,
and spermine at final assay concentrations of 0.156 mM, 0.312 mM, 0.625 mM, 1.25 mM,
2.5 mM, 5 mM, and 10 mM.

Bd zoospores (100 pL, concentration between 2.5 x 10° and 1.0 x 10%) were
inoculated in a 96 well plate with an equal volume of the chemical of interest in 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4. Sterile deionised water and
20 mM HEPES negative controls were included. Sporangial size was measured at 3-4 d post
inoculation, to capture the maximal mature sporangial size of each culture. For each
concentration of serotonin a photograph was taken, and the 10 largest sporangia were selected
per well and the sporangial diameter was measured, using a light microscope at 20X
magnification (Fisher et al., 2009a) .

Bd from isolate “Ethel creek-Lnannotis-2013-LB” was grown on a 96 well sterile

plate with 20 mM HEPES and serotonin at concentrations of 0.156 mM, 0.312 mM, 0.625
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mM, 1.25 mM, 2.5 mM, 5 mM, and 10 mM. Absorbance at 492 nm was measured on a plate
reader, and was averaged.

To confirm reproducibility of results, inhibitory experiments were repeated using the
isolate “AbercrombieR-Lbooroolongensis-09-LB1”, isolated from the Booroolong frog
(Litoria booroolongensis), from New South Wales, Australia. One-way analysis of variance
was performed in SPSS v.22 using with the sporangia size data obtained from the inhibitory
assay. This was used to test the effect of concentration for each chemical.

The minimum inhibitory concentration (MIC) of Bd with serotonin was quantified
using the isolate “AbercrombieR-Lbooroolongensis-09-LB1”. We defined MIC as the lowest
concentration that prevented Bd from completing its life cycle (release of zoospores from
sporangia) (Martel et al., 2011). We observed Bd at 0.5 mM, 1.0 mM, 1.25 mM, 1.5 mM and
2 mM concentrations of serotonin for two weeks and noted when sporangia encysted,
whether zoospores formed inside sporangia, and when motile zoospores were released (Table
S2.2).

2.2.7 | Supplementation experiments with Trp and Kyn

To determine whether serotonin inhibits the Trp or Kyn biosynthetic pathways, a
supplementation experiment was performed. A 96 well plate was inoculated with 100 pL of
Bd from the “Ethel creek-Lnannotis-2013-LB” isolate, as above. Fifty microliters of either 10
mM Trp (in 20 mM HEPES), 10 mM Kyn (in 20 mM HEPES), or 20 mM HEPES buffer
was added with increasing concentrations of serotonin (0 mM, 0.16 mM, 0.3125 mM, 0.625
mM, 1.25 mM, and 2.5 mM final concentration in 20 mM HEPES buffer). Each condition
was tested in triplicate. After day 5, the 10 largest sporangia were measured in each well,
using a light microscope at 20x magnification (Fisher et al., 2009a).

2.2.8 | Human Jurkat growth assays

Huma Jurkat T cells (a commercially available human lymphocyte cell line) were
used as a proxy for frog T cells, due to the difficulty of extracting T cells from frogs (Piovia-
Scott et al., 2014). Human Jurkat T cells were warmed at 37 °C for approximately two min in
a water bath. Warm RPMI medium (ThermoFisher Scientific) supplemented with 10% fetal
bovine serum (FBS), 100 IU/mL penicillin, and 100 pg/mL of streptomycin, was added to the
cells. Cells were centrifuged at 200 x g for five min at 23 °C. Supernatant was removed, and
cells were resuspended in fresh media. Twenty-five cm? flasks were inoculated with
inoculum, and to a final volume of 10 mL with media. Cells were incubated at 37 °C in 5%

COz - 95% air and passaged 1:10 with fresh media when 80% confluence was reached
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(approximately every 3 d). Ninety pL of human Jurkat T cells were inoculated on a 96 well
plate in triplicate, with either 10 uL of serotonin suspended in 20 mM HEPES (final
concentrations of 0.156 mM, 0.312 mM, 0.625 mM, 1.25 mM, 2.5 mM, 5 mM, and 10 mM),
10 pL L-Kyn suspended in 20 mM HEPES (final concentrations of 0.625 mM, 1.25 mM, 2.5
mM), or 10 uL of 25 pg/mL etoposide. Cells were grown for 2 d at 37 °C in 5% CO2 - 95%
air.
2.2.9 | MTT cell proliferation assay

To determine the amount of T cell proliferation when inoculated with varying
concentrations of serotonin, a thiazolyl blue tetrazolium bromide (MTT) cell proliferation
assay was performed. In a 96 well plate, 100 uL of MTT (500 pg/mL) was added to each
human Jurkat T cell sample and incubated for four h at 37 °C in 5% C0O2-95% air. The plate
was spun for 30 min at 4,000 x g. Supernatant was removed and 100 pL of dimethyl
sulfoxide (DMSO) was added to each well. The plate was incubated for 10 min at 37 °C in

5% COz - 95% air. Absorbance was read in a plate reader at 570 nm after a two-min shake.

2.3 | RESULTS

2.3.1 | Serotonin levels change over the course of infection

Firstly, we confirmed the identity of serotonin in the skin of Bd-infected frogs
(Grogan et al., 2018b, Grogan et al., 2018d) using accurate-mass mass spectrometry (Ultra-
Performance Liquid Chromatography-quadrupole-Time of Flight-mass spectrometry; UPLC-
qTOF-MS) with comparison to a metabolite reference standard (Figure S2.1a).

The full model including all explanatory variables, treatment effect (infected versus
control), population of origin, pathogen burden (infection load), duration of infection (days of
the experiment), and their interactions was significant p < 0.001 and had an R? = 0.60.
However, of the explanatory variables only infection load was significant, p < 0.001. It
positively covaried with serotonin levels. When infection load was excluded from the model
then only days of the experiment significantly covaried, p = 0.01, but R? = 0.31. Step-wise
elimination of non-significant variables and their interactions led to infection load and
population of origin as being the only significant explanatory variables, p < 0.001 and p =
0.04, The estimated marginal means for serotonin levels among frogs from differing
populations of origin differed between population E (long exposed), serotonin = 0.021?, and
those from population K (longer surviving in infection experiments than G and E, long

exposed) and population G (naive), which were similar, serotonin = 0.0112. Covariates®
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appearing in the model were evaluated at infection load = 6011.85 zoospore equivalents. R? =
0.59. The lack of fit test for the model was significant p = 0.01. This was because the
residuals for serotonin levels from the model increased as serotonin levels increased. This
likely reflects activation of more biochemical pathways and feedback loops as the infection
progresses disrupting the linear relationship. The fit of the model was improved by taking the
square root of serotonin levels, p = 0.4. However, R? = 0.54, infection load and population of
origin remained significant explanatory variables, p < 0.001 and p = 0.01, respectively.

Our results demonstrated that there were two types of serotonin responses to Bd fungal
infection. Serotonin concentrations increased over the course of infection in the more
susceptible (higher mortality rates) Populations E and G, demonstrating a 4.8-fold increase in
skin serotonin in the first 14 days (Figures 2.1a and 2.1b). In contrast, the more resistant
(longer surviving) Population K, had no significant change in serotonin levels over the course
of the infection (R? = 0.0526, Figure 2.1¢). We found a positive correlation between
subclinical serotonin levels and pathogen burden in the susceptible populations for the first
14 days of infection (population E, R? = 0.4584; population G, R? = 0.6139, Figure 2.2b). The
‘baseline’ or mean concentration of serotonin for control animals was 0.0091 relative units.
The linear models could not be fitted if day 28, when frogs developed clinical signs, was
included. This was because serotonin levels decreased dramatically, by three orders of
magnitude in conjunction with severe disease and frogs becoming moribund. One-way
analysis of variance showed that serotonin levels differed among days post-exposure for
infected frogs, p = 0.028. A non-parametric Kruskal-Wallis test was also significant, p =
0.001. Bonferroni post hoc tests suggested that the main difference occurred between days 14

and 28, p = 0.039.
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FIGURE 2.1 Skin Serotonin Levels over the Course of Infection in Three Populations of L.

v. alpina.

X’s represents the mean. A-B. Average serotonin concentrations increase over the course of

infection in populations Eucumbene (Population E) and Grey Mare (Population G), prior to
falling dramatically in moribund animals (Day 28+). C. Average serotonin concentrations
remain low throughout the duration of infection in the Kiandra (Population K) population.
Serotonin concentrations are relative to the normalised peak intensities in the dataset. Each

box and whiskers plot represents the median and the interquartile range.
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FIGURE 2.2 Infection Intensity and Concentration [Relative Units] of Serotonin within L. v.
alpina skin.

A. Bd burden over the course of infection. B. Serotonin concentrations correlate positively
with infection intensity in Populations E and G, but not in Population K. Baseline represents

the mean concentration of serotonin for control animals.
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2.3.2 | Location of serotonin in skin and changes in levels with infection status

Immunohistochemistry showed that serotonin in the skin was concentrated in granular
skin glands and the linear mixed model showed that dorsal glands had more serotonin than
ventral (F1, 156 = 4.365, p = 0.041). There was an accumulation of serotonin in uninfected
control frogs at day 35 (Figure 2.3a), but no serotonin was visible in the frogs moribund with
chytridiomycosis (F1, 156 = 10.422, p = 0.002) (day 35, Figure 2.3b). There was no significant
interaction between granular gland location and infection status for serotonin (F1, 156 = 0.031,
p=0.861).

2.3.3 | Serotonin inhibits in vitro growth of Bd sporangia

Serotonin inhibited the growth of Bd in vitro (Figure 2.4a) and decreased the
sporangial size (Figures 2.4a and 2.5). The average absorbance of Bd cultures also decreased
with increasing concentrations of serotonin (Figure 2.7). Serotonin caused a significant
reduction in sporangial size at concentrations equal to and above 0.3125 mM (p < 0.002). At
0.3125 mM and 1.25 mM serotonin, sporangial size was decreased by 30% and 60%,
respectively. The minimum inhibitory concentration (where Bd was unable to release
zoospores to complete its life cycle) of serotonin that inhibited the development of Bd
sporangia was 1.5-2 mM. Similar results were observed for both strains of Bd tested, where
both strains were from the phylogenetically-related global panzootic lineage (O’Hanlon et al.,
2018).

In structure-activity relationship assays, serotonin structural analogues were tested for
their ability to inhibit Bd growth (Figure 2.4). We tested Bd-produced analogues including
Trp (Figure S2.1b) and Kyn; associated frog metabolites such as tryptamine, 5-hydroxy 3-
indole acetic acid (5’-HIAA), and 5-hydroxytryptophan; as well as structurally similar
histamine (produced from histidine) (Fig S2.5). Frog metabolites histamine, tryptamine, and
5’-HIAA inhibited Bd sporangial growth, while 5-hydroxytryptophan did not. The greatest
decrease in sporangial size occurred with tryptamine, which had a similar effect on growth to
serotonin (Figure 2.4a-4b). The endogenous Bd-produced metabolite analogues, Trp and Kyn
did not affect growth. The addition of either 10 mM Trp or Kyn did not restore Bd growth in
the presence of increasing serotonin concentrations (Figure 2.5a). Other biogenic amines
were also tested as potential inhibitory agents of Bd. Putrescine, spermidine, and spermine
(which are metabolically related to Bd immunosuppressant MTA) inhibited sporangial

growth, while ornithine did not (Figure 2.4c).
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FIGURE 2.3 Immunohistochemistry of ventral Pseudophryne corroborree skin with
Serotonin Antibody.

A. In uninfected control skin (day 35), serotonin accumulates within the granular glands (G).
B. In infected frogs showing clinical signs of chytridiomycosis (day 35), serotonin is
noticeably absent from granular glands. The arrows in both panels are pointing to granular
glands. The chromagen staining is prominent in the granular glands in uninfected animals
(panel a, i.e. the dark staining inside the glands), and absent from the granular glands in

infected animals (panel b).
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FIGURE 2.4 Sporangial Growth Assays with Serotonin and Structural Analogues Show that
an Ethylamine Attached to a Basic Group Reduces Bd Sporangia Size. Bolded square
corresponds to the inset that shows the data from concentrations of 0-2 mM. A. Serotonin
(produced in frog skin) reduces sporangial growth, while the analogues kynurenine (Kyn) and
tryptophan (Trp) (produced by Bd) do not affect fungal growth. B. Inhibition of sporangial
growth occurs with histamine and tryptamine, which possess both the terminal primary amine
and pyrrole ring of serotonin. At high concentrations (5-10 mM), 5-hydroxyindole-3-acetic
acid inhibits growth, while 5-hydroxy-L-tryptophan does not have any effect. C. Other
biogenic amines that contain an aliphatic primary amine, such as spermine, spermidine and
putrescine inhibit growth. However, this effect is negated if the ethylamine is attached to an

acidic group, as in ornithine.
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Treatment with 10 mM tryptophan (Trp) or 10 mM kynurenine (Kyn) does not restore the

growth of Bd with increasing concentrations of serotonin.
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FIGURE 2.6 Effect of Serotonin and Kynurenine (Kyn) on human Jurkat Cells.
A trend line is shown for the serotonin data points. High absorbance serotonin inhibited

human Jurkat lymphocytes at concentrations over 500 uM, similar to the effect for Kyn.
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FIGURE 2.7 Average absorbance at 492 nm of Bd treated with serotonin.

The average absorbance of Bd decreased with increased concentrations of serotonin.
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2.3.4 | Serotonin inhibits in vitro growth of human Jurkat lymphocytes

The human Jurkat lymphocyte cell line was used as a proxy to test the effect of
serotonin on amphibian lymphocytes, as in previous studies (Piovia-Scott et al., 2014).
Serotonin inhibited human Jurkat lymphocytes at concentrations over 0.5 mM (Fig. 6),

similar to the immunosuppressive effects of Kyn (Rollins-Smith et al., 2015).

2.4 | DISCUSSION

2.4.1 | Serotonin levels over the course of infection

We used host skin metabolomics to assess whether survival rates (Bataille et al.,
2015) correlated with skin serotonin levels. In populations with higher susceptibility to
chytridiomycosis (Populations E and G), skin serotonin levels increased during the
subclinical phase of infection, and were correlated to pathogen burden. However, in
moribund frogs, serotonin levels dramatically decreased to basal pre-infection levels. In the
more resistant Population K, serotonin levels remained at basal levels throughout the course

of infection and were not correlated with infection burden.

2.4.2 | Localization of serotonin in frog skin

Immunohistochemistry indicated that serotonin is localised in granular glands within
the frog skin, as shown previously in Marsh frogs (Rana ridibunda) (Sengezer-inceli et al.,
2004). The lack of serotonin antibody staining in moribund frogs corresponds to the reduction
of serotonin to sub-basal levels in our metabolomic time-course study. Serotonin is expressed
in the sweat and sebaceous glands of psoriasis lesions in humans (Huang et al., 2004), and
might be excreted by epidermal mast cells to stimulate keratinocyte proliferation (Maurer et
al., 1997). Hence, it is possible that the hyperkeratosis observed with chytridiomycosis
(Berger et al., 2005a) is mediated by increased levels of skin serotonin during the subclinical

phase of the disease.

2.4.3 | The effects of serotonin in vitro

Although Trp is a metabolic precursor to serotonin, Trp did not inhibit Bd growth in
vitro. To provide insight into the effect of Trp metabolism to serotonin on Bd, we undertook
structure-activity relationship assays to determine which structural motifs within serotonin
were involved in inhibition of cultured Bd. These results indicate that the terminal primary
amine and the pyrrole ring in serotonin inhibits normal Bd growth, as histamine (which only
possesses these motifs) had a similar effect on Bd as serotonin. Furthermore, 5-

hydroxyindoleacetic acid (5’-HIAA), which does not contain a terminal primary amine, only
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inhibited sporangia at high concentrations. Given these results, conversion of Trp into
tryptamine within the skin of frogs might also inhibit growth of Bd, whereas
biotransformation to 5’-HIAA and the similar 5’-hydroxytryptophan are unlikely to affect Bd.
Interestingly, high levels of 5’-HIAA were identified in the skin of moribund frogs (Grogan
et al., 2018d), indicating another important fate of Bd-secreted Trp in the skin of infected
frogs. Other unrelated biogenic amines also inhibited Bd growth, including putrescine,
spermidine and spermine, which are biosynthetic metabolites of Bd-excreted MTA (Rollins-
Smith et al., 2015) . As spermidine affects cell proliferation (Kihara and Snell, 1957) and
controls the membrane potential of potassium, sodium, and calcium ATPases, future work
should consider the effect of these biogenic amines on the susceptibility of frogs to
chytridiomycosis.

We hypothesised that serotonin might inhibit Bd by mimicking metabolites within the
Trp/Kyn biosynthetic pathway. Trp analogues inhibited Kyn production (a Trp metabolite)
and hyphae development in Candida albicans (Bozza et al., 2005). However,
supplementation with 10 mM Kyn or Trp in our study did not restore growth in the presence
of increasing serotonin concentrations. Therefore, despite the structural similarities, serotonin
does not seem to inhibit Trp or Kyn biosynthetic pathways in Bd. It is therefore unlikely that
serotonin is mimicking Trp or Kyn precursors to competitively inhibit upstream metabolic
enzymes. Despite the inhibition of Bd by serotonin in vitro, increasing levels of serotonin do
not protect the frogs from Bd in vivo. It is possible that localization of serotonin in glands
results in compartmentalization away from the pathogen.

Finally, Trp is an essential amino acid that frogs obtain from their diet. It is possible
that increased skin serotonin during infection is due to a specific host response or due to
increased Trp excreted from the rising burden of Bd (Priya et al., 2014, Rollins-Smith et al.,
2015). As Bd has been shown to alter amphibian skin microbial communities (Jani and
Briggs, 2018), Trp from other skin microbes may also contribute, but the relative abundance
of Bd likely renders these sources negligible. As Bd-infected frogs lose appetite in late stages
of disease, this may be an explanation for the final drop in serotonin.

2.4.4 | Immunosuppressive effects of serotonin

Serotonin inhibited the proliferation of human Jurkat lymphocytes with a similar
effect to the previously reported Kyn produced by Bd (Rollins-Smith et al., 2015). Bd cannot
produce serotonin, only its precursor Trp. Frogs, on the other hand, do not possess the

necessary biochemistry for the de novo synthesis of Trp (Figure S2.4), so the serotonin
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precursor must be introduced exogenously (Table S2.3). As expected, serotonin was not
detected from Bd cultures, but the precursor metabolites Trp (Figure S2.1b) and serine were
identified (Grogan et al., 2018d), consistent with previous reports (Rollins-Smith et al.,
2015). Therefore, it is possible that the high levels of Trp secreted by Bd are metabolised into
serotonin in the infected host, increasing host susceptibility to Bd due to immunosuppression.
The immunomodulatory role of serotonin as seen in our study has been described in other
organisms. Low concentrations of serotonin (50 uM) cause apoptosis and suppression of
DNA synthesis in Burkitt lymphoma cells (Serafeim et al., 2002). Serotonin has been shown
to be involved in host defence against other fungal pathogens (Du Fall and Solomon, 2013,
Lass-Florl et al., 2003, Mayr et al., 2005). Despite serotonin inhibiting Bd growth in vitro,
there was no correlation of serotonin to increased resistance of frogs to chytridiomycosis. In
this host-pathogen interaction, it seems that the effect of elevated skin serotonin is more
detrimental to the frog. Overall, these results indicate that increased skin serotonin in
susceptible frogs is a response to infection and high levels of pathogen-secreted Trp.
However, the ability of more resistant populations to maintain low serotonin levels, despite
increasing pathogen burden, could be linked to survival. Our study has brought new insight to
the role of serotonin in Bd infection. Further investigation is needed to confirm serotonin as
detrimental to the host during Bd infection, and to understand other effects of this bioactive
molecule on pathogenesis. With the overall aim of improving outcomes for frogs with
chytridiomycosis, future work could test therapeutics that alter skin serotonin levels to assess

survival rates in infected frogs.

2.5 | Conclusions

The contribution of frog metabolites to immune defence against the deadly amphibian
fungus Bd is not well understood. Here, we found a correlation between serotonin levels and
pathogen burden, which suggests that serotonin may be produced by frog skin in response to
Bd infection. Despite inhibiting the fungus in vitro, the immunosuppressive effects of
serotonin likely contribute to the increased susceptibility of frogs to chytridiomycosis. This
study improves the understanding of the role of metabolites in the host response to Bd, and

provides a potential avenue for improving frog survival.
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SUPPLEMENTAL INFORMATION
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FIGURE S2.1 The Product Ion from MS/MS Fragmentation of the Protonated Serotonin

Extracted from Frog Skin.

Fragmentation of the pseudo-molecular ion produces the dominant observed product ion, m/z

160 (<5 ppm; Massbank). A. relative intensity vs. retention time of serotonin, B. serotonin and

Trp from sporangia compared to standard control, the graph on the left are from high-

performance liquid chromatography and the right is from mass spectrometry and C. serotonin

and Trp from skin compared to standard control, the graph on the left are from high-performance

liquid chromatography and the right is from mass spectrometry.
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FIGURE S2.2 Growth of Bd zoospores as measured by optical density using a

spectrophotometer.

Zoospores treated with 0-10 mM serotonin, measured by absorbance at 492 nm. Higher

absorbance values coincide with more Bd growth
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FIGURE S2.3 Representative Images of Bd Grown in Different Concentrations of Serotonin.
A. Control - 0 mM, B. 0.625 mM, C. 2.5 mM, D. 10 mM.
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FIGURE S2.4 Tryptophan (Trp) Biosynthesis Pathway.

Numbers represent are the identification number of the protein in the Kyoto Encyclopedia for Genes and Genomes (KEGG) software. White
boxes represent genes found in Saccharomyces cerevisiae, which are homologous in Batrachochytrium dendrobatidis. The biosynthetic pathway
for S. cerevisiae has been well established, and useful for comparison to B. dendrobatidis. The Trp biosynthesis pathway is not found in the frog

model organism Xenopus tropicalis.
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FIGURE S2.5 Tryptophan (Trp) Metabolism Pathways.
White boxes represent genes in Saccharomyces cerevisiae, which are homologs in Batrachochytrium dendrobatidis, black boxes represent genes
found in the frog model organism Xenopus tropicalis, gray boxes are for genes found in both S. cerevisiae and X. tropicalis, dashed boxes are

genes found in neither. The serotonin biosynthesis pathway is not found in the pathogen.
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TABLE S2.1 Experimental design with the number of frogs from each population and treatment group (Bd infected or uninfected control)

sampled at each time point post-exposure.

Day 4 Day 8 Day 14 Day 28+ Total Number
Populations Subclinical Subclinical Subclinical Moribund
Infected Control Infected Control Infected Control Infected Infected Control
Population G 4 1 4 1 4 1 4 16 3
Population E 4 2 4 2 4 2 2 14 6
Population K 4 2 4 2 4 2 2 14 6
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TABLE S2.2 Qualitative description of Bd treated with a range of serotonin concentrations in HEPES buffer.

+=yes, - = no.

Day Observation

Concentration of serotonin (mM)

0.5 1.0 1.25 1.5 2.0
1 Encysted + + + + +
Zoospores - - - - -
inside
sporangia
Motile + - + + -
Z0ospores
Notes Developing sporangia Developing Developing sporangia Developing Developing
sporangia sporangia sporangia
2 Encysted
Zoospores - - - - -
inside
sporangia
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Motile

Z00Spores

Notes

Encysted

Zoospores
inside
sporangia
Motile

Z00Spores

Notes

Encysted
Zoospores
inside

sporangia

Medium developing

sporangia

Large sporangia

Medium
developing

sporangia

Medium sporangia

Medium developing

sporangia

Small-medium

sporangia

Mostly small
sporangia, some
medium

sporangia

Small sporangia

Mostly small
sporangia, some
medium

sporangia

Small sporangia
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Motile

Z00Spores

Notes

Encysted

Zoospores
inside
sporangia
Motile

Z00Spores

Notes

Encysted
Zoospores
inside

sporangia

Large sporangia

Large sporangia,
small encysted
sporangia, many

motile zoospores

Large and medium

sporangia

Large and medium

sporangia

Medium sporangia

Large and medium

sporangia, with large

vacuoles

Medium

sporangia

Medium and

small sporangia,

with large

vacuoles

Some medium

sporangia

Medium and

small sporangia
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Motile

Z00Spores

Notes

Encysted

Zoospores
inside

sporangia

Motile

Z00Spores

Notes

Encysted

Large sporangia,
many motile

ZOOSpores

Large sporangia,
many motile

ZOOSpores

Large sporangia

Large sporangia

Large and medium

sporangia

Large and medium

sporangia

Large and
medium
sporangia with

large vacuoles

Large and
medium

sporangia

Medium and
small sporangia

with vacuoles

Medium and

small sporangia
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10

Zoospores
inside

sporangia

Motile

Z00Spores

Notes

Encysted

Zoospores
inside

sporangia

Motile

Z00Spores

Notes

Encysted

Small to large

sporangia

Large sporangia

Large and medium

sporangia

Large and small

sporangia

Large and medium

sporangia

Large and small

sporangia

Large and small

sporangia

Large and small

sporangia

Small to large

sporangia

Large and small

sporangia
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Zoospores
inside

sporangia

Motile

Z00Spores

Notes

11 Encysted

Zoospores
inside

sporangia

Motile

Z00Spores

Notes

12 Encysted

Large and medium

sporangia
+

+

Large and medium
sporangia, many

encysted zoospores

Large and medium

sporangia
+

+

Large and medium
sporangia, many

encysted zoospores

Large and medium

sporangia
+

+

Large and medium
sporangia, some
small developing

sporangia

+

Small to large

sporangia
+

+

Large sporangia

Small to large

sporangia
+

+

Large sporangia

54



CHAPTER 2

13

14

Zoospores
inside

sporangia

Motile

Z00Spores

Notes

Encysted

Zoospores
inside

sporangia

Motile

Z00Spores

Notes

Encysted

Small to large

sporangia
+

+

Small to large

sporangia

+

Small to large

sporangia
+

+

Small to large

sporangia

+

Small to large

sporangia
+

+

Small to large

sporangia

+

Small to large

sporangia
+

+

Small to large

sporangia

+

Small to large

sporangia
+

+

Small to large

sporangia

+

55



CHAPTER 2

Zoospores + + + + +
inside
sporangia
Motile - - - - -
Zoospores
Notes Small to large Small to large Small to large Small to large Small to large
sporangia sporangia sporangia sporangia sporangia
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TABLE S2.3 Genes in the tryptophan biosynthesis pathway from Saccharomyces cerevisiae,

that are homologs found in Batrachochytrium dendrobatidis.

Enzyme Gene Name GenBank® Accession Number
1.1.1.25 shikimate dehydrogenase XP _006681594.1
2.4.2.18 anthranilate phosphoribosyltransferase 0AJ40366.1
2.5.1.19 3-phosphoshikimate 1- 0AJ43256.1
carboxyvinyltransferase
2.5.1.54 3-deoxy-7-phosphoheptulonate synthase OAJ40577.1
2.7.1.71 shikimate kinase 0AJ44380.1
4.1.1.48 indole-3-glycerol-phosphate synthase 0OAJ41374.1
4.1.3.27 anthranilate synthase 0OAJ41375.1
4.2.1.10 3-dehydroquinate dehydratase I -
4.2.1.20 tryptophan synthase alpha chain XP_006680001.1
4234 3-dehydroquinate synthase XP_006681594.1
4.2.3.5 chorismate synthase 0AJ32760.1
53.1.24 anthranilate synthase 0OAJ41375.1
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TABLE S2.4 Genes involved in tryptophan metabolism from Saccharomyces cerevisiae, that

are homologs found in Batrachochytrium dendrobatidis.

Enzyme Gene Name GenBank® Accession Number
1.13.11.52 indoleamine 2,3-dioxygenase BAO42882.1

1.14.13.9 kynurenine 3-monooxygenase XP 006681171

1.14.14.1 unspecific monooxygenase -

1.2.1.3 aldehyde dehydrogenase XP 006683530

2.6.1.27 tryptophan transaminase -

3.5.1.9 arylformamidase -

3.7.1.3 kynureninase 0OAJ42861.1
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CHAPTER 3 | Characterisation of serotonin in amphibian skin

OVERVIEW
Chapter 2 showed that serotonin levels in skin are correlated with the progression of

infection of Batrachochytrium dendrobatidis in alpine tree frogs (Litoria verreauxii alpina).
To characterise the occurrence of serotonin in amphibian skin, we opportunistically collected
dorsal and ventral skin tissue from Baw Baw frogs (Philoria frosti), cane toads (Rhinella
marina), common eastern froglets (Crinia signifera), and southern corroboree frogs
(Pseudophryne corroboree). As these animals were obtained opportunistically from separate
unrelated studies, I was unable to use consistent group sizes or to examine all factors of
interest in each species. The objectives of this chapter were:

e To determine the location and amount of serotonin in frog and toad skin

e To determine how serotonin levels in skin are affected by different factors (species,

body site, age, infection status, and treatment with serotonin)
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ABSTRACT

The fungus Batrachochytrium dendrobatidis (Bd) causes the disease chytridiomycosis
and is responsible for the global decline and extinction of amphibians. A previous study
found that skin serotonin levels increase in the skin of susceptible alpine tree frogs (Litoria
verreauxii alpina) as Bd infection progresses. To further characterise the occurrence of

serotonin and determine whether this observation is a consistent across amphibian species,
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we collected dorsal and ventral skin tissue from four Australian frog species with differing
susceptibility to chytridiomycosis: Baw Baw frogs (Philoria frosti), cane toads (Rhinella
marina), common eastern froglets (Crinia signifera), and southern corroboree frogs
(Pseudophryne corroboree). We used immunohistochemistry to identify the location of
serotonin within the skin and high-performance liquid chromatography to quantify the
amount of serotonin. We also assessed if serotonin levels in skin are affected by various
factors (species, body site, age, infection status, and treatment with serotonin). Overall, we
found that species known to be more susceptible to Bd had less serotonin in their skin, in
contrast to that observed in alpine tree frogs. Serotonin was detected in the granular glands of
all species tested except the Baw Baw frogs. Dorsal skin in southern corroboree frogs had
higher serotonin levels than ventral skin. However, in contrast to previous work we did not
observe an effect of infection status or the interaction of location and infection status. Age
and infection status did not have an effect on the amount of serotonin detected in the other

species. Skin serotonin levels due to Bd pathogenesis may differ among frog species.
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3.1 | INTRODUCTION

The fungus Batrachochytrium dendrobatidis (Bd) causes the disease chytridiomycosis
and is responsible for the global decline and extinction of amphibians (Skerratt et al., 2007).
Susceptibility varies among species and individuals, and older frogs tend to be more resistant
(Berger et al., 2016, Brannelly et al., 2018a), but mechanisms for this variation remains
unclear (Grogan et al 2018b). Sporangia of Bd grow within amphibian epidermal cells on
ventral skin surfaces and there is limited to no inflammatory cell response observed
histologically. Frogs with chytridiomycosis may have eroded skin surfaces, with fewer
epidermal cell layers (Berger et al., 2005b).

A pervious experiment found that the amount of serotonin (5-hydroxytryptamine) in
the skin of susceptible alpine tree frogs (Litoria verreauxii alpina) increased as disease
progressed (Grogan et al., 2018b). Additionally, alpine tree frogs from a more resistant
(lower mortality rate) population had lower levels of skin serotonin, suggesting that serotonin
may play a role in Bd pathogenesis (Claytor et al 2019). Serotonin is well-known as a
neurotransmitter (Dicke et al., 1997) with a variety of other biological functions (Van Nueten
et al., 1985), such as regulatory cardiovascular (Kaumann and Levy, 2006, Singh, 2004) and
digestive (Tecott, 2007) functions in humans. Although serotonin has fungicidal effects on Bd
cultures in vitro, it also possesses lymphocyte inhibitory activity, supporting a role in the
increased susceptibility of some L. v. alpina populations to Bd (Claytor et al., 2019).

Previous studies have quantified the amount of serotonin within amphibian skin
(Sengezer-inceli et al., 2004, Seki et al., 1995, Seki et al., 1989, Bennett et al., 1981). In the
marsh frog (Rana ridibunda) found in Europe, serotonin was detected in the mucous and
poison glands using immunohistochemistry (IHC) (Sengezer-Inceli et al., 2004). In the Bd
resistant African clawed frog (Xenopus laevis) (Rollins-Smith et al., 2009), the amount of
serotonin in the skin tissue was quantified by high-performance liquid chromatography
(HPLC), and the amount was shown to increase with developmental stage; less than 1 ng/mg
of serotonin in tadpole wet tissue, which increased to 63.2 = 3.14 ng/mg of wet tissue in
metamorphs, and 203 = 17.1 ng/mg of wet tissue in adults (Seki et al., 1989).

The composition of frog skin can vary between species (Toledo and Jared, 1995,
Brown et al., 1981) and between skin sites (Yorio and Bentley, 1977). Amphibian skin
contains granular glands, which produce noxious or toxic secretions that can be used as a
defence against predators (Toledo and Jared, 1995). These glands contain serotonin and other

alkaloids, proteins, and anti-microbial peptides (AMP’s) used for antimicrobial defence
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(Woodhams et al., 2007), nutrient storage, defence against predators, chemosensory
communication, and reproduction (Roseghini et al., 1986, Wang et al., 2014, Vanable, 1964).
In the western clawed frog (Xenopus tropicalis), granular glands are found uniformly
distributed both dorsally and ventrally, which may be due to their aquatic lifestyles, and used
as a defence from predators attacking from all directions in the aquatic environment (Le
Quang Trong, 1975). In the narrow-mouthed toad (Gastrophryne carolinesnsis), granular
glands are evenly distributed throughout their body, which is believed to prevent attack from
ants, which are their prey species (Garton and Mushinsky, 1979). The crab-eating frog (Rana
cancrivora), did not have typical granular distribution (Seki et al., 1995).

There are no studies that have quantified serotonin in skin of Australian frogs, many
of which have undergone declines due to Bd (Scheele et al., 2019). Due to the suggested
involvement of serotonin in amphibian susceptibility to Bd, we investigated serotonin in
native Australian frogs in 1) two Bd susceptible, critically endangered frog species, (the
southern corroboree frog (Pseudophryne corroboree) and the Baw Baw frog (Philoria frosti))
(Hollis, 2004), 2) one Bd tolerant frog species, the common eastern froglet (Crinia signifera))
which is a reservoir of Bd, as they persist with high infection prevalence and intensity without
disease sign (Brannelly et al., 2018b); and 3) the non-native invasive and Bd resistant cane
toad (Rhinella marina), native to South America (Brannelly et al., 2018a).

In this study, we aimed to: 1) determine the location and amount of serotonin in frog
and toad skin and correlate its occurrence with various host factors and 2) better understand
its role in the pathogenesis of chytridiomycosis. We collected dorsal and ventral skin tissue
from all species, which were obtained opportunistically from various studies. We used IHC
and HPLC to determine how serotonin levels were affected by species, skin location (in all
species), age (in cane toads), a bath treatment with serotonin (in common eastern froglets),

and infection status (in corroboree frogs and common eastern froglets).

3.2 | METHODS
3.2.1 | Tissue collection

Frogs were opportunistically sampled (available due to being used in previous
studies). Frogs and toads from 4 species (3 wild-caught, 1 captive bred) were euthanised with
0.2% buffered tricaine methane sulfonate (MS-222) baths (Brannelly et al., 2016).

Approximately 1-4, 10 mm?® or 8 mm diameter punches of skin tissue were dissected from the
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midline dorsum and ventrum, weighed and stored in 70% ethanol for IHC, and 100%
methanol for quantification by HPLC.
3.2.1.1 | Baw Baw frogs

Six uninfected adult Baw Baw frogs were obtained from the Baw Baw plateau in the
central highlands of Victoria, Australia, and held in captivity (Deakin University Animal
Ethics permit 10008298). Dorsal and ventral skin tissue samples were collected from the
euthanised individuals. The skin tissue of all 6 individuals was analysed via IHC, and 4
individuals’ samples were analysed via HPLC.
3.2.1.2 | Cane toads

Thirty-seven uninfected cane toads were collected from Townsville (a Bd negative
zone), Queensland, Australia (James Cook University Animal Ethics permits A2503 and
A2551) and euthanised (Figure 3.1). Each toad was assigned to age classes based on snout-
venter length (SVL). Adults were 90 to 150 mm (n = 22), juveniles 40 to 80 mm (n = 13), and
metamorphs were less than 40 mm (n = 2) (Figure 3.1). IHC analysis was performed on the
dorsal and ventral skin samples of all thirty-seven individuals. Dorsal and ventral skin tissue
from seven individuals of different age classes were used for HPLC analysis (2 adults, 3

juveniles, and 2 metamorphs).
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FIGURE 3.1 Representative size classes of cane toads (Rhinella marina) used for age
comparison.
Left: dorsal view, right: ventral view. A. adult, snout-venter length (SVL) was 125 mm, B.

juvenile, SVL was 66 mm, and C. metamorph, SVL was 37 mm.
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3.2.1.3 | Common eastern froglets

Eleven frogs were collected from the wild in Kosciuszko, Brindabella, and Namadgi
National Parks, and Micalong State Forest, in southeastern Australia and held in captivity
during previous studies (collected in November 2015) (Scheele et al., 2016). They were
tested for Bd by qPCR. Ten of the 11 frogs were positive for Bd by qPCR before the
serotonin treatment.

To test if serotonin levels could be manipulated, four frogs were bathed in 20 mL of
water, as treatment controls, and seven frogs were bathed in 0.2 mM (44 mg/L) serotonin in
20 mL baths, for one hour (h) daily, for 5 days (James Cook University Animal Ethics
permit: A2503). Previous work with C. signifera showed that one h daily baths do not cause
distress to the animals (Roberts et al., 2018). After the final treatment, frogs were euthanised,
rinsed with reverse osmosis water, and skin was collected. Dorsal and ventral skin from 8
individuals was used for [HC analysis (3 no treatment control, and 5 treated with serotonin).
The dorsal and ventral skin from five individuals was used for HPLC analysis (2 no treatment

control, and 3 treated with serotonin).

3.2.1.4 | Southern corroboree frogs

Fifteen captive-bred southern corroboree frogs were obtained from a previous
experiment (James Cook University Animal Ethics permit # A2374), in which 8 of the
individuals were inoculated with Bd and 7 were uninfected controls, following established
methods (Brannelly et al., 2016). Zoospore loads were quantified via qPCR. The infected
frogs were euthanised after showing clinical signs of chytridiomycosis. Dorsal and ventral
skin from all 15 individuals was used for IHC analysis. The dorsal and ventral skin from nine

individuals was used for HPLC analysis (5 infected and 4 uninfected).

3.2.2 | Diagnosis of Bd by qPCR

Skin swabs were obtained by gently rubbing and rotating a cotton swab across the
skin surface, with 5 strokes on the dorsum, 5 on each side, 5 on the venter, and 5 on each
foot. To test for Bd, quantitative polymerase chain reaction (qQPCR) was performed as per
standardised methods (Hyatt et al 2007). Bd was extracted from the swabs by adding
PrepMan™ Ultra Sample Preparation Reagent (ThermoFisher Scientific), then bead beating
twice for 1 min, heating at 100 °C for 10 min, and removing supernatant. The qPCR used
Bioline 2x Master Mix, 50 uM primers (primer 1: 5°-
CCTTGATATAATACAGTGTGCCAATGTC-3’; primer 2: 5’-
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AGCCAAGAGATCCGTTGTCAAA-3’), 100 uM TagMan probe, 0.109 g/mL bovine serum
albumin (BSA), and ultra-pure water.
3.2.3 | Immunohistochemistry (IHC)

To determine the location of serotonin in the skin, IHC was performed on dorsal and
ventral skin tissue from all species. Skin samples were embedded into paraffin blocks and
sectioned 5 um thick. Slides were deparaffinised and rehydrated with xylene and ethanol, and
then rinsed with 1x phosphate-buffered saline (PBS) pH 7.2 containing 10.5 mM potassium
phosphate monobasic, 1.6 M sodium chloride, and 29.6 mM sodium phosphate dibasic
(Gibco®, ThermoFisher Scientific). Slides were incubated overnight at 4 °C with the mouse
monoclonal anti-serotonin primary antibody (ThermoFisher Scientific Cat# MAS5-12111,
RRID: AB 10982728) at a 1:20 dilution, in 0.5 M Tris hydrochloride (Tris-HCI) buffer with
1% bovine serum albumin (BSA). Slides were rinsed with 1x PBS and incubated overnight
with rabbit anti-mouse IgG secondary antibody, HRP (ThermoFisher Scientific Cat#: PA 1-
28568, RRID: AB 10983403) at a 1:1,500 dilution in Tris-HCL buffer 1% BSA. Slides were
rinsed with 1x PBS, and antibody detection was performed with 3,3’-diaminobenzidine
substrate-chromagen (DAB+ Chromagen) in DAB+ Substrate Buffer (Dako EnVision+
System-HRP (DAB)). Slides were rinsed with distilled water, counterstained with
haematoxylin, dehydrated with ethanol and xylene, and mounted with mounting medium.
Negative controls were tissue sections that were not treated with the primary serotonin
antibody. Positive controls were skin sections from one individual corroboree frog that
stained for serotonin.

3.2.4 | High-performance liquid chromatography (HPLC)

HPLC was used to quantify the amount of serotonin in both dorsal and ventral skin, of
all individuals. The skin tissue was bead-beated 9 times for 20 s, and vacuum dried until all
liquid was removed. The samples were suspended in 212 pL of 50% methanol and spun at
16,000 x g for 5 min. The supernatant was removed and placed into a new microcentrifuge
tube for derivatisation with 250 pL of 2 mg/mL dabsyl chloride (DABS) and 188 uL of
bicarbonate (pH 8.95). The tubes were then heated at 67 °C for 10 min. Contents of the tubes
were syringe filtered with a 0.2 pm Captiva Premium syringe filter, regenerated cellulose
(RC) membrane (Agilent, product 5190-5108) for analysis by HPLC. Five serotonin
standards (1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL, and 0.0625 mg/mL) were

derivatised following the aforementioned methods.
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Derivatised skin extracts were injected onto an Agilent Poroshell 120 EC-C18 4 um,
46 x 150 mm column, on an Agilent high performance liquid chromatography (HPLC)
instrument. All solvents were HPLC grade (ThermoFisher Scientific). The initial buffer
composition was 60% Buffer A (45 mM sodium acetate, pH 4.9, 10% acetonitrile) and 40%
Buffer B (100% acetonitrile) for 2 min, followed by a stepwise gradient of 55% Buffer B at
40 min, and 95% Buffer B at 42 min, followed by column equilibration, following previously
established methods (Chen et al., 2003).

3.2.5 | Mass Spectrometry (MS)

Three replicates of de-salted dabsylated samples and standards were dissolved in 0.5
mL acetonitrile and ultrapure water. Mass spectrometry (MS) was performed on an Agilent
1200 Series LC coupled to an Agilent Triple Quad 6410 LC/MS. An Agilent Eclipse XDB-
C18; 2.1 x 50 mm column, maintained at 30 °C, was used with an injection volume of 1 pL,
and flow rate of 300 uL./min. The buffer composition was Buffer A (ultrapure water, 0.1%
formic acid) and Buffer B (acetonitrile, 0.1% formic acid). The gradient programme was 0-1
min with 1% Buffer B, 1-12 min linear gradient of 1-100% Buffer B, 12-14 min of 100%
Buffer B, and 14-19 min of 1% Buffer B. ESI-MS was run in positive ion mode, and collision
energy was optimized and set to 20V.

MS was used to confirm the presence of serotonin in the samples analysed by HPLC
following previously published methods (Chen et al., 2003). Derivatised skin extracts, and
derivatised serotonin and tryptophan (structurally similar to serotonin) standards were de-
salted using a SUPELCO Supelclean™ LC-18 SPE tube (Sigma Aldrich). Desalting
consisted of nitrogen drying the sample, resuspending it in 1 mL of ultra-pure water, filtering
through the SUPELCO Supelclean™ LC-18 SPE tube, nitrogen drying the sample,
resuspending in 1 mL of acetonitrile, and nitrogen drying the sample. To confirm that
serotonin was eluted from the column, de-salted dabsylated samples and standards were
dissolved in 0.5mL acetonitrile and ultra-pure water, and 10 pL of sample was injected onto a
Poroshell 120 EC-C18 column, 4 um 46 x 150 mm. All solvents were MS grade. The initial
buffer composition was 85% Buffer A (deionised water, 0.1% formic acid) and 15% Buffer B
(acetonitrile, 0.1% formic acid) for 3 min, followed by a stepwise gradient to 85% Buffer B
at 63 min and 70 min, and15% Buffer B at 74 and 80 min.

3.2.6 | Quantification of granular gland abundance
We used corroboree frogs to estimate the abundance of skin glands in this species,

and to determine if this parameter influenced serotonin levels. The number of granular glands
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in a field of view at 20x magnification was counted for each individual that showed staining
for serotonin, via [HC. A linear mixed model was used in SPSS statistics software (IBM
Corp.) to determine the significance of location, infection status, and the interaction between

the two.

3.3| RESULTS

3.3.1 | Baw Baw frogs

For the HPLC, the limit of detection for serotonin was 50 pg/uL. Serotonin was not
detected in the granular skin glands nor the rest of the skin structures of the Baw Baw frog
samples after IHC staining (Figure 3.2). Serotonin was not detected in dorsal nor ventral skin
via HPLC (Table S3.1).
3.3.2 | Cane toads

Serotonin was detected in the skin of all age classes of cane toad (R. marina) via IHC
(Figure 3.3). Serotonin was detected in the dorsal skin of 83.7% (31/37) of individuals and
86.4% (32/37) for ventral skin samples (Figure 3.4). Of the adults, 86.3% (19/22) of the
dorsal and ventral skin stained for serotonin (n = 22). For juveniles, 92% (12/13) of the dorsal
and ventral skin stained for serotonin (n = 13). For the metamorphs, none of the dorsal skin
samples stained by IHC, and 50% of the ventral skin samples (1/2) stained.

Serotonin was detected via HPLC in two out of two adults and two out of three
juvenile cane toads (Figure 3.5, Table S3.2). The adults had a dorsal skin serotonin
concentration of 254.9122 ng/g and 14,087 pg/g of tissue, and a ventral skin concentration of
22.2635 ng/g and 489.0516 pg/g of tissue (n = 2). The juvenile had a dorsal skin
concentration of 840.3690 ng/g and 120.9276 pg/g, while the ventral skin concentrations
were below the limit of detection (n = 3).

3.3.3 | Common eastern froglets

Ten of the 11 frogs were positive for Bd by qPCR before the serotonin treatment, and
9 frogs were positive after treatment. There was no significant difference in zoospore loads
before and after treatment (Fi21 = 3,551, p = 0.073). Serotonin was visible by IHC in all
dorsal and 87.5% (7/8) of the ventral granular glands in the common eastern froglets (C.
signifera). There were no differences in serotonin concentration between animals treated with
a serotonin or control bath as determined by IHC (Figure 3.6). HPLC detected serotonin in
the skin of one out of five individuals, with a concentration of 137.5431 ng/g of tissue (n =

5). No toxic effect of the serotonin baths was observed in the common eastern froglets.
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3.3.4 | Southern corroboree frogs

The IHC staining showed that serotonin was present in some dorsal and ventral skin
granular glands, in infected and uninfected southern corroboree frogs (P. corroboree) (Figure
3.7). In a field of view (x20), serotonin was detected in a mean of 3.94 glands in dorsal skin
samples and 4.00 glands in ventral skin samples. The average number of granular glands was
a mean of 3.25 for dorsal skin, and 4.10 in ventral skin in uninfected frogs; and a mean of
4.63 in dorsal skin, and 3.83 in ventral skin in infected frogs.

Based on the HPLC analysis, dorsal skin had more serotonin than ventral skin
samples, in both infected and uninfected individuals (Figure 3.8, Table 3.1). The location of
the skin (dorsal vs. ventral) had a significant effect on serotonin levels (Fi,12=6.101, p =
0.03) (Table 3.1), while infection status (Fi,12 = 0.269, p = 0.614), and the interaction of
location and infection status (Fi,12 = 1.847, p = 0.199) did not (Figure 3.10, Table 3.1).

3.3.5 | Mass Spectrometry

Serotonin was detected in the skin via HPLC and MS in the same cane toad individual
(n=1), mass spectrometry was able to detect lower concentrations of serotonin (Figure 3.11,
Table 3.4). In the common eastern froglet, no serotonin was detected in the skin via HPLC,

but was detected by mass spectrometry (n = 1) (Figure 3.11, Table 3.4).
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FIGURE 3.2 Immunohistochemistry staining for serotonin in the ventral skin of a

representative Baw Baw frogs (Philoria frosti) (n = 6).

Serotonin was not detected in this species. A. control without mouse monoclonal anti-
serotonin primary antibody, B. with mouse monoclonal anti-serotonin primary antibody (1:40
dilution). Dark brown staining at the base of epidermis in all samples is due to the normal

presence of melanin pigment at this location.
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FIGURE 3.3 Immunohistochemistry staining for serotonin in the ventral skin of a

representative cane toad (Rhinella marina) (n = 37).
A. control mouse monoclonal anti-serotonin primary antibody, B. with mouse monoclonal
anti-serotonin primary antibody (1:40 dilution), DAB+ chromagen staining for serotonin in

granular glands shown in dark brown.
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FIGURE 3.4 Percentage of cane toads (Rhinella marina) that had granular gland staining for
serotonin by immunohistochemistry (IHC), by age class and skin location.

Adult: n =22, juvenile: n = 13, metamorph: n = 2.
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FIGURE 3.5 High-performance liquid chromatography (HPLC) chromatograms.
A. representative cane toad (Rhinella marina) at 436 nm, serotonin retention time 33.962
min, area of 24.1824, B. 0.5 mg/mL serotonin control at 436 nm, serotonin retention time

33.960 min, area 212.654. Concentration of serotonin in the skin tissue is 840.3690 ug/g
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FIGURE 3.6 Immunohistochemistry staining for serotonin in the ventral skin of a

representative common eastern froglet (Crinia signifera) (n = 8).

A-B. control bath treatment without serotonin, C-D. 0.044 g/L serotonin bath treatment. A &
C. immunohistochemistry (IHC) control without mouse monoclonal anti-serotonin primary
antibody, B & D. with mouse monoclonal anti-serotonin primary antibody (1:40 dilution),
DAB+ chromagen staining for serotonin in granular glands shown in dark brown. Dark
brown staining at the base of epidermis in all samples is due to the occurrence of normal

melanin pigment.
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FIGURE 3.7 Immunohistochemistry staining for serotonin in the ventral skin of a

representative southern corroboree frog (Pseudophryne corroboree) (n = 15).

A-B. Bd negative C-D. Bd positive (27 days of infection). A & C. without mouse monoclonal
anti-serotonin primary antibody, B & D. with mouse monoclonal anti-serotonin primary
antibody (1:40 dilution), DAB+ chromagen staining for serotonin in granular glands shown in

dark brown.
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FIGURE 3.8 Representative high-performance liquid chromatography (HPLC)
chromatogram.

A. southern corroboree frog (Pseudophryne corroboree), at 436 nm, serotonin retention time
33.571 min, area of 2.27294, B. 0.5 mg/mL serotonin control at 436 nm, serotonin retention

time 33.926 min, area 54.3012.
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FIGURE 3.9 Skin serotonin concentration of dorsal and ventral skin in infected and
uninfected southern corroboree frogs (Pseudophryne corroboree).

Error bars are standard error of the mean (SEM).
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FIGURE 3.10 Serotonin concentration vs. zoospore load in dorsal (green) and ventral (blue)

skin from southern corroboree frogs (Pseudophryne corroboree).
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TABLE 3.1 Statistical test of fixed effects for location and infection status, in the amount of

serotonin produced in dorsal and ventral skin of southern corroboree frogs (Pseudophryne

corroboree).
Source Numerator df  Denominator df F Sig.
Intercept 1 12 36.974 0.000
Location 1 12 6.077 0.030
Bd infection status 1 12 0.268 0.614
Location * infection status 1 12 1.834 0.201

"Dependent variable: Serotonin concentration per punch (ug/mm?).

80



CHAPTER 3

TABLE 3.2 Average concentration of serotonin in dorsal and ventral frog and toad skin, via

high performance liquid chromatography (HPLC).

Average Concentration of Serotonin

Common Number of
Name Species individuals Dorsal Ventral
Baw Baw frog  Philoria frosti 4 ND ND
Cane toad Rhinella marina 7 3,826.9226 pg/g 255.6576 pg/g
Adult 2 7,171.3969 pg/g 255.6576 ng/g
Juvenile 3 480.6483 nug/g ND
Metamorph 2 ND ND
Common 5
eastern froglet  Crinia signifera 137.5431 pg/g
No treatment 2 ND
0.044 mg/mL 3
serotonin
treatment 137.5431 pg/g
Southern 9
corroboree Pseudophryne
frog corroboree 0.0003 pg/mm?>  0.0001 pg/mm?
Infected 5 0.0003 pg/mm?>  0.0001 pg/mm?
Uninfected 4 0.0002 pg/mm?  0.0002 pg/mm?

ND: Not detected
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TABLE 3.3 Proportion of frogs and toads staining positive for serotonin via

immunohistochemistry (IHC).

Proportion of individuals
staining positive for serotonin

in granular glands (%)

Number of
Common Name Species Individuals Dorsal Ventral

Baw Baw frog Philoria frosti 6 0 0
Cane toad Rhinella marina 37 83.8 86.5
Adult 22 86.4 86.4
Juvenile 13 92.3 92.3
Metamorph 2 0 50.0

Common eastern 8
froglet Crinia signifera 100.0 87.5
No treatment 3 100.0 100.0

0.044 mg/mL 5
serotonin treatment 100.0 80.0

Southern Pseudophryne 15
corroboree frog corroboree 26.7 26.7
Infected 8 6.7 6.7
Uninfected 7 20.0 20.0
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FIGURE 3.11 Full scan mass spectrometry profiles of serotonin and tryptophan standards,
and common eastern froglet (Crinia signifera ) and corroboree frog (Pseudophryne
corroboree) skin samples.

A. 1:1 mix of de-salted derivatised serotonin and tryptophan standards, B. de-salted
derivatised common eastern froglet skin sample, C. de-salted derivatised Corroboree frog

skin sample. Serotonin acquisition time 9.1 min, tryptophan acquisition time 9.3 min.
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TABLE 3.4 Average concentration of serotonin (mg) + standard error of the mean, in three
replicates of the common eastern froglet (Crinia signifera) and the southern corroboree frog

(Pseudophryne corroboree) based on mass spectrometry analysis, at m/z 224 and m/z 160.

Sample Concentration at m/z 224 Concentration at m/z 160
(mg) (mg)
Common eastern froglet 0.0573 + 0.0047 0.0508 +0.0033
Southern corroboree frog 0.0370 = 0.0024 0.0361 = 0.0024
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3.4 | DISCUSSION

In this study, we aimed to determine the location and amount of serotonin in frog and
toad skin, to correlate its occurrence with various host factors (skin location, age, infection
status, and serotonin bath treatment) and further understand its potential role in Bd
pathogenesis. Previous studies have found that skin serotonin levels increase in the skin of
susceptible alpine tree frogs (Liforia verreauxii alpina) as Bd infection progresses (Grogan et
al., 2018b). We found that the more susceptible species (Baw Baw frogs and metamorph cane
toads, unlike adult cane toads) had less serotonin in their skin than more susceptible species,
as measured by both THC and HPLC (Table 3.2 and 3.3). This result contrasts with the
pattern found in Grogan et al. (2018b). Baw Baw frogs are highly susceptible to Bd (Hollis,
2004) and are listed as critically endangered in Australia according to the Environment
Protection and Biodiversity Conservation (EPBC) Act. The Baw Baw frogs showed no
serotonin in IHC nor HPLC skin analyses for any individual. The serotonin may not be
present in the glands and more diffusely distributed within the skin, though HPLC suggests
that it is not present at detectable concentrations within the skin tissue in this species. This
may be due to serotonin being in concentrations lower than the limit of detection for either
method. Since the Baw Baw frogs were not infected with Bd, the low levels of skin serotonin
may be characteristic of this species, which could relate to their susceptibility to Bd. Southern
corroboree frogs are susceptible to Bd infection (Kosch et al., 2017). Serotonin was detected
in Bd infected and uninfected corroboree frogs via HPLC analysis, but not always via [HC.
Cane toad metamorphs are highly susceptible to Bd infection, while adults are resistant
(Brannelly et al., 2018a). However, serotonin was detected consistently in all ages of cane
toads by IHC but only in adults and one juvenile via HPLC. Serotonin treated and untreated
common eastern froglets also stained consistently for serotonin via IHC, but levels were not
detectable by HPLC. These frogs are tolerant to infection and therefore fit the pattern seen
here of higher serotonin levels in less susceptible species; however, this result is confounded
as 9 of the 11 froglets were infected with Bd before the treatment.

HPLC appeared to be more sensitive in detecting serotonin in corroboree frogs but
less sensitive in common eastern froglets. Serotonin inhibits both Bd growth and
lymphocytes in culture (Claytor et al., 2019), but overall it appeared to be detrimental to
controlling chytridiomycosis in alpine tree frogs, possibly due to its immunosuppressive
effects (Claytor et al., 2019). Our treatment of common eastern froglets aimed to test whether

serotonin levels could be manipulated through supplementation, which would be useful in
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assessing its role in pathogenesis. However, we did not observe an increase of serotonin after
treatment as measured by IHC, and levels were undetectable via HPLC. Llewelyn et al.
(2020) found that percutaneous absorption in cane toads in vivo was less than that predicted
in vitro skin permeability experiments. The serotonin from the treatments may have been
absorbed and metabolized by the frogs, leaving levels lower than the limit of detection for the
HPLC. The dosage of 0.044 g/L proved to be non-lethal. Most of the froglets tested positive
for low levels of Bd at the start of treatment and all except one remained positive and burdens
were unchanged, suggesting this dosage did not impact infections. This may be due to the
dosage not being large enough to effectively inhibit Bd infection. Further studies should aim
to identify non-lethal dosage of serotonin that effectively inhibits Bd infectivity in
amphibians. Also, determining the effect of selective serotonin reuptake inhibitors (SSRIs) is
an area for further investigation. SSRIs block the reuptake of serotonin and it would be useful
to determine their effect on chytridiomycosis.

Dorsal skin contained higher amounts of serotonin than ventral skin in southern
corroboree frogs. The quantification of skin glands in corroboree frogs revealed no difference
in the number of granular glands in the dorsal or ventral skin, showing that the difference in
serotonin levels in this species was not confounded by gland abundance and likely reflects a
difference in gland composition. However, in some species, there are more granular glands
dorsally, such as adult green tree frogs (Litoria caerulea) (Berger et al 2005). Analysis of the
number of granular glands in dorsal and ventral skin of the Baw Baw frogs, common eastern
froglets, and cane toads should be performed, to determine if there is a difference between
species and if this determines serotonin levels in skin. Though the amount of serotonin in the
southern corroboree frogs was not due to the number of glands, there may be significant
associations amongst other species.

Infection status was not associated with serotonin in corroboree frogs, which is in
contrast to the previous study on alpine tree frogs, where skin serotonin rose with increasing
infection intensity in more Bd susceptible frog populations (Claytor et al., 2019). Species
specific differences may contribute to the conflicting results in our study. Other limitations to
the study making comparisons across species difficult are the differences between the study
animals (wild vs captive bred, infected vs uninfected, serotonin treatment vs no treatment).

There are no studies in the literature that have determined the amount of serotonin in
amphibian skin. Our study found that the average concentration of serotonin in uninfected

frog and toad skin varies between species and ranges from 0 pg/g to 7.171 pg/g in dorsal
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skin, and 0 pg/g to 0.26 mg/g in ventral skin. In humans, serotonin was found to be 113.18 &
13.34 ng/mL (Slominski et al., 2020). Serotonin may not have been detected in skin
structures other than the glandular glands, due to the concentration in the frog or toad skin
being below the limit of detection. Alternatively, there may be little serotonin in frog skin.
The majority of serotonin is synthesized in the intestine and travels into the bloodstream,
where it is then transported to the tissues (Palego et al., 2016). In amphibians, serotonin is
stored and not synthesized in granular glands (Daly, 1995). Future work should sample more
frog species to determine a general value of skin serotonin in frogs.

In summary, the location of the skin (dorsal or ventral) did not have an effect on the
amount of serotonin detected in all species except corroboree frogs. Serotonin was detected in
all age classes in cane toads. There was no correlation between infection status and the
amount of serotonin. Overall, more susceptible species had less serotonin in their skin. This
suggests that serotonin’s antifungal effects may be inhibiting Bd, but this conclusion contrasts
with previous work on alpine tree frogs where the more resistant population of alpine tree
frogs had lower levels. Serotonin is a bioactive compound with diverse functional effects, and
further work is needed to determine its role in the pathogenesis of chytridiomycosis. Future
work should test potential therapeutics that alter skin serotonin levels to determine their effect
on intensity of infection, and rates of survival in infected frogs and the suitability of these

drugs as a treatment against Bd.
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SUPPLEMENTAL INFORMATION

TABLE S3.1 Concentration of serotonin in the skin of cane toads (Rhinella marina) per

gram of skin tissue. ND = Not Detected.

Individual Location Size class Concentration of serotonin per
gram (pg/g)
1 Dorsal Adult 254.9122
1 Ventral Adult 22.2635
2 Dorsal Adult 14,087.8817
2 Ventral Adult 489.0516
3 Dorsal Juvenile 840.3690
3 Ventral Juvenile ND
4 Dorsal Juvenile 120.9276
4 Ventral Juvenile ND
5 Dorsal Juvenile ND
5 Ventral Juvenile ND
6 Dorsal Metamorph ND
6 Ventral Metamorph ND
7 Dorsal Metamorph ND
7 Ventral Metamorph ND
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TABLE S3.2 Concentration of serotonin in the skin of common eastern froglet (Crinia

signifera) per gram of skin tissue.

Individual Location Treatment Concentration of serotonin
per gram (ug/g)
1 Dorsal and Ventral No treatment ND
2 Dorsal and Ventral No treatment ND
3 Dorsal and Ventral 0.44 g/L serotonin ND
4 Dorsal and Ventral 0.44 g/L serotonin ND
5 Dorsal and Ventral 0.44 g/L serotonin 137.5431
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TABLE S3.3 Concentration of serotonin in the skin of corroboree frogs (Pseudophryne

corroboree) per 8§ mm diameter skin punch.

Individual Location Bd Infection Status Concentration of serotonin
(ng/mm?)
1 Dorsal Infected 0.0001
1 Ventral Infected 0.0000
2 Dorsal Infected 0.0001
2 Ventral Infected 0.0002
3 Dorsal Infected 0.0003
3 Ventral Infected 0.0001
4 Dorsal Infected 0.0001
4 Ventral Infected 0.0001
5 Dorsal Uninfected 0.0003
5 Ventral Uninfected 0.0001
6 Dorsal Uninfected 0.0002
6 Ventral Uninfected 0.0002
7 Dorsal Uninfected 0.0006
7 Ventral Uninfected 0.0001
8 Dorsal Uninfected 0.0004
8 Ventral Uninfected 0.0001
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FIGURE S3.1 Mass spectrometry product ion scan for serotonin.

A. Acquisition time, B. mass-to-charge.
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FIGURE S3.2 Mass spectrometry product ion scan for tryptophan.
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CHAPTER 4 | Mechanisms of Bd inhibition by serotonin

OVERVIEW

The objective of this chapter is to understand how serotonin inhibits
Batrachochytrium dendrobatidis (Bd) growth. The function of serotonin in amphibians is
complex, and the mechanism of Bd inhibition by serotonin is unknown. Chapter 2 showed
that serotonin and structural analogues inhibit growth of Bd in vitro, but that Bd metabolites
tryptophan (Trp) and kynurenine (Kyn) do not restore Bd growth in the presence of serotonin.
Therefore, despite the similarity in structures, the mechanism of Bd inhibition by serotonin is
not likely to be via disruption of the Trp or Kyn metabolic pathways. To confirm this result,
we used transcript analysis to quantify Trp biosynthesis gene expression in the presence of
serotonin. We also explored other potential mechanisms of Bd inhibition by serotonin,
including disruption of Bd protease activity and promotion of caspase-mediated cell death in

Bd.
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ABSTRACT

The fungus Batrachochytrium dendrobatidis (Bd) causes the disease chytridiomycosis and is
responsible for the global decline and extinction of amphibians. Previous studies have found
that serotonin inhibits Bd growth in vitro, but the mechanism of inhibition has not been
elucidated. Here, we investigated the role of serotonin in Bd by assessing the impact on
tryptophan (serotonin precursor) and protease gene expression, protease activity, and caspase
activity. We found a decrease in total protease and caspase activity in Bd with increasing
concentrations of serotonin. The decrease in protease activity and apoptosis may be due to a
lack of metabolic activity of Bd at higher concentrations of serotonin. Transcript analysis
showed no statistical difference in tryptophan, aspartyl protease (ASP), serine peptidase
(S41), and metallopeptidase (M36) gene expression when treated with serotonin. This study
provides more insight into the mechanisms of serotonin inhibition of Bd and how serotonin

may affect host/Bd interactions.
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4.1 | INTRODUCTION

The pathogenic fungus Batrachochytrium dendrobatidis (Bd) causes the disease
chytridiomycosis and is the major cause of global amphibian declines (Skerratt et al., 2007).
The neurotransmitter serotonin (5-hydroxytryptamine) has antifungal properties against some
fungi (Lass-Florl et al., 2003, Mayr et al., 2005), including inhibition of Bd in vitro (Claytor
et al., 2019). Serotonin is produced in the skin glands of frogs, but despite increased levels of
serotonin during Bd infection, frogs were more susceptible to this fungal pathogen (Claytor et
al., 2019). The role of serotonin in the frog-Bd interaction is not fully understood, but in
addition to its inhibitory effects on Bd, serotonin was shown to inhibit lymphocytes in vitro
(Claytor et al., 2019). This dichotomy requires more study if we are to resolve the role of
serotonin in the frog-Bd interaction. Here, we further examine the ways that serotonin could
inhibit Bd.

The serotonin analogues tryptophan (Trp) and kynurenine (Kyn) form part of the Trp
synthesis pathway which is vital for Bd growth. We hypothesized that excess serotonin may
provide a feedback loop and inhibit Trp synthesis. However, supplementation with Trp and
Kyn does not restore Bd growth in the presence of serotonin (Claytor et al., 2019). This
observation suggests that serotonin does no inhibit Trp synthesis pathways in Bd, and further
studies are required to elucidate the function of serotonin.

In Candida, serotonin inhibits fungal proteases and hyphal elongation at
concentrations above 0.46 mM (Mayr et al., 2005), however, it is not known whether the
same phenomenon occurs in Bd. Proteases and peptidases cleave the peptide bonds of
proteins, breaking them into peptides or free amino acids. Proteases are classified by their
catalytic mechanism and active sites, and include aspartyl-, cysteine-, metallo-, serine-,
threonine-, and other proteases. Numerous metallo-, serine-, and aspartyl- proteases are
upregulated in Bd when grown in media supplemented with pulverised amphibian skin
compared with tryptone broth alone (Rosenblum et al., 2012). Bd proteases are likely to play
an important role in infection and pathogenicity, as zoospores secrete proteases that disrupt
epidermal intercellular junctions in anuran skin (Brutyn et al., 2012). Similarly, aspartyl
proteases aid in fungal invasion of mice host tissue by Aspergillus fumigatus (Lee and
Kolattukudy, 1995), while fungalysin metallopeptidases (M36 family) are involved in keratin
degradation in the human dermatophytes 7richophyton rubrum, Trichophyton
mentagrophytes, and Microsporum canis (Jousson et al., 2004). Therefore, in this study, we

explore the effect of serotonin on proteases of Bd.
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Apoptosis is a form of programmed cell death (Lockshin and Williams, 1965, Kerr et
al., 1972) that occurs in most living organisms, including fungi (Ramsdale, 2006). There are
two major routes of apoptosis, the extrinsic and intrinsic pathways (Elmore, 2007), both of
which cause the cleavage of the effector caspase-3. Extrinsic pathways occur when an
extracellular ligand activates death receptors on the cell membrane. Fungi only use the
intrinsic pathway for apoptosis (Shlezinger et al., 2012), which occurs when there is cell
damage or during a specific stage of development. Kynurenine, which is structurally similar
to serotonin, causes immunosuppression of lymphocytes, possibly through an apoptosis
mechanism (Rollins-Smith et al., 2015). Given serotonin, which is secreted by amphibians
and structurally similar to Kyn, may cause apoptosis in lymphocytes, it may cause apoptosis
in Bd. Therefore, the effect of serotonin on Bd caspase activity was investigated as a proxy
for apoptosis.

In summary, the aim of this study was to elucidate the function of serotonin in Bd
inhibition by testing the effects of serotonin on protease and caspase activity. Gene
expression of Trp, and M36, S41, and ASP proteases was also examined to verify that
serotonin does not inhibit the Trp synthesis pathway and whether these specific proteases are
downregulated by serotonin. This study provides further understanding of how serotonin may
inhibit Bd growth through its effects on the ability of Bd to break down proteins, on inducing
the apoptotic pathway in Bd and on its feedback on the Trp synthesis pathway essential for
Bd growth.

4.2 | METHODS

4.2.1 | Growth of Bd in liquid culture

The Bd isolate “Ethel creek-Lnannotis-2013-LB” (isolated from a Waterfall frog,
Litoria nannotis, in 2013 from northern Queensland, Australia) was grown on sterile
tryptone/gelatin hydrolysate/lactose (TGhL) plates using established methods (Longcore et
al., 1999). Plates were flooded with TGhL media to release zoospores, which were syringe
filtered to remove sporangia using a 10 um isopore filter (Millipore). Chemicals were
obtained from the Sigma-Aldrich Corporation. Serotonin was added at a final assay
concentration of 0.3125 mM to a total volume of 30 mL and the culture with zoospore
concentration approximately 2.5 x 10°, was incubated for 6 d. A no serotonin control was
included. Cultures were harvested at 8,000 x g for 5 min, the supernatant was removed, and

pellets were stored in RN Alater™ (Sigma-Aldrich) at -80 °C until extraction.
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4.2.2 | RNA extraction and purification

RNeasy® mini kit (QIAGEN®) was used to extract RNA from Bd cells, following the
manufacturer’s protocol for yeast. The quality and concentration of each RNA sample was
measured on a NanoDrop™ ND-1000 spectrophotometer.

Milli-Q® water was added to the RNA samples, to a total volume of 500 uL. Then,
500 pL of phenol:chloroform:isoamyl alcohol (125:24:1, pH 4.5) was added to the sample.
Tubes were vortexed for approximately 1 min and spun at 16,000 x g in a microcentrifuge for
5 min. The upper, aqueous layer was transferred into a new microcentrifuge tube. One
volume of chloroform was added to the sample, vortexed for 1 min, and centrifuged for 5 min
at16,000 x g. The upper, aqueous layer was transferred to a new microcentrifuge tube. Then,
0.1 volume of 3 M sodium acetate (pH 5.2) and 1 volume cold isopropanol was added to the
tube. Tubes were mixed by aspiration and placed on ice for 1 h, then spun at 16,000 x g in
microcentrifuge for 10 min. The supernatant was discarded, and the pellet was washed with 1
mL of cold 70% ethanol and spun for 5 min in microcentrifuge at 16,000 x g. Supernatant
was removed and spun again at 16,000 x g for 30 s and remaining liquid removed. Pellets
were air dried for 5 min and RNA samples were resuspended in 50 pL of nuclease-free water.
4.2.3 | Complementary DNA (cDNA) synthesis

A ProtoScript® II First Strand cDNA Synthesis Kit was used to synthesise cDNA. In
a RNase-free microfuge tube, 6 uL. RNA and 2 pL anchored oligo-dT [d(T)23VN] primer
(New England BioLabs) was added to each sample. Tubes were mixed, spun, and then
denatured for 5 min at 65 °C in a Veriti™ 96-Well thermal cycler. Samples were immediately
cooled on ice for approximately 1 min, spun, and 10 uL ProtoScript® II Reaction Mix (2X)
and 2 pL ProtoScript® II Enzyme Mix (10X) (New England BioLabs) were added to each
tube, then mixed and spun at 16,000 x g. Samples were incubated at 42 °C for 1 h, 80 °C for
5 min, and then cooled to 4 °C, in the thermal cycler.

4.2.4 | Reverse transcription polymerase chain reaction (RT-PCR)

DNA primers were designed using Primer-BLAST (NCBI) software (Ye et al., 2012).
Primers for metallo-peptidase ‘M36’ (BATDEDRAFT 1502), serine-peptidase ‘S41°
(BATDEDRAFT 25462), and aspartyl-protease ‘ASP’ (BATDEDRAFT 90236) were
designed based on the Bd genomes JAMS81 (NCBI reference sequence NW_006281099.1)
and JEL423 (GenBank® assembly accession GCA 000149865.1) in GenBank®. These three
protease genes were selected as representatives of the three major protease families with the

greatest change in differential expression when Bd was grown on pulverised frog skin
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(Rosenblum et al., 2012) (Table 4.1). ‘TrpA’ was designed based on the tryptophan synthase
alpha-chain gene found in GenBank® (Accession #: XP_006680001.1), which catalyses the
penultimate step Trp biosynthesis. Reverse transcription PCR was performed using 1 pL of
Bd cDNA, 10 mM dNTPs, 10 uM forward and reverse primers (Merck), 5.0 U Tag DNA
polymerase (New England BioLabs®), and 10X ThermoPol® buffer (New England
BioLabs®) in a Veriti™ 96-Well thermal-cycler. The thermal-cycler settings were:
denaturation at 95 °C for 30 s, 30 cycles of 95 °C for 30 s, 55 °C for 30 s, 68 °C for 40 s, and
extension at 68 °C for 5 min.
4.2.5 | Semi-quantitative transcript analysis

RT-PCR products were run in triplicate replicates with a GeneRuler 1 kb Plus DNA
ladder (Thermo Scientific) on a 1% tris/acetate/ethylenediaminetetraacetic acid (EDTA)
(TAE) agarose gel at 95 volts for 1.5 h. The band intensity for each band was measured using
ImagelJ 1.52a software (Schneider et al., 2012, The University of Queensland, 2017). The
band intensities were then averaged for the replicates of each sample. A Mann-Whitney test
was performed to determine if there was a difference in band intensity between the no

treatment control and 0.3125 mM serotonin treated Bd.

4.2.6 | Protease Assay

An EnzChek™ Peptidase/Protease Assay Kit (Invitrogen™) was used to perform the
protease assay, following the manufacturer’s protocol. Three replicates of 25 uLL Bd (grown
in TGhL broth for 6 d in a clear Thermo Scientific™ 96-Well, Nunclon Delta surface
microplate) and 12.5 pL of 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer was added to a white Greiner 384 microplate (Greiner Bio-One GmbH).
Next, 12.5 pL of either water or serotonin at 0.156 mM or 0.3125 mM was added to wells
and incubated for 6 d at 21 °C. Then, 50 pL of EnzChek™ peptidase/protease substrate
working solution was added to each well. The microplate was incubated at room temperature
for 1 h, protected from light. Fluorescence was measured at 485 nm on a POLARstar®
Omega microplate reader spectrophotometer. Relative fluorescence values were standardized
by subtracting the fluorescence values from wells without Bd, containing TGHL broth and
HEPES buffer. Serotonin concentration vs. fluorescence was plotted to determine relative

protease activity.

4.2.7 | Caspase assay
A Caspase-Glo® 3/7 Assay (Promega) was used to measure the activity of caspase-3

and caspase-7, activated during the extrinsic and intrinsic apoptosis pathway, in Bd with
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varying serotonin concentrations. Three replicates of 25 uL. Bd (grown in TGhL broth for 6
d) and 12.5 pL of 20 mM HEPES buffer was added to a white Greiner 384 microplate. Next,
12.5 uL of either water or serotonin at 0.156 mM, 0.3125 mM, 0.625 mM, 1.25 mM, 2.5
mM, 5 mM, or 10 mM was added to each well and incubated for 6 d at 21 °C. 50 uL of
Caspase-Glo® 3/7 Reagent was added to each well, and the plate was incubated at room
temperature for up to 1 h. Luminescence was measured on a microplate reader.
Luminescence values were standardized by subtracting the luminescence values from wells
without Bd.
4.2.8 | Viability stain

Bd from isolate “Ethel creek-Lnannotis-2013-LB” was grown on a 24-well sterile
plate with 20 mM HEPES and serotonin at concentrations of 0.156 mM, 0.312 mM, 0.625
mM, 1.25 mM, 2.5 mM, 5 mM, and 10 mM. Bd was incubated for 4 d at 21 °C, and then
stained with 0.01 mg/mL methylene blue for 2 min, following established methods (Webb et
al., 2019). Liquid was removed, attached cells were rinsed with deionised water, and photos
were taken of each well by an inverted microscope at 20x magnification, counting 3 replicate
field views. Viable sporangia remained unstained, while non-viable sporangia stained dark
blue.
4.3 | RESULTS

4.3.1 | Effect of serotonin on Trp synthase gene expression

Semi-quantitative comparison of gene expression for tryptophan synthase showed no
statistical difference in gene expression in Bd grown in untreated and serotonin-treated Bd
(treatment mean = 6,856.092, 25" percentile — 75" percentile = 5,022.874 — 8,537.317, Z = -
1.964, p = 0.100).

4.3.2 | Decrease in protease and caspase activity

The total protease activity decreased with concentrations over 0.156 mM serotonin
(Figure 3.2). At 2.5 mM there was a 5.8-fold decrease in relative protease activity. There was
also a decrease in caspase activity with concentrations over 0.156 mM serotonin (Figure 4.2).

At 0.156 mM there was a 1.5-fold decrease in relative caspase activity.

4.3.3 | Effect of serotonin on protease gene expression
Semi-quantitative analysis of gene expression of the proteases ASP, S41, and M36
was performed for Bd grown with and without serotonin. There was no significant difference
between the control and the 0.3125 mM serotonin-treated Bd for any of the genes. (units =
band intensity, ASP mean = 13,862.508, 25" percentile — 75" percentile = 13,076.772 —
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14,321.354, Z = -0.655, p = 0.700; S41 mean = 12,379.129, 25" percentile — 75™ percentile
=11,830.706 — 12,872.585, Z = -1.964, p = 0.100; M36 gene mean = 12,118.323, 25"
percentile — 75" percentile = 9,079.116 — 14,874.490, Z = -1.964, p = 0.100).

4.3.4 | Bd viability stain
There were no viable sporangia observed at serotonin concentrations > 5 mM.

Serotonin did not impact Bd viability below 5 mM.
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TABLE 4.1 DNA primers used for the transcript analysis.

Primer Sequence

TrpA F 5" AAAACGACCTGCGTTTGTAG 3°
TrpA R 5" CTGGAAACACCGAATCCAAC ¥’
ASP_F 5" TGGTGGAAACCCCGATCAAG ¥’
ASP R 5" TGGTGAGTCTACCCATGCAAC ¥’
S41 F 5’ TGAAGGTGCTGGTGGATGTC 3’
S41 R 5" ACGTTTCCAATCCCTCGTGT 3’
M36 F 5 GTTCGACGGTGAGGCTAGAG ¥’
M36 R 5" AGCCCACACTTCACCAACAA 3’

Note: ‘F’, forward primer, ‘R’, reverse primer, ‘TrpA’, tryptophan synthase subunit alpha

gene, ‘ASP’ represents the aspartyl protease gene, ‘S41° represents the peptidase S41 gene,

and ‘M36’ represents the metallopeptidase M36 gene. Primers for genes were designed based
on the Bd genomes JAMS81 (NCBI reference sequence NW_006281099.1) and JEL423
(GenBank® assembly accession GCA_000149865.1).

104



CHAPTER 4

TrpA 0 mM Serotonin R3
TrpA 0.3125 mM Serotonin R1
TrpA 0.3125 mM Serotonin R2

Positive Control R3
Negative Control R1
Negative Control R2
Negative Control R3
TrpA O mM Serotonin R1
TrpA O mM Serotonin R2

Positive Control R1
Positive Control R2

o™
P
c
c
S
S
o
@
v
=
E
0
~
-4
e
o
<
g
=

| 113132

R RD B> B |

FIGURE 4.1 Gene expression of tryptophan synthase alpha-chain (TrpA) in Bd treated with
and without 0.3125 mM serotonin.

Triplicate RT-PCR samples were run on 2% agarose gel. The positive control primers (BOBS5
and BOB6) were from Boyle et al. (2004) targeting Bd 18S and 28S rDNA, and the ladder
was a GeneRuler 1 kb Plus DNA ladder (Thermo Fisher Scientific) with the bp size as
indicated. There was no statistically significant difference between the no serotonin control

Bd and 0.325 mM serotonin treated Bd, according to the ImageJ band intensity analysis.

105



CHAPTER 4

1
|
=

FIGURE 4.2 Gene expression bands on an agarose gel for Bd treated with 0 mM and 0.3125
mM of serotonin.

A. aspartyl protease (ASP), B. serine peptidase (S41), and C. fungalysin metallopeptidase
(M36) gene expression. Triplicate RT-PCR samples were run on 2% agarose gel. The
positive control primers (BOB 5 and BOB 6) were from (Boyle et al., 2004) targeting Bd 18S
and 28S rDNA, and the ladder was a GeneRuler 1 kb Plus DNA ladder (Thermo Fisher
Scientific) with the bp size as indicated. There was no statistically significant difference
between the no serotonin control Bd and 0.325 mM serotonin treated Bd for any gene,

according to the ImageJ band intensity analysis.
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FIGURE 4.3 Serotonin decreases both A. protease and B. caspase activity in Bd in vitro.
Raw luminescence (dashed line) and luminescence normalized (data divided by absorbance)

to Bd growth (absorbance at 492 nm) (solid line).
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FIGURE 4.4 Viability of Batrachochytrium dendrobatidis sporangia with increasing
serotonin concentrations.
Viability was determined with a methylene blue assay. Error bars are the standard error of the

mean, for two biological replicates.
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4.4 | DISCUSSION

Previous studies found a correlation between the levels of serotonin in disease
progression in the skin of alpine tree frogs (Litoria verreauxii alpina) (Grogan et al., 2018b).
To better understand the effect serotonin has on Bd protease expression, we first
characterized the gene expression of tryptophan in Bd treated with serotonin. Tryptophan
(Trp) is a metabolic precursor to serotonin. Bd produces Trp but lacks the enzymes necessary
to metabolise it into serotonin (Rollins-Smith et al., 2015). In contrast, frogs biosynthesize
exogenous Trp into serotonin. We found no statistical difference in protease gene expression
of the tryptophan alpha subunit gene in Bd treated with serotonin. Therefore, serotonin likely
does not influence the expression of the tryptophan synthesis gene, which supports our
previous studies where supplementation with Trp was unable to reverse the inhibition of Bd
by serotonin in vitro. Trp from other skin microbes may also contribute, but the abundance of
Bd in infected frogs makes the contributions from other microbes negligible. Bd-infected
frogs lose appetite as disease progresses and therefore, the Trp is likely provided from Bd. A
limitation to our gene expression study was that we tested the effect of a concentration of
serotonin (0.3125 mM), which is below the minimum inhibitory concentration for Bd in vitro
(Claytor et al., 2019). Further work should investigate gene expression at levels of serotonin
closer to biological levels found in amphibian skin. The average concentration of serotonin in
uninfected frog and toad skin ranges from 0 pg/g to 7.171 pg/g in dorsal skin, and 0 pg/g to
0.26 pg/g in ventral skin (Chapter 3). The variation in concentration of serotonin within the
skin is location (dorsal vs. ventral) and species specific (Chapter 3). Due to species specific
differences in skin levels of serotonin (Claytor et al. unpublished data), a more pronounced
effect of serotonin on gene expression of Trp and protease genes may be seen in species with
higher concentrations of serotonin.

We hypothesized that serotonin would inhibit Bd protease activity as a mechanism for
growth restriction (Mayr et al., 2005). Candida albicans virulence properties such as hyphal
elongation, phospholipase activity, and secreted aspartyl proteinases (Saps) activity was
affected at concentrations between 3.7 — 14.7 mM, 1.8 — 14.7 mM, and 1.8-7.3 mM of
serotonin in vitro (Mayr et al., 2005). In vivo concentrations of serotonin in frogs may differ
from the concentrations used in our in vitro study. An individual human blood platelet carries
178 uM of serotonin (Lee et al., 2020), and concentrations of serotonin in frog skin vary
depending on species and life stage (Claytor et al. unpublished data). As Bd produces

numerous uncharacterised proteases, we assessed the total protease activity, by performing a
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protease assay. We found that there was an overall decrease in protease activity with
increasing concentrations of serotonin. However, our study found that there was no statistical
difference in ASP, S41, or M36 gene expression, and therefore serotonin likely does not
influence the expression of the selected protease genes. Quantification of protease gene
expression with qRT-PCR would allow for a more robust comparison of gene expression
between various concentrations of serotonin. The lack of statistically different changes in
gene expression of protease genes, but an overall decrease in protease activity suggests that
serotonin may inhibit the activity of some or many of the other 100+ protease genes not
analysed in our study. In addition, the effect of serotonin on protease gene expression may be
more apparent at higher concentrations, as observed in Candida above 0.46 mM (Mayr et al.,
2005). Since we normalised the protease activity to Bd growth, this reduced activity is not
likely due to smaller cell size alone. However, there may be an effect of serotonin on
reducing the overall metabolic activity in smaller Bd cells rather than a specific effect on
protease activity, which could be confirmed by an MTT cell proliferation assay, to measure
cellular growth rates.

We found a decrease in caspase (apoptosis-mediator) activity with increased
concentrations of serotonin. Therefore, Bd is not likely to be undergoing increased apoptosis
in the presence of serotonin. Although serotonin inhibits the growth of Bd, the inhibition may
not correlate with cell death, and may merely be disruption of metabolic activity as per the
effect on protease activity. Our viability assay showed that Bd sporangia were viable in 2.5
mM of serotonin. The zoospores do not develop into sporangia at 5 mM and 10 mM of
serotonin, and the encysted zoospores were non-viable at these concentrations. In Chapter 2,
serotonin was shown to be fungistatic to Bd in vitro at serotonin concentrations between 1.5 —
2 mM. The results in this chapter suggest that serotonin becomes progressively more
fungicidal to Bd as concentrations of serotonin increase towards 5 mM and fungicidal at
concentrations greater than 5 mM. While there is an effect of serotonin at high concentrations
observed on Bd, the effect may not correspond to an impact on virulence in vivo.
Interestingly, the selective serotonin reuptake inhibitors (SSRIs) fluoxetine, paroxetine, and
sertraline cause death in Candida species by damaging their plasma and mitochondrial
membranes, which activates their apoptotic signalling pathways (Costa Silva et al., 2017).
Future work should investigate the role of SSRIs in Bd apoptosis.

Future work should investigate the effect of serotonin on the expression of other

potential Bd virulence genes. Adhesin genes (Rosenblum et al., 2012), crinklers and crinkler-
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like effectors (CRNs) genes (Sun et al., 2011, Rosenblum et al., 2012), and triglyceride lipase
genes (Joneson et al., 2011, Rosenblum et al., 2012), all have been shown to play a role in Bd
virulence. Understanding the role of serotonin on virulence gene expression may aid in
determining why Bd virulence varies among amphibian species (Dang et al., 2017).

The mechanisms by which serotonin act on Bd are not yet unknown. Our results
improve on the limited understanding of the role of serotonin on the host/Bd interaction. Bd is
responsible for the declines and extinction of many species of amphibians globally.
Therefore, understanding the mechanisms of serotonin inhibition of Bd may lead to a

treatment for chytridiomycosis and aid in the development of new antifungal treatments.
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TABLE S4.1. Concentrations of serotonin used in Bd assays

Concentration (mM)

EnzChek™ Peptidase/Protease Assay Caspase-Glo® 3/7 Assay Growth (Absorbance)
Kit (Invitrogen) (Promega)

0 0 0
0.156 0.156 0.156
0.3125 0.3125 0.3125
0.625 0.625 0.625
1.25 1.25 1.25
2.5 2.5 2.5

5 5 5

- 7.5 -

10 10 10
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CHAPTER 5 | Protein glutathionylation in Bd
OVERVIEW

Little is known of the function of proteins expressed by Bd, which remain a largely
unexplored component of the host-pathogen interaction. To protect against oxidative stress
from the host immune system, some fungi use the process of protein S-glutathionylation. To
explore if this process is employed by Bd, protein S-glutathionylation was investigated in
vitro. 1 treated in vitro cultures with 1) hydrogen peroxide (H20>) as a proxy for reactive
oxygen species (ROS) stress, 2) serotonin, which inhibits Bd growth in vitro (Chapter 2), and
3) buthionine sulfoximine (BSO), which inhibits glutamylcysteine synthetase (y-GCS), the
rate-limiting enzyme in glutathione synthesis. The aims of this chapter are:

e To determine if oxidative stress affects protein glutathionylation patterns in Bd using
sublethal H>O», serotonin, and BSO

e To explore the function of glutathionylated proteins
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ABSTRACT

The pathogenic fungus Batrachochytrium dendrobatidis (Bd) has caused the global decline
and extinction of amphibians worldwide. Bd proteins remain a largely unexplored component
of the host-pathogen interaction. Some fungi use protein S-glutathionylation, to protect active
site cysteines from oxidative stress. Here, we treat Bd with sublethal levels of hydrogen
peroxide (H20>) as a proxy for reactive oxygen species (ROS) stress produced by hosts to
attack pathogens, serotonin, which inhibits Bd growth in vitro, and buthionine sulfoximine
(BSO), which inhibits glutamylcysteine synthetase (y-GCS), the rate-limiting enzyme in
glutathione synthesis, to investigate the role of protein glutathionylation in oxidative stress
protection. Western blot with anti-glutathione antibodies showed reduced glutathionylation of
proteins in the 55 kDa region when treated with 0.015 and 0.15 mM H2O:. Baseline levels of
glutathionylation recovered after 24 h for the 0.015 mM treatment, while the reduced
glutathionylation pattern continued at 24 h with 0.15 mM H20O,. We used 2D gel
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electrophoresis and mass spectroscopy to identify differentially glutathionylated proteins in
the 0.15 mM H,O» treatment. A protein with homology to the glycolytic enolase enzyme was
found to be constitutively glutathionylated in the untreated control but not in the HO>
treatment sample. Also, Bd does not appear to use glutathionylation to protect proteins from
the inhibitory effects of serotonin. Lastly, there was no observable difference in
glutathionylation of proteins in the untreated BSO treated samples. This study suggests that
Bd does not use S-glutathionylation to protect the glycolytic pathway from oxidative stress in

vitro, but that enolase may be a reservoir for glutathione stores.
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5.1 | INTRODUCTION

The pathogenic fungus Batrachochytrium dendrobatidis (Bd) is responsible for the
global decline and extinction of amphibians. The mechanisms that enable Bd to decimate
amphibian populations are a complex combination of environmental factors, host
susceptibility, and pathogen virulence. Research has focused on identifying potential
virulence factors such as mechanisms for evading the host immune system. Candidate
virulence genes have been identified through proteome- and transcriptome-wide comparisons
between strains of varying virulence, Bd life stages, and growth on different substrates. For
example, a role in virulence has been implicated for HSP70, 26S protease regulatory subunit
6A-B, and proteasome subunit beta type 3, as they are differentially expressed between high
and low virulence strains of Bd (Fisher et al., 2009a). In the common toad (Bufo bufo),
HSP70 allows for a heat-induced increase in peroxide resistance, which may help in
antioxidant defence (Miller et al., 2000). When Bd is exposed to thyroid hormone, which is
involved in control of amphibian metamorphosis, 263 proteins were differentially expressed
(Thekkiniath et al., 2015). There was an increase in proteases and crinkler-like effector
proteins, which could be important for invasion of keratinised frog skin (Moss et al., 2010).
Brutyn et al. (2012) found that zoospore supernatants were able to disrupt intercellular
junctions in frog skin, and that the extracellular components included proteins such as
proteases, biofilm-associated proteins, and carotenoid ester lipase. Extracellular lipases are
virulence factors in pathogenic Candida species (Trofa et al., 2009), and may play a role in
nutrient acquisition, host adhesion, hydrolysis, and evasion of host defence systems in Bd
(Brutyn et al., 2012). Other putative virulence proteins have been identified based on
transcriptomic data from Bd growth on amphibian skin (Rosenblum et al., 2008, Rosenblum
et al., 2012): including metallo-, serine-, and aspartyl- proteases, which are upregulated when
Bd is grown on pulverised toad skin compared to laboratory media. Only a few candidate
virulence proteins have been functionally characterised in Bd, due to limited molecular
biology tools developed in this species (Rosenblum et al., 2011). These virulence factors
include a subtilisin-like serine protease that cleaves frog skin antimicrobial peptides
(Thekkiniath et al., 2013) and partial purification of an elastolytic enzyme found in infected
frog skin (Moss et al., 2010).

An important aspect of pathogenicity is the ability to evade the host immune
response. Host immune cells, such as macrophages and neutrophils, can release reactive

oxygen species (ROS) to eliminate invasive microorganisms (‘respiratory burst’ or ‘oxidative
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burst’) (Franchini et al., 2013, Christoffersson and Phillipson, 2018). ROS are highly reactive
radical and non-radicals (Aung-Htut et al., 2012) that cause damage to various cellular
macromolecules, such as proteins, lipids, polysaccharides, nucleic acids (Lushchak, 2014,
Breitenbach et al., 2015). ROS have been used as a host defence against pathogenic fungi,
such as Candida albicans, Cryptococcus neoformans, and Aspergillus fumigatus (Missall et
al., 2004, Philippe et al., 2003).

Some fungi have developed antioxidant defences against host ROS. Cryptococcus
neoformans uses the enzyme S-nitrosoglutathione (GSNO) reductase to detoxify NO- related
molecules, which contributes to its virulence (de Jesus-Berrios et al., 2003). Another
mechanism of oxidative stress protection is via the antioxidant glutathione (GSH), a
tripeptide composed of three amino-acids (y-L-glutamyl-L-cysteinyl-glycine). GSH is found
in most eukaryotes and some prokaryotes in concentrations of up to 10 mM (Penninckx,
2002). Glutathione can either be in its reduced (GSH) form or oxidized as glutathione
disulfide (GSSG), which can be reduced back to GSH by glutathione disulfide reductase.
GSH can protect cells from oxidation (Mehdi and Penninckx, 1997), and also contribute to
detoxification of xenobiotics, and aid in the resistance to heavy metals (eg. cadmium in
Schizosaccharomyces pombe (Al-Lahham et al., 1999) and arsenite in Saccharomyces
cervisiae) (Ghosh et al., 1999). In some species of pathogenic fungi, disrupting biosynthesis
of glutathione can lead to lower levels of virulence, as seen in the pathogenic yeast Candida
albicans in a mouse model (Yadav et al. 2011).

GSH can also be used in a reversible mechanism to protect proteins via protein S-
glutathionylation of cysteinyl residues through an oxidised sulfenic acid intermediate. This
glutathionylation protects the protein from damage by over-oxidation to the sulfinic acid and
irreversible sulfonic acid forms (Sies 1999) (Figure 5.1). When the oxidative stressor is
removed, proteins are de-glutathionylated via glutaredoxin (Grx) enzymes, which restores
protein functionality without resynthesis (Dalle-Donne et al., 2009). For example, the
filamentous form of C. albicans uses protein S-glutathionylation to protect the enzyme
isocitrate lyase, which is part of the glyoxylate cycle (Gergondey et al., 2016).
Glutathionylation can also be used as a redox-switch to alter the function of proteins. For
example, in the rat carbonic anhydrase isozyme III (CAIII), glutathionylation can both
activate or block activity of the protein depending on which protein cysteine is
glutathionylated (Cabiscol and Levine, 1996).

\
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Bd, like many other fungi, produces GSH (A. Roberts, unpublished data), but its role
in oxidative stress protection in Bd has not been elucidated. Sun et al. (2016) identified GSH
as a potential virulence factor in Bd, as GSH genes responsible for glutathione metabolism
were likely horizontally transferred from bacteria as an evolutionary advantage. Here, we
treated Bd with sublethal levels of hydrogen peroxide as a proxy for host ROS, and
buthionine sulfoximine (BSO) which inhibits the rate limiting enzyme in GSH biosynthesis,
to determine its effect on protein glutathionylation patterns. We also observed the effect of
serotonin on protein glutathionylation, to gain insight into the mechanism of Bd inhibition by

serotonin.
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FIGURE 5.1 Oxidation of cysteine residues and glutathionylated protein formation, from
Lushchak (2012).
Pr = protein, TR = thioredoxin, Srx = sulfiredoxin, GSH = glutathione, GSSG = glutathione

disulfide, ROS = reactive oxygen species

120



CHAPTER 5

5.2 | METHODS

5.2.1 Inhibitory dose of hydrogen peroxide

Bd was treated with six concentrations of hydrogen peroxide (H20:) to determine the
inhibitory dose. The Bd isolate “Ethel creek-Lnannotis-2013-LB” (isolated from a Waterfall
frog (Litoria nannotis), in 2013 from northern Queensland, Australia) was grown on
tryptone/gelatin hydrolysate/lactose (TGhL) agar. After 4 d, petri dishes were flooded with 1
mL of TGhL broth and zoospores were syringe filtered to remove sporangia using a 10 pm
isopore filter (Millipore). Five hundred microlitres of zoospores approximately (1.3 x 10°
zoospores/mL) and 500 uL of H>O> (for final concentrations of 0 mM, 0.0125 mM, 0.025
mM, 0.05 mM, 0.1 mM, and 0.2 mM) was added to a 24-well plate in triplicate and incubated
at 21°C for 4 d. Each well was assessed by microscopy for growth, zoospore motility, and
encystation for the next 7 days. The experiment was repeated, zoospores (approximately 1.0
x 10° zoospores/mL) from the Bd isolate “Ethel creek-Lnannotis-2013-LB” were inoculated
in a 96-well plate. On the third day of incubation, a photograph was taken for each
concentration of H>O». The 10 largest sporangia were selected per image and the sporangial
diameter was measured, using a light microscope at 20x magnification (Fisher et al., 2009a).
5.2.2 | Bd culture and treatments

Bd from isolate “Ethel creek-Lnannotis-2013-LB” was grown in TGhL broth for 4 d
in tissue culture flasks (Greiner), and 3 mL was used to inoculate cultures for protein
extraction. Cultures were treated with serotonin or H>O; and grown for various times as
indicated in Table 5.1. Control cultures included 20 mM buthionine sulfoximine (BSO),
which inhibits the rate limiting enzyme in GSH biosynthesis (added on day 1) and a no
treatment control culture. The concentrations of H20O> and serotonin were below the
minimum inhibitory concentration (MIC) for Bd (Claytor et al., 2019). After treatment, cells
were harvested by centrifugation at 16,000 x g for 10 min at 4 °C and the supernatant was
removed. Pellets were then suspended in 3 mL of buffer containing protease inhibitor
cocktails 15 pL P8215 and 300 uL P2714 (Sigma-Aldrich), 1 mM phenylmethane sulfonyl
fluoride (PMSF), and 0.5 M ethylenediaminetetraacetic acid (EDTA). Pellets were then
frozen in liquid nitrogen and freeze-dried. Protease inhibitor cocktail P8215 (Sigma-Aldrich)
contained 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), pepstatin A, E-64, and 1,10-

phenanthroline, which inhibits serine, cysteine, aspartic, and metalloproteases. Protease
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inhibitor cocktail P2714 (Sigma-Aldrich) contained AEBSF, aprotinin, bestatin, E-64,

EDTA, and leupeptin, which inhibits serine, cysteine, and metalloproteases.
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TABLE 5.1 Treatment concentrations and Batrachochytrium dendrobatidis growth times.

Treatment Concentration Treatment Added Exposure Time
No treatment control Day 4 lh

No treatment control Day 5 24 h

0.015 mM H20: (‘low”) Day 4 lh

0.15 mM H>O: (‘high’) Day 5 24 h

0.625 mM serotonin Day 1 4d

100 uM buthionine sulfoximine (BSO) Day 1 4d
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5.2.3 | Protein extraction

Freeze-dried pellets were suspended in a lysis buffer containing: 0.5 M iodoacetamide
(IAM), 0.5 M EDTA, 1 M HEPES, 0.967 M thiourea, 8 M urea, and 5 pL of P8215 and 100
uL of P2714 protease inhibitor cocktails (Sigma-Aldrich). Samples were sonicated 3 times
on a Branson Digital Sonifier® at 10% amplitude, for 20 s, with 0.5 s pulses, resting on ice
between cycles. Samples were spun at 16,000 x g at 4 °C for 15 min. Supernatant was
pipetted into a new tube and the pellet was discarded. A Bradford assay (Merck) was used to
determine protein concentration, using bovine serum albumin (BSA) as the protein standard.
5.2.4 | PAGE and Western Blot

A Western blot was performed to determine whether serotonin or H,O, altered the
glutathionylation profile of Bd proteins. To each protein sample, 0.25 M N-ethylmaleimide
(NEM) was added. Polyacrylamide gel electrophoresis (PAGE) was performed with two
Mini-PROTEAN® TGX 4-20% precast gels (Bio-Rad). Gels were run in Tris-glycine-SDS
buffer (Biorad), in a Mini-PROTEAN® tetra cell (Bio-Rad) at 100 V for 1.5 h. One gel was
stained with Instant Blue™ Ultra Fast Protein Stain (Merck) and a PageRuler™ prestained 10
- 180 kDa protein ladder (Thermo Fisher).

A Immobilon-P 0.45 pum pore (Merck), polyvinylidene difluoride (PVDF) transfer
membrane was prepared by soaking in 100% methanol for 3 seconds and then washed with
PBST (phosphate buffered saline (PBS) and 0.1% Tween 20). The second PAGE gel was
transferred to the PVDF transfer membrane in a 20% methanol, 25 mM Tris, 192 mM glycine
transfer buffer, for 1 h at 100 V. The PVDF membrane was washed three times (10 min each)
in a solution of PBST. The membrane was blocked on a shaker overnight at 4°C, in a solution
of 0.25M NEM, 5% powdered skim milk, and PBST. A 1:200 dilution of the primary
glutathione antibody (D8) mouse monoclonal IgG2, (Santa Cruz Biotechnology, sc-52399) in
PBST was incubated on the membrane overnight on a shaker at 4°C. The membrane was
washed another 3 times (10 min each) in PBST. A 1:2,000 dilution of the secondary antibody
goat anti-mouse [gG-HRP (Santa Cruz Biotechnology, sc-2005) in PBST was incubated on
the membrane overnight on a shaker at 4°C. Another three washes (10 min each) with PBST
and 1 wash with PBS (10 min) was performed on the membrane. For chemiluminescent
detection, 1 mL of SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo
Scientific) was pipetted onto the membrane and incubated for 5 min. Chemiluminescence

was imaged on a G:Box system (SYNGENE) using the Genesys® software.
124



CHAPTER 5

5.2.5 | 2-D gel electrophoresis

To separate proteins for mass spectroscopy analysis, 2-dimensional gel
electrophoresis (2D GE) was performed on samples from Bd treated with 0.015 mM
hydrogen peroxide for 24 h, and a no peroxide control. These samples were selected as they
had differential glutathionylation patterns in the one-dimensional Western blot. A 2D Clean-
Up Kit (GE Healthcare) was used to prepare samples for 2D GE, following the
manufacturer’s protocol. Samples were re-suspended in rehydration buffer containing 8 M
urea, 2% CHAPS (3-((3-cholamidopropyl) dimethylammonio)-1-propanesufonate), 2% Biol-
lyte® 40% 3/10 ampholytes (Bio-Rad), 0.025 M NEM, ultrapure water, and trace amount of
bromophenol blue. Thirty micrograms of each Bd sample and an SDS Page Standard (Bio-
Rad), were loaded onto separate wells within a 11 cm rehydration/equilibration tray (two
replicates for each sample). A 11 cm ReadyStrip™ pH 4-7 IPG strip was placed on top of
each sample and standard. Mineral oil (2 mL) was applied on top of the strips to prevent
evaporation, and then left to rehydrate overnight at room temperature. Each IPG strip was
transferred onto the focusing tray, covered with 2 mL mineral oil, and placed into the Bio-
Rad PROTEAN® IEF cell. The electrophoresis was run at 250 V for 20 min in a linear ramp,
then 8,000 V for 2.5 h in a linear ramp, and then 8,000 V for 20,000 V-h in a rapid ramp. IPG
strips were equilibrated for 10 min sequentially in 4 mL of each equilibrium buffer. Buffer 1:
6 M urea, 2% sodium dodecyl sulfate (SDS), 0.375 M Tris-HCL (pH 8.8), 20% glycerol, and
ultra-pure water; Buffer 2: 6 M urea, 2% SDS, 0.375 M Tris-HCL (pH 8.8), 20% glycerol,
0.5 g of iodoacetamide, and ultra-pure water. Each IPG strip was added to the well of a
Criterion™ TGX™, 4-15%, IPG+1 precast gel, and covered with overlay agarose solution
containing 0.025 M NEM. The gels were electrophoresed in 1x Tris/glycine/SDS buffer at
200 V for 65 min. Then one each replicate sample and control gel were then stained with
Coomassie Brilliant Blue and imaged on a G:Box gel doc system (SYNGENE) in the
Genesys® software. A Western blot was performed on the second replicate sample and
control gel to locate the differentially glutathionylated proteins (see Western blot methods).

Protein spots that showed differential glutathione labelling were excised from the 2D-
PAGE gel and sent to the Australian Proteome Analysis Facility (Macquarie University), for

identification via mass spectrometry analysis.

5.2.6 | Bioinformatic Analysis
Conserved domain analysis was performed to determine the location of the S-

glutathionylated cysteine within the tertiary structure of the enolase protein. The full-length
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Bd enolase protein sequence was obtained from GenBank® (OAJ38561.1) and analysed in
BLASTYp (Altschul et al., 1997), to identify conserved metal binding sites, substrate binding
pockets, and dimer interfaces. Clustal Omega (Madeira et al., 2019) was used to align the Bd
sequence to enolases from Batrachochytrium salmandriovrans (Bsal)(GenBank® Accession
OONO05269.1), Candida albicans (GenBank® Accession AAA71939.1), and Saccharomyces
cerevisiae (GenBank® Accession AAA71939.1), Homo sapiens (GenBank® Accession
CAA47179.1), and two amphibian species Xenopus laevis (GenBank® Accession
NP001079392.1) and Xenopus tropicalis (GenBank® Accession NP989144.1).

A three-dimensional (3-D) model of the enolase protein was constructed. The
sequence of Bd (GenBank® OAJ38561.1) was converted into a 3-D model file in the Phyre2
Protein Fold Recognition Server (Kelley et al., 2015), using default settings. The model was
then compared to ‘human enolase 1’ (PDB archive #: 3B97) in PDBeFold (Krissinel and
Henrick, 2004) using default settings. The superimposed file was then visualized in Jmol

version 14.30.2 software (Hanson and Lu, 2017).

5.3 | RESULTS

5.3.1 | Decrease in overall protein glutathionylation with peroxide treatment

The inhibitory concentration of H2O» for Bd was 0.2 mM, with fungal growth
occurring at 0.1 mM. Zoospore motility was absent at 0.2 mM but was observed from day 3
onwards at lower concentrations. The diameter of Bd sporangia decreased with increasing
concentrations of H>O», with a large decline at 0.325 mM of H20.. The samples in the 1D
PAGE of the H>02 and control protein samples showed similar overall protein expression
patterns, although there were slightly darker bands in the low (0.015 mM) H>O> (24 h) and
100 uM BSO treatments suggesting some proteins were at greater abundance. In the 1D
Western blot, many of the glutathionylated proteins were in the 55 kDa region (indicated by
an asterisk in Figure 5.3). Compared to the untreated control, there was a decrease in
glutathionylation of 55 kDa region proteins in the low peroxide treatment at 1 h, the high
peroxide (0.15 mM) treatment at 1 and 24 h and the serotonin treatment. The control
glutathionylation pattern was similar to the low H>O» at 24 h, and BSO treatment. When
exposed to 0.15 mM H>0», the amount of protein glutathionylation decreased and remained
so over 24 h of exposure.

We used 2D gel electrophoresis to identify glutathionylated proteins in Bd, in a no
treatment control (24 h) and high H>O» treatment (24 h) (Figure 5.3). There were more
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Coomassie stained proteins in the no treatment control (24h) than the high H>O» (24 h)
treatment, despite attempts at even loading of samples. For the 2D Western blot, most of the
glutathionylated proteins were also between 20-80 kDa, with pl greater than 5. There was a
differential glutathionylation pattern between peroxide treated and control samples, with an
overall decrease in glutathionylated proteins in the high H>O» (24 h) treatment compared to
the no treatment control (24 h) (Figure 5.3).

5.3.2 | Protein glutathionylation of enolase

Two protein spots were cut out of the 2D PAGE no treatment control (protein 1) and
high H>O> 24 h treatment (protein 6) PAGE gels. Mass spectrometry identified protein 1 as a
mixture of mostly cytosol AP domain-containing protein (52.74 kDa) and glutathionylated
enolase (46.9 kDa). No glutathionylated protein was found in the high H,O, treatment (24 h)
sample (protein 6). The most abundant protein in the sample was non-glutathionylated
enolase (46.9 kDa).

Mass spectrometry of excised protein 1 identified the location of the glutathionylated
cysteine at position 339 of the enolase protein (GenBank® Accession OAJ38561.1) (Figure
5.6). By comparing the Bd enolase sequence to conserved domains from functionally
characterised enolases, the putative residues in the metal binding site, substrate binding
pocket, and dimer interface were identified (Figure 5.5). This alignment shows the
glutathionylated Bd Cys339 correlating to a highly conserved Cys in many diverse species,
including the related B. salamandrivorans, white nose syndrome pathogen
Pseudogymnoascus destructans, frogs Xenopus laevis and Xenopus tropicalis, and Homo
sapiens (Figure 5.5). On analysis of the human enolase crystal structure, the corresponding
cysteine residue (Cys366) is not located within a conserved functional domain of the protein,

but is found on a beta sheet adjacent to the metal binding residue (Figure 5.6).
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FIGURE 5.2 Sporangia growth assay with hydrogen peroxide (H202) shows a reduction in
Batrachochytrium dendrobatidis (Bd) sporangia size.
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FIGURE 5.4 Coomassie stained PAGE gels and Western blot analysis of control and 0.15

mM H>0; 24 h treatment samples.

A. Control Coomassie stained PAGE gel, B. control Western blot, C. 0.15 mM H>0»

Coomassie stained PAGE gel, D. 0.15 mM H>O> Western blot. Circles and numbers represent

proteins that were differentially glutathionylated between the two samples. Proteins number 1

and 6 were sent for identification via mass spectrometry.
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TABLE 5.3 Top 10 proteins identified from the Batrachochytrium dendrobatidis no treatment control, based on highest sum PEP score.

PEP = Posterior Error Probability

Protein Name Accession Sum PEP Molecular Number of Protein Modifications
Score Weight (kDa) Proteins Coverage

Cytosol AP domain- F4P386 129.7247 52.7400 21 70.5765

containing protein

Enolase AOA177WGS1  78.1884 46.8620 20 68.8940 Glutathionylated

Fumarate hydratase, AOA177TWVH1 38.6957 56.3500 12 41.1538

mitochondrial

ATP synthase subunit beta AOA177WR09  29.1384 54.0350 11 28.0079

Aldedh domain-containing F4NUJ3 19.0568 53.9800 10 24.7505

protein

Dihydrolipoyl FANY10 56.0630 53.7230 10 35.3516

dehydrogenase

Uncharacterized protein F4ANSALI 14.4776 71.8070 9 18.7879

Aldedh domain-containing AOA177WBH6 21.5284 58.6310 9 29.7445

protein

Stress-70 protein, AOA177WFS4  15.2208 73.3410 9 14.0325

mitochondrial

Uncharacterized protein F4POW3 21.6113 177.7240 9 9.1374

131



CHAPTER 5

TABLE 5.4 Top 10 proteins identified from Batrachochytrium dendrobatidis in the high H,O, for 24 h treatment, based on highest sum PEP

SCore.

PEP = Posterior Error Probability

Protein Name Accession Sum PEP Score Molecular Weight (kDa)  Number of Proteins  Protein Coverage
Enolase AO0A177WGSI1 14.7305 46.8620 12 33.4101
Uncharacterized protein ~ FANYXO0 4.4692 42.0060 5 14.0625
Cytosol AP domain- F4P386 2.7970 52.7400 3 7.7535
containing protein

Fumarate hydratase, AO0A177WVHI1 4.9464 56.3500 1 2.8846
mitochondrial

Thioredoxin domain- F4PFM4 0.6340 25.5510 1 4.7414
containing protein

DPPIV_N domain- F4P242 0.3092 129.1810 1 0.9418
containing protein

Uncharacterized protein ~ F4P6E4 0.6278 76.2160 1 1.0204
Lipoyl-binding domain-  A0A177W9V3 0.9427 50.5750 1 4.1841
containing protein

Uncharacterized protein ~ F4ANSRS 0.2940 280.6020 1 0.2457
S-adenosylmethionine FANV90 2.1277 42.2620 1 3.8961

synthase
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1
Bd -MAITKIHAR
Bs -MSITKIHAR
Ca MSYATKIHAR
Hs MSILKIIHAR
Pd -MPITKVHAR
Sc -MAVSKVYAR
X1 -MSIKNIHAR
Xt -MSIKKILAR
1Lk
Bd SKLGANAILG
Bs SKLGANAILG
Ca SKLGANAILG
Hs SKFGANAILG
Pd TKLGANAILG
Sc SKLGANAILG
X1 SKFGANALLG
Xt SKFGANALLG
221
Bd GDEGGFAPNI
Bs GDEGGFAPNI
Ca GDEGGVAPDI
Hs GDEGGFAPNI
Pd GDEGGVAPDI
Sc GDEGGVAPNI
X1 GDEGGFAPNI
Xt GDEGGFAPNI
331
Bd KLTQ--SVTI
Bs KLTQ--SVSI
Ca HFFERVGDKI
Hs KLFTGSLVGI
Pd YFYKTSD--F
Sc  HFFKTAG--I
X1 KFTA--ASGI
Xt KFTA--SSNI
441
Bd YNQLLRIEE-
Bs YNQLLRIEE-
Ca LNQILRIEE-
Hs YNQLLRIEEA
Pd LNQILRIEE-
Sc  LNQLLRIEE-
X1 YNQLLRIEE-

21
QVYDSRGNPT VEVDVTTEKG
QVYDSRGNPT VEVDVTTSKG
YVYDSRGNPT VEVDFTTDKG
DIFESRGNPT VEVDLYTNKG
QVYDSRGNPT VEVDVVTETG
SVYDSRGNPT VEVELTTEKG
EIFDSRGNPT VEVDLYTCKG
EIFDSRGNPT VEVDLYTCKG

B |
V SLAVARAG --AAAKGVPL
V SLATARAG --AAAKGVPL
V SLAAANAA --AAAQGIPL
V SLAVCSNA GATAEKGVPL
V SLAIAKAG --AAEKGIPL
V SMAAARAA --AAEKNVPL
V SLAVCKAG --AAEKGVPL
V SLAVCKAG --AAEKGVPL
241
QDNKEGLELL KVA IEAAGY
QDNKEGLELL KVA IEAAGY
KTPKEALDLI MDA IDKAGY
LENKEALELL KTA IGKAGY
ETAEEALELI TDA IKEAGY
QTAEEALDLI VDA IKAAGH
LENKEALELL KNA ISKAGY
LENKEALELL KTA INKAGY
351
QIVGDDLTVT NPKRIH-TA-
QIVGDDLTVT NPKRIQ-TA-
QIVGDDLTVT NPTRIK--TA
QVVGDDLTVT KPEARIAKAV
QIVGDDLTVT NPIRIK--KA
QIVADDLTVT NPARIA--TA
QVVGDDLTVT NPKR-IAKAV
QVVGDDLTVT NPKR-IAKAV
461
MLGPKARYAG DHFRRPQ--
LLGDKARYAG EHFRRPQ--

41
TF--TAAVPS GASTGIHEA-
TF--TAAVPS GASTGIHEA-
LF--RSIVPS GASTGVHEA-
GLFGRAAVPS GASTGIYEAL
LH--RAIVPS GASTGQHEA-
VF--RSIVPS GASTGVHEA-
LF--RAAVPS GASTGIYEA-
LF--RAAVPS GASTGIYEA-

151
FMHLADLAGN -TDPFILPVP
FMHLADLAGN -TDPFILPVP
YKHIANISNA KKGKFVLPVP
YRHIADLAGN -NPEVILPVP
YAHVSDLAGT -KKPYVLPVP
YQHLADLSKS KTSPYVLPVP
YRHIADLAG- -NPEVILPVP
YRHIADLAG- -NPEVILPVP

261
TGRIKIAMDV AASEFYKD--
TGKIKIAMDV AAAEFYKD--
KGKVGIAMDV ASSEFYKD--
SDKVVIGMDV AASEFYRD--
EGRMKIAMDV ASSEFYKEDA
DGKVKIGLDC ASSEFFKD--
SDKIVIGMDV AASEFYRD--
PDKVVIGMDV AASEFYRD--

371
IEKKA CNGL L-LKVNQIGT
IEKKA CNGL L-LKVNQIGS
IEKKA ANAL L-LKVNQIGT
EEVKA CNCL LLLKVNQIGS
IELKS CNAL L-LKVNQIGT
IEKKA ADAL L-LKVNQIGT
-EEKA CNCL L-LKVNQIGT
-DEKS CNCL L-LKVNQIGT

61
LELRDNDKAS YHGKSVF-K
LELRDGDKAH YHGKSVF-K
LELRDGDKSK WLGKG-VLK
LELRDNDKTR YMGGKGVSK
CELRDGDKTK WRGKG-VLK
LEMRDEDKSK WMGKG-VMN
LELRDNDKTR YLGK-GVGR
LELRDNDKTR YMGK-GVGR
171

CFNVINGGSH AGNKLAMQEF
CFNVINGGSH AGNKLAMQEF
FONVLNGGSH AGGALAFQEF
AFNVINGGSH AGNKLAMQEF
FONVLNGGSH AGGRLAFQEF
FLNVLNGGSH AGGALALQEF
AFNVINGGSH AGNKLAMQEF
AFNVINGGSH AGNKLAMQEF
281
GKYDLDFKNP SSDASQHLSG
GMYDLDFKNP ASDKSQHLTG
GKYDLDFKNP ESDPSKWLSG
GKYDLDFNSP D-DPSRYISP
KKYDLDFKNP NSDPAKWISY
GKYDLDFKNP ESDKSKWLTG
GKYDLDFKSP D-DPSRYISP
GKYDLDFKSP D-DPKRHISP
391
VTESINAAKL AQADGWGVMV
VTESINAAKL AQADGWGVMV
LTESIQAAND SYAAGWGVMV
VTESLQACKL AQSNGWGVMP
LTESIQAAKD SFAAGWGVMV
LSESIKAAQD SFAANWGVMV
VTESLEACKL AQSNGWGVMV
VTESLQACKL AQSNGWGVMV

81
AI-ANVNDII APALMKANID
AI-SNVNDVI APALIKANID
AV-ANVNDII APALIKAKID
AVEHIINKTI APALISKNVN
AV-ENVNSII GPELIKKNVD
AV-NNVNNVI AAAFVKANLD
AV-KYVNEFL GPALCTQNLD
AV-KYINEFL GPALCTOQNLS

191
MI LPTGAKS FTEAMKMGSE
MI LPTGAET FSEAMKMGSE
MI APTGVST FSEALRIGSE
MI PPCGADR FNDAIRIGAE
MI VPSQAPS FSEGMRWGSE
MI APTGAKT FAEAMRIGSE
MI LPVGADS FKEAMRIGAE
MI LPVGADT FKEAMRIGAE

301
AQLADLYRSF VK-- --- DY
EQLADLYRSF VH-- --- DY
PQLADLYEQL IS-- --- EY
DQLADLYKGF VLGH AVKNY
EQLADLYKKL AE-- --- Y
VELADMYHSL MK-- --- RY
DQLAELYMSF VK-- --- NY
DELAELYMSF VK-- --- NY

411

S--HRSGETE DTFIADLVVG
S--HRSGETE DTFIADLVVG
S--HRSGETE DTFIADLSVG
VSHRLSGETE DTFMADLVVG
S--HRSGETE DVTIADIVVG
S--HRSGETE DTFIADLVVG
S--HRSGETE DTFIADLVVG
S--HRSGETE DTFIADLVVG

101
VQHQEAVDQL LLTLDGTENK
PONQEAIDNF LLAMDGTENK
VVDQAKIDEF LLSLDGTPNK
VVEQDKIDNL MLDMDGSENK
VKDQKSIDDF LVELDGTTNK
VKDQKAVDDF LLSLDGTANK
VVEQEKIDKL MIEMDGTENK
VVEQEKIDNL MIEMDGTENK

211
VYHHLKAVIK KKYGQDATNV
VYHHLKSVIK KKYGQDATNV
VYHNLKSLTK KKYGQSAGNV
VYHNLKNVIK EKYGKDATNV
VYHTLKTLAV KKYGQSAGNV
VYHNLKSLTK KRYGASAGNV
VYHNLKNVIK EKYGKDATNV
VYHNLKNVIK AKYGQDATNV

321
PIV--SIEDP FDQDDWEAYH
PIV--SIEDP FDQDDWESYH
PIV--SIEDP FAEDDWDAWV
PVGVSIEDPP FDQDDWGAWK
PIV--SIEDP FAEDDWEAWS
PIV--SIEDP FAEDDWEAWS
PVV--SIEDP FDQDHWEAWT
PVV--SIEDP FDQDDWEAWK

431
LKTGQI KTG APCRSERLAK
LKTGQI KTG APCRSERLAK
LRSGQI KTG APARSERLAK
LCTGQI KTG PTCRSERLAK
LRAGQI KTG APARGERLAK
LRTGQI KTG APARSERLAK
LCTGQI KTG APCRSERLAK
LRTGQI KTG APCRSERLAK

ELGSEAIYAG
EAGSKARFAG
ELGDKAIYAG
ELGDKAVYAG
ELGSKARFAG

KDFQKASQL
RNFRNPRIN
ENFRTSVNL
ENFHHGDKL
KNFRKPVFN

Xt YNQLLRIEE- ELGSKARFAG RNFRKPVEN

FIGURE 5.5 Amino acid alignment of enolase proteins.

Bd = Batrachochytrium dendrobatidis (GenBank® Accession OAJ38561.1), Bs = Batrachochytrium salmandrivorans (GenBank® Accession OON05269.1), Ca = Candida
albicans (GenBank® Accession AAA71939.1), Hs = Homo sapiens (GenBank® Accession CAA47179.1), Pd = Pseudogymnoascus destructans (GenBank® Accession
ELRO04711.1), Sa = Saccharomyces cerevisiae (GenBank® Accession AAA71939.1), XI = Xenopus laevis (GenBank® Accession NP001079392.1), and Xt = Xenopus
tropicalis (GenBank® Accession NP989144.1). Conserved domains: red represents the conserved metal binding site, blue represents the substrate binding pocket, and green

represents the dimer interface. Bolded in black is the location of the cysteine found in Bd.
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FIGURE 5.6 Three-dimensional model of enolase found in Batrachochytrium dendrobatidis.
Amino acid numbering corresponds with UniProt AOA177WGS1; Amino acids found in the

metal binding conserved domain: Cys339 and Asp246. Cys is not in the active site.

134



CHAPTER 5

5.4 | DISCUSSION

We used H20: as a proxy for host ROS, to investigate whether Bd uses protein
glutathionylation to protect itself from the host immune system. The most marked changes in
glutathionylation pattern were in proteins around 55 kDa when treated with 0.015 and 0.15
mM H>O:. The baseline levels of glutathionylation recovered after 24 h for the 0.015 mM
treatment, while the reduced glutathionylation pattern continued at 24 h with 0.15 mM H>O..
Surprisingly, there were less glutathionylated proteins in the high H>O» (24 h) treatment than
the no treatment control, which suggests that oxidative stress reduces glutathionylation of
these proteins of interest. Mass spectrometry identified one of the glutathionylated proteins in
the no treatment control as the glycolytic enolase enzyme. In the corresponding high H>O:
sample (protein 6) enolase was not glutathionylated.

The function of Bd enolase has not been studied, but in many fungi metalloenzyme a-
enolase (2-phospho-D-glycerate hydrolase) is a glycolytic enzyme that catalyses the
conversion of 2-phosphoglycerate to phosphoenol pyruvate. The analysis of the conserved
domains (metal binding site, substrate binding pocket, and dimer interface) showed that the
glutathionylated cysteine identified from mass spectrometry was not in the active site, though
the cysteine is conserved in many species. The reduced glutathionylation of Bd enolase under
peroxide stress suggests that the pathogen does not protect the glycolytic pathway from ROS,
in contrast to other published studies in other organisms. The enolase in human T cell blasts
contains multiple cysteine residues that are constitutively glutathionylated, with an increase
in glutathionylation under peroxide stress (Fratelli et al., 2002). In vitro activity studies
suggested that increased glutathionylation of enolase corresponded to a reduction in catalytic
function, although the specific cysteine residues involved were not identified. Similarly, in
Alzheimer’s disease oxidative stress increases glutathionylation of a-enolase protein,
resulting in reduced enzyme activity in the inferior parietal lobule (Newman et al., 2007).

A reduction in Bd enolase glutathionylation under peroxide stress suggests that the
pathogen may increase metabolism and growth via glycolysis to overcome oxidative stress.
However, our results suggested that growth is not significantly altered with 0.15 mM H>O»,
and that the modified Cys339 residue is not within the active site of the enzyme. In vitro
activity assays are required to confirm whether glutathionylation of Cys339 affects glycolysis
in Bd. An alternate hypothesis is that since enolase is a highly abundant cellular protein that
is constitutively glutathionylated, it serves as a GSH reservoir (Fratelli et al., 2002). The

reduction in glutathionylated enolase during peroxide exposure may thus correspond to the
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increased requirement for free GSH as a reducing agent under oxidative conditions. Analysis
of total cellular GSH and oxidised glutathione (GSSG) levels under peroxide stress would
enable investigation of the GSH reservoir for Bd.

Enolase has also been detected on the cell surface of many fungal species (Funk et al.,
2016). In Candida albicans, enolase is an immunogenic antigen during infection, and causes
host damage by binding to plasminogen and fibrin (Jong et al., 2003, Angiolella et al., 1996).
Deletion of the a-enolase gene in C. albicans reduces its growth rate and affects drug
sensitivity, the formation of mycelium and virulence (Ko et al., 2013). In bacteria, such as
Staphylococcus aureus, enolase is a receptor for host proteins and plays a role in immune
evasion and tissue invasion (Molkdnen et al., 2002). It is possible that enolase plays a similar
role in Bd virulence, the function of which may be altered by glutathionylation.
Immunohistochemistry could be used to localise the expression of Bd enolase in situ to
determine whether it functions as a cell surface virulence factor.

Future studies could also identify the other differentially glutathionylated proteins
(highlighted in Figure 5.3), to better understand oxidative stress in the host-pathogen
response. Additionally, this study focused primarily on intracellular Bd proteins. Many of the
candidate Bd virulence proteins associated have been identified from Bd secretions (Brutyn et
al., 2012) (Ribas et al., 2009, Rosenblum et al., 2009), and therefore glutathionylation
patterns of secreted proteins warrants investigation. A more comprehensive proteomic
analysis could identify the complete “glutathiome” of all glutathionylated proteins in Bd,
using techniques such as BODIPY labelled mass spectrometry (Chi et al., 2013).

We used 100 uM buthionine sulfoximine (BSO) as a positive control in this study.
BSO inhibits a rate limiting enzyme in glutathione synthesis to deplete GSH levels. However,
there was no observable difference in glutathionylation of proteins in the untreated control
and BSO control. The concentrations of BSO used in this study were established for
mammalian cells and may not have been high enough to deplete GSH levels or alter protein
glutathionylation in Bd. Future work could monitor the levels of reduced cellular GSH and
oxidised GSSG with BSO to determine the appropriate concentration for use in Bd.

In this study, we also investigated the glutathionylation of Bd proteins after treatment
with serotonin. Previous studies have shown that serotonin has an inhibitory effect on Bd in
vitro (Claytor et al., 2019). The 1D Western blot showed reduced glutathionylation of
proteins at the 55 kDa size, similar to that observed for high H,O». Thus, Bd does not appear

to use increased glutathionylation to protect proteins from the inhibitory effects of serotonin.
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Overall, our study showed that Bd proteins are glutathionylated, including constitutive
glutathionylation of enolase. Bd does not use S-glutathionylation to protect the glycolytic
pathway from oxidative stress in vitro, but enolase may be a reservoir for glutathione stores.
Further analysis should confirm the function of more differentially glutathionylated proteins
between various oxidative treatments for a more robust understanding of factors that enable

Bd to evade its host immune system.
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CHAPTER 6 | General Discussion

6.1 | Introduction

This chapter discusses the key findings of this thesis and addresses knowledge gaps in
the pathogenesis of Batrachochytrium dendrobatidis (Bd) infection, focussing on
understanding the role of selected metabolites and antioxidants. There is a lack of visible
cellular immune response in the skin of infected frogs, which suggests that non-cellular
immune mechanisms may be important, including metabolites that may interfere with
pathogenesis and virulence of Bd. Insight into the function of serotonin (5-
hydroxytryptamine) in Bd pathogenesis and host response during infection could aid in the
improvement of frog survival, through selective breeding of resistant frogs and in the targeted
development of antifungal treatments. Characterisation of glutathionylated proteins from Bd
provides a platform for future functional studies on virulence factors and potential drug
targets.

6.2 | Serotonin

Previous studies on amphibian bioactive compounds in Bd resistance have focused on
antimicrobial peptides (AMPs). These molecules are secreted by amphibian skin glands and
inhibit the growth of Bd in vitro by disrupting the membrane of the Bd zoospores (Rollins-
Smith and Conlon, 2005, Rollins-Smith et al., 2011, Myers et al., 2012, Rollins-Smith et al.,
2006, Rollins-Smith, 2009, Ramsey et al., 2010). In a non-targeted metabolomic study of the
endangered alpine tree frog (Litoria verreauxii alpina), levels of the metabolite serotonin
increased in the skin of frogs from the more Bd-susceptible populations as infection
progressed (Grogan et al., 2018b, Grogan et al., 2018d). Serotonin levels remained low in
frogs from a more resistant population. Based on this interesting correlation, my first aim was
to determine the role of serotonin in the skin, and to determine its implications for host
immunity and Bd infection.

The potential functions of serotonin are complex. In humans serotonin plays a role in
maintaining homeostasis and healing of tissue (Duerschmied and Bode, 2009), and has
regenerative functions in the liver (Lesurtel et al., 2006), and fibroproliferative functions in
the liver and lung (Sadri et al., 2016, Welsh et al., 2004). Serotonin has immunomodulatory
functions and affects the secretion of cytokines, by stimulating monocytes (Diirk et al., 2005)
and lymphocytes (Iken et al., 1995). In the human gastrointestinal tract, serotonin reduces
virulence gene expression of enterohaemorrhagic Escherichia coli and Citrobacter

rodentium, by inactivating the transcriptional factor that controls for the virulence genes
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(Kumar et al., 2020). Excess serotonin can cause serotonin syndrome in humans, which
presents clinical signs such as changes in mental status, agitation, myoclonus (muscle
jerking), hyperreflexia, diaphoresis (sweating), shivering, tremor, diarrhoea, and
incoordination (Sternbach, 1991). Interestingly, some of these symptoms are similar to the
signs of late stage chytridiomycosis in amphibians (convulsions and lack of righting reflex)
and may be part of the biological response in addition to the known altered potassium and
sodium levels in this disease. Future work should investigate blood levels of serotonin
throughout infection and correlate the levels to clinical signs.

The results of this thesis showed the many complicated and sometimes contradictory
roles of serotonin in Bd pathogenesis. Frogs are able to produce serotonin but not the
serotonin precursor tryptophan (Trp), and therefore must obtain Trp exogenously. Chapter 2
showed that serotonin inhibited Bd growth in vitro, though Trp did not. Supplementation with
Trp did not restore the growth of Bd in the presence of serotonin (Chapter 2). Serotonin also
inhibited human Jurkat lymphocytes in vitro (Chapter 2). Immunohistochemistry enabled
clear visualisation of serotonin in the dermal granular glands of three of the four frog species
examined (Chapter 3). Generally, more susceptible species had less detectable levels of
serotonin in the skin (Chapter 3), which contrasts with previous studies in alpine tree frogs
(L. v. alpina), where the more resistant populations had lower levels of skin serotonin
(Grogan et al., 2018d). Chapter 4 showed that there was a reduction in overall protease
activity of Bd with increasing concentrations of serotonin. In Bd treated with serotonin, there
was no significant difference in protease gene of TrpA (tryptophan synthase) and selected
protease genes (Chapter 4). Overall, the results of this thesis suggest that rather than being a
host response to Bd, the variation in serotonin levels may be correlated with Bd virulence
mediated through the production of Trp. Future work is needed to determine if the increase in
serotonin is stress response to Bd infection which may result in greater synthesis or retention

of serotonin in the skin.

6.2.1 | Growth assays

My first aim was to study the effect of serotonin on Bd growth. In vitro sensitivity
trials showed that serotonin has a dose dependent inhibitory effect on Bd growth in culture
(Chapter 2, Figure 6.1). I then used a structure-activity relationship assay to determine which
structural motifs of serotonin are involved in the inhibition. A comparison of the inhibitory
effect of serotonin and structural analogues showed that the terminal primary amine and the

pyrrole ring were important to Bd inhibition. Frogs are able to produce serotonin from the
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metabolic precursor Trp however, frogs must obtain Trp exogenously. Bd has been shown to
secrete Trp (Rollins-Smith et al., 2015), and oxidised metabolite kynurenine (Kyn), and as
expected, neither molecule inhibited Bd in vitro.

To examine possible mechanisms of this inhibition, I tested whether serotonin acts by
mimicking Trp or Kyn precursors to competitively inhibit upstream metabolic enzymes.
However, neither Trp or Kyn supplementation restored the growth of Bd in the presence of
serotonin. Therefore, serotonin does not likely inhibit the Trp or Kyn biosynthetic pathways.
Bd also produces other biogenic amines, such as putrescine and spermidine, the latter
showing immunosuppressive effects on amphibian lymphocytes (Rollins-Smith et al., 2019).
I tested the effect of related biogenic amines on Bd growth. Interestingly, spermine,
putrescine, and spermidine inhibited growth of Bd, despite the latter two being secreted by Bd
in culture. Further studies should investigate the effect of spermidine in vivo, to examine if
the antifungal or immunosuppressive effects are more physiologically relevant for
determining disease outcomes.

There was no statistically significant difference in protease gene expression of the
TrpA (tryptophan synthase) in Bd treated with serotonin. Frogs can only synthesise serotonin
via exogenous tryptophan, and Bd does not secrete serotonin. Therefore, serotonin found in
host skin may come from exogenous Trp produced by Bd. A limitation to the gene expression
study was that only one sublethal concentration of serotonin was compared to the no
treatment control. Further studies should investigate the effect of higher concentrations of
serotonin on tryptophan gene expression. Analysis of caspase activity showed that there was

no increase in apoptosis with increased concentrations of serotonin.

6.2.2 | Immunosuppressive effects

As Kyn, a structural analogue of serotonin, is a suspected immunosuppressant that
inhibits amphibian and human Jurkat lymphocytes (Rollins-Smith et al., 2015), I investigated
whether serotonin also inhibits lymphocytes (Chapter 2). I found that serotonin inhibited
human Jurkat lymphocyte proliferation in vitro (Figure 6.1). Although this effect of serotonin
in a human cell line has not been confirmed with amphibian lymphocytes, other studies have
validated the use of human Jurkat cells as model systems for amphibians (Piovia-Scott et al.,
2014). The results suggest while the increase in serotonin observed in susceptible infected
frogs may inhibit Bd, the potential for lymphocyte immunosuppression may increase
susceptibility to Bd overall. Inhibition of the lymphocytes by serotonin may be a mechanism

that allows Bd to suppress the host immune response and could explain the findings in

140



CHAPTER 6

Grogan et al. (2018a, 2018c) where higher skin serotonin was linked to susceptible
populations. Serotonin inhibited human Jurkat lymphocytes at a minimal inhibitory
concentration of 500 uM and Bd sporangia at 1.5-2 mM (Claytor et al., 2019). Therefore,
serotonin may affect host lymphocytes more than Bd sporangia, although future studies
should confirm this result in vivo. Resistant and susceptible species show little inflammatory
response to Bd infection, and therefore more work is needed to better understand the effect
serotonin has on host lymphocytes.

The mechanisms of serotonin activity within frog skin during infection is complex,
and largely unknown. It is unclear how serotonin affects lymphocytes in vivo.
Immunohistochemistry (IHC) showed serotonin accumulated in the skin granular glands
(Chapter 3), although it is likely also distributed throughout the skin at levels below the limit
of detection by IHC. As Bd burden increases, it is likely that Trp secretion will increase, with
a concomitant increase in the production of serotonin in infected frog skin. This proposed
mechanism of serotonin could contribute to immune suppression observed in susceptible
frogs with chytridiomycosis (Young et al., 2014, Rollins-Smith et al., 2019). Future work
should aim to determine the origin of the serotonin within the granular glands, as
melanocytes are believed to be the origin of serotonin in human skin (Johansson et al., 1998).
Bd could be grown with labelled Trp precursors (e.g. chorismite or anthranilate) and then
frogs could be infected with the Bd, to investigate the conversion of labelled Trp into
serotonin in frogs. Alternatively, frogs could be treated with baths containing labelled Trp to
investigate the conversion of Trp to serotonin.

6.2.3 | Localisation and quantification

To better understand the role of serotonin in Bd pathogenesis, Chapter 3 aimed to
localise and quantify the amounts of serotonin within frog skin at different body sites across
four species with different in susceptibility to Bd. The few previous studies that identified or
quantified skin serotonin via IHC showed serotonin accumulation in granular glands in marsh
frogs (Rana ridibunda) (Sengezer-inceli et al., 2004), crab-eating frogs (Rana cancrivora)
(Seki et al., 1995), African clawed frogs (X. laevis) (Seki et al., 1989, Bennett et al., 1981),
and northern leopard frogs (Rana pipiens) (Bennett et al., 1981). No studies of Australian
frogs have been performed, therefore, I used IHC to localise serotonin and high-performance
liquid chromatography (HPLC) to quantify serotonin in skin. The composition of frog skin
varies between species and location on the body (Llewelyn et al., 2018). Therefore, serotonin

was identified and quantified in four opportunistically collected species: Baw Baw frogs
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(Philoria frosti), cane toads (Rhinella marina), common eastern froglets (Crinia signifera),
and southern corroboree frogs (Pseudophryne corroboree), and from (i) dorsal and ventral
skin (all species), (ii) different ages (cane toads), (iii) different Bd infection status (southern
corroboree frogs and common eastern froglets), and (iv) with serotonin bath treatments
(common eastern froglets).

Generally, the more susceptible species (Baw Baw frogs and metamorph cane toads)
had less detectable amounts of serotonin in the skin. This contrasts with our previous studies
in alpine tree frogs, where the more resistant populations had lower levels of skin serotonin
(Grogan et al., 2018d). No serotonin was detected in the skin of the Bd susceptible Baw Baw
frogs. In cane toads, metamorphs are susceptible to Bd, though the adults are resistant
(Brannelly et al., 2018a). No serotonin was detected by HPLC in cane toad metamorphs and
only one metamorph showed granular gland IHC staining for serotonin, whereas it was
detected in adults and juvenile. The Bd susceptible southern corroboree frogs had detectable
levels of serotonin in some, but not all Bd infected and uninfected individuals. This may be
due to sample size and the small size of the frogs. There was no significant difference in
serotonin between infected and uninfected individuals. These results show that serotonin
levels in the skin vary among Bd susceptible species and between individuals within a
population. Future work should aim to determine if the correlation between serotonin and
infection progression (Grogan et al., 2018b) is present in other susceptible species. Base-line
levels of serotonin should be determined among different species, to test for a robust link
with resistance. A possible method would be to stimulate secretion of granular glands with
norepinephrine injections which has been performed in frog antimicrobial peptide (AMP)
research (Gammill et al., 2012), and then measure the amount of serotonin in the secretions.
Other sensitive methods to quantify serotonin could be utilized, such as using liquid
chromatography- mass spectrometry (LC-MS) or matrix assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF) which would allow for the identification of
serotonin molecules in situ.

To see whether serotonin can be absorbed transdermally in frog skin, infected Bd
tolerant common eastern froglets were bathed in 0.44 mg/mL serotonin. Serotonin was
identified in dorsal and ventral granular glands of all individuals, via IHC. However, there
was no increase in serotonin in the treated animals. Interestingly, skin serotonin could only be
quantified by HPLC in one individual. The detection of serotonin in the skin may be affected

by the method of detection, the sample size and/or the small size of the frogs. IHC seemed a

142



CHAPTER 6

more effective method of detecting serotonin than HPLC and the amount of serotonin in the
skin may be below the limit of detection by HPLC. Mass spectrometry (MS) was able to
quantify serotonin in the skin of individuals that had levels undetectable by HPLC. Further
work should use MS to quantify serotonin in the skin, given that it seems to be more
sensitive. Also, further work should validate these techniques in more individuals and
species.

Since the available eastern froglets were naturally infected, I included an assessment
of the effect of serotonin on Bd burdens. The chosen serotonin dosage (0.44 mg/mL for 1 h)
was non-lethal to common eastern froglets, however, this dose had no impact on Bd infection
levels. Most individuals tested positive for low levels of Bd before treatment and all except
one remained positive post-treatment with unchanged Bd burdens. Further work should aim
to manipulate serotonin levels in various species of frogs, including infected alpine tree frogs
where initial variations in serotonin were observed. Higher concentrations of serotonin could
be trialled, but since there are no studies in the literature reporting dosages or toxicity (LD50)
for serotonin in adult frogs, safety studies would be required. An alternate approach to alter
serotonin levels in vivo could be to bathe frogs in the serotonin precursor, the amino acid Trp.
Exogenous tryptophan from food is absorbed from the intestines, and travels into the
bloodstream, where it is then transported to the tissues, muscles, and liver, and used for the
synthesis of proteins (Palego et al., 2016). Trp was shown to be absorbed transdermally
through mouse skin, but because amino acids have low permeability coefficients, Trp cannot
be administered transdermally without penetration enhancers or iontophoretic treatment
(Ruland and Kreuter, 1991). This suggests that future work should consider using penetration
enhancers to enable Trp to be absorbed into frog skin. Presently, no studies were found that
measured transdermal serotonin absorption in frogs. Further research should determine if
serotonin or Trp can be absorbed transdermally in frogs at a non-lethal dosage.

A method to manipulate serotonin levels, such as with serotonin reuptake inhibitors,
would enable a clearer understanding of its function. In the mammalian nervous system,
SSRIs such as sertraline, inhibit reuptake of serotonin by presynaptic cells resulting in a
sustained effect in the synaptic cleft (Aberg-Wistedt, 1989). It would be interesting to explore
whether SSRIs are able to alter serotonin levels in the skin, and affect Bd in vivo, particularly
as SSRIs have been shown to have antifungal effects against other species of fungi in vitro
(Zhai et al., 2012, Lass-Florl et al., 2003), and in vivo (Lass-Florl et al., 2001). However, it is
likely that the antifungal effects of SSRIs occur via lipophilic cytotoxicity rather than specific
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inhibition of the serotonin transporter (Young et al., 2003). Furthermore, the SSRIs
fluoxetine and sertraline also cause developmental toxicity in frogs (Conners et al., 2009),
thus they are not likely to be practical treatments against Bd in vivo. As higher serotonin
levels may correspond to increased susceptibility to Bd in some frog species (Grogan et al.,
2018b), a therapeutic approach may include inhibition of serotonin levels in the skin via
chemicals means or via transgenic methods. Genetic manipulation has already been used in
X. laevis by using CRISPR/Cas9, for example to test immune gene function (Banach et al.,
2017). In a transgenic rat model, serotonin biosynthesis in the brain were manipulated by
knocking out the tryptophan hydroxylase gene isoform (TRP-2), which is a rate limiting
enzyme in the biosynthesis of serotonin (Matthes et al., 2019). Future work could aim to use
genetic manipulation to knock down key genes in the biosynthesis of serotonin with frogs.
However, serotonin has diverse functional effects, and further work is needed to determine its
precise role in the pathogenesis of chytridiomycosis and as a potential treatment against Bd in
frogs.
6.2.4 | The effect of serotonin on protease activity

Serotonin has been shown to decrease the protease activity of C. albicans (Lass-F16rl
et al., 2003). Serotonin may decrease the virulence properties of C. albicans in vitro, by
affecting hyphal extension, phospholipase activity, and the production of secreted aspartyl
proteinases (Saps) (Mayr et al., 2005). As Bd secretes many proteases that are involved in
pathogenicity (Rosenblum et al., 2008, Fisher et al., 2009a, Brutyn et al., 2012, Thekkiniath
et al., 2013), the aim of Chapter 4 was to determine the effect of serotonin on overall protease
activity and gene expression of three highly expressed fungal proteases: aspartyl protease
(ASP), and serine peptidase (S41), and metallopeptidase (M36) (Rosenblum et al., 2012).

There was a reduction in overall Bd protease activity (normalised to growth) with
increasing concentrations of serotonin. Serotonin may reduce the metabolic activity of Bd
cells and future work should measure how serotonin affects Bd cellular growth rates. There
was no statistically significant difference in ASP, S41, or M36 gene expression with
serotonin, although quantification of gene expression with qRT-PCR would allow for a more
comprehensive gene expression comparison. Bd expresses numerous proteases and a
microarray approach may be more effective in identifying whether the expression of specific

proteases is impacted by serotonin.
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6.2.5 | Future areas of investigation

Another known action of serotonin that is relevant to chytridiomycosis is its effect on
ion transport in frog skin (Kosik-Bogacka and Tyrakowski, 2006). Amphibian skin facilitates
the exchange of electrolytes (Krogh, 1937, Ussing, 1949), water (Parsons and Mobin, 1991),
and gases (Whitford and Hutchison, 1965). Death from chytridiomycosis occurs due
inhibition of electrolyte transport (sodium and potassium) across the epidermis of frog skin
leading to terminally low blood electrolyte levels and cardiac arrest (Voyles et al., 2009).
Experiments found that serotonin inhibits the sodium ion current across skin in Edible frogs
(Rana esculenta Linnaeus) (Kosik-Bogacka and Tyrakowski, 2006) and high concentrations
of the 5-hydroxytryptamine creatinine sulphate complex (5-HTCS) inhibits the transport of
sodium in Common frogs (Rana temporaria) (Dalton, 1977). It is possible that the increased
susceptibility of frogs to chytridiomycosis is mediated through serotonin-associated
electrolyte disturbances. Further work using Ussing chambers could investigate whether
increased serotonin during Bd infection contributes to the disrupted ion transport in frog skin.
Although serotonin has antifungal effects against Bd and anti-proliferative effects on
lymphocytes in vitro, serotonin treatment in vivo may interfere with ion transport in frog skin.
This is an important consideration for further development of therapeutics that manipulate
serotonin levels as a treatment to fight Bd infection. Commonly used Bd antifungals such
itraconazole can have toxic effects on frogs (Brannelly, 2014) and cause skin depigmentation
in tadpoles (Garner et al., 2009). Therefore, investigating other potential therapeutics that are

well tolerated by frogs is very desirable.

6.3 | Protein Glutathionylation

The exponential growth of Bd in susceptible hosts implies an ability of the pathogen
to evade the host immune system. In addition to the production of immunosuppressants (Fites
et al., 2013), it is likely that Bd uses other mechanisms, such as antioxidants, to defend
against the host. The fungi Saccharomyces cerevisiae uses the antioxidant glutathione as an
adaptive defence against reactive oxygen species (ROS) (Herrero et al., 2008). The process of
protein S-glutathionylation protects protein cysteines against overoxidation by ROS by
binding glutathione (GSH) to form a mixed disulfide with the protein cysteinyl group. We
have shown that Bd produces glutathione as its major low molecular weight thiol. Therefore,
Chapter 5 aimed (i) to determine if Bd uses protein S-glutathionylation to protect its proteins

from oxidative stress, and (ii) to identify glutathionylated proteins in Bd.

145



CHAPTER 6

Bd was grown under low and high sublethal concentrations of hydrogen peroxide
(H203), as a proxy for reactive oxygen species of the host immune system. The most marked
changes in glutathionylation pattern were in proteins around the 55 kDa region. There were
less glutathionylated proteins in the high H>O> (24 h) treatment than the no treatment control
(Figure 6.1). This suggests, surprisingly, that oxidative stress reduces glutathionylation of
these proteins. Mass spectrometry identified the glutathionylation of the glycolytic enolase
enzyme in the control, but not the in H>O»> treated sample. This suggests that Bd may not
protect the glycolytic pathway from oxidative stress in vitro.

Bd may overcome oxidative stress by increasing metabolism and growth via
glycolysis. Since enolase is a highly abundant cellular protein that is constitutively
glutathionylated, it probably serves as a GSH reservoir (Fratelli et al., 2002). Thus, the
reduction of glutathionylated enolase with peroxide treatment may reflect the higher need for
reducing agents in the oxidised cell. To confirm this, cellular GSH and GSSH levels should
be correlated with glutathionylated enolase under conditions of peroxide stress. In the future,
immunohistochemistry could also be used to localise in situ enolase expression and provide
more insight into the function of enolase in Bd. In the human bacterial pathogen
Streptococcus pyrogenes, enolase is excreted into the extracellular environment where it
plays a role in the degradation of host tissues and immune evasion (Walker et al., 2005). In
parasitic trypanosomatids, enolase is likely a virulence factor due to having multiple
functions in sugar metabolism and as a plasminogen receptor (Avilan et al., 2011). Further
research should aim to identify differentially glutathionylated proteins from various oxidative
treatments (ex. superoxide anion (O2-") and hydroxyl radical (OH")). A comprehensive
proteomic analysis could identify the complete Bd “glutathiome”, to better understand how
Bd is able to evade the host immune system and to identify new virulence factors as
therapeutic targets.

6.4 | Conclusions

Overall, my research found that the metabolite serotonin plays a complex role in Bd
infection and that the serotonin mediated susceptibility to Bd is likely a result of increased
Trp production from the pathogen. As serotonin has antifungal and immunosuppressive
effects, a method to manipulate levels in the host may elucidate its overall impact on disease
outcomes in individuals, which has been difficult to clarify. Bd also likely uses enolase

glutathionylation as a glutathione reservoir for times of oxidative stress. Future investigations
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should look deeper into the role of metabolites in Bd infection dynamics, as this is an

untapped source of possible therapeutic targets.
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Abstract

Chytridiomycosis, caused by the fungus Batrachochytrium dendrobatidis (Bd), is a skin
disease responsible for the global decline of amphibians. Frog species and populations
can vary in susceptibility, but this phenomenon remains poorly understood. Here, we
investigated serotonin in the skin of infected and uninfected frogs. In more suscepti-
ble frog populations, skin serotonin rose with increasing infection intensity, but
decreased in later stages of the disease. The more resistant population maintained
a basal level of skin serotonin. Serotonin inhibited both Bd sporangial growth and
Jurkat lymphocyte proliferation in vitro. However, serotonin accumulates in skin
granular glands, and this compartmentalisation may prevent inhibition of Bd growth
in vivo. We suggest that skin serotonin increases in susceptible frogs due to pathogen
excretion of precursor tryptophan, but that resistant frogs are able to control the
levels of serotonin. Overall, the immunosuppressive effects of serotonin may contrib-

ute to the susceptibility of frogs to chytridiomycosis.
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