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ABSTRACT  

 

Hundreds of frog species worldwide have been declining due to a deadly fungal 

infection known as chytridiomycosis caused by the chytrid fungus Batrachochytrium 

dendrobatidis (Bd). It has been acknowledged as a major threat to frogs causing mass die-offs 

and even species extinctions. Interestingly, in New Zealand, species in one of the most 

distinctive genera of frogs, Leiopelma, may not be at high risk of chytridiomycosis as, in the 

laboratory at least, they have demonstrated an ability to clear Bd infection. To date, no studies 

have been conducted as to how these endemic New Zealand frogs are able to counteract the 

deadly fungus and we do not have information on the current prevalence of Bd in New Zealand. 

This project explored one of the factors that may contribute to Bd resilience: the role of skin 

microorganisms and whether they contribute to Bd defence. Leiopelma frogs were swabbed, 

and the PrepMan Sample Preparation Reagent Kit used to extract DNA. This DNA was 

screened for the presence of Bd and to describe the skin microbiome through next-generation 

sequencing.  I found that Bd still persists in several wild and captive populations of L. hamiltoni 

and L. archeyi, but the prevalence was low (6.8%) across six sampling locations in New 

Zealand. A comprehensive analysis of the cutaneous microbiome in terrestrial Leiopelma 

species using next-generation sequencing showed that Bd has little influence on the microbial 

diversity of Bd-positive frogs. Differentially abundant taxa that belong to order Bacillales 

(bacteria), phylum Ascomycota, class Microbotromycetes, and species Aspergillus flavus 

(fungi) were found to be associated with the presence of Bd. In addition, Leiopelma skin was 

rich with putatively inhibitory bacteria based on the antifungal isolates database (Woodhams 

et al., 2015). This database curates a collection of skin bacteria isolated from different species 

of frog that were found to inhibit Bd in vitro. Among these putatively inhibitory bacteria, the 

following cultured bacteria from Leiopelma skin did indeed exhibit actual inhibition of Bd 

growth in vitro after performing Bd inhibition assays: Chryseobacterium, Flavobacterium, 

Sphingobacterium, Janthinobacterium lividum, Pseudomonas, Stenotrophomonas, and family 

Yersinniaceae.  Three of these bacterial taxa, Janthinobacterium, Pseudomonas, and 

Chryseobacterium, demonstrated strong antifungal activity against Bd by clearing the growth 

of Bd from the entire inhibition assay plate. Taken together, these findings suggest that L. 

hamiltoni and L. archeyi may be benefiting from protection from its skin microbiome in 

eliminating Bd growth and preventing chytridiomycosis in wild and captive populations. This 

study adds to the growing number that support the idea that anti-Bd microbes play an important 
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role in the resistance of Leiopelma species to chytrid infection in populations that coexist with 

Bd.   
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1 CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Chytridiomycosis  

Chytridiomycosis is an infectious disease that has resulted in great loss to amphibian 

species and populations worldwide (Skerratt et al., 2007; Pereira et al., 2013; Koo et al., 2021). 

It is caused by the fungal pathogen Batrachochytrium dendrobatidis (hereafter Bd; Longcore 

et al., 1999). Chytridiomycosis has been considered the worst threat to amphibians for the past 

two decades due to its global distribution causing mass die-offs and even species extinction 

(Drew et al., 2006; Xie et al., 2016; Peralta-Garcia et al., 2018). Wake and Vredenburg (2008) 

believed that the devastating effects of chytridiomycosis may put amphibians in the middle of 

the sixth mass extinction. In addition to emerging infectious diseases, habitat loss (Ficetola et 

al., 2015), pollution (Wagner et al., 2014), introduction of invasive species (Nunes et al., 2019), 

pesticides (Agostini et al., 2021), and climate change (Segan et al., 2016) are the major 

contributors to amphibian decline.   

 

1.2 Batrachochytrium dendrobatidis (Bd) 

Bd is a pathogenic fungus in the Phylum Chytridiomycota (Fellers et al., 2001) that is 

the causative agent of chytridiomycosis. It has been linked to a pandemic resulting in the 

disappearance of numerous amphibian species. Collectively known as chytrids, these 

heterotrophic saprobes are ubiquitous in aquatic and terrestrial environments (Pessier et al., 

1999), and although several species are known pathogens of plants, fungi, or invertebrates, 

none were reported to infect vertebrates until the discovery of Bd in amphibians (Barr, 1990; 

Berger et al., 1998). The chytridiomycosis phenomenon was first documented by Berger et 

al. (1998) where chytridiomycosis caused population declines in wild frogs in Australia and 

Panama. Longcore et al. (1999) described it as a new species due to its unique characteristics 

among chytrids. The genus name was derived from the Greek words batracho which means 

frog and chytr referring to an earthen pot, and the species epithet was named after Dendrobates, 

the genus of the frog from which Bd was first isolated and cultured.  

Bd has two main life stages: the motile zoospore and sessile sporangium (Berger et al., 

2005). Zoospores are flagellated cells that are motile and waterborne and function for dispersal; 
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upon release zoospores may either re-infect the same host or swim toward another host (Berger 

et al., 2005; Vredenburg et al., 2010). Once in the host, the zoospore will develop into a 

zoosporangium in the lining of frog skin (Berger et al., 2005). As the fungus develops, the frog 

simultaneously sheds its skin allowing Bd to be part of the outermost stratum corneum where 

it will discharge the sporangium’s contents to the external environment (Wake and Vredenburg, 

2008). Bd feeds on the keratinized epidermis of skin likely causing frogs to slough more often 

(Berger et al., 2005). As a response to excessive sloughing, irregular epidermal hyperkeratosis 

and hyperplasia are formed (Pessier et al., 1999). Disruption of the frog’s electrolyte balance 

(Voyles et al., 2007) disables cutaneous respiration and osmoregulation and may lead to cardiac 

arrest and death (Pesier et al., 1999). Keratin is abundant in adult frog skin; however, in 

tadpoles, keratin is restricted to the mouthparts (Berger et al., 1998). Abnormalities and 

discoloration in this region are an indication of chytridiomycosis in tadpoles (Fellers et al., 

2001). In addition to irregular skin sloughing, lethargy, inappetence, loss of righting reflex, and 

redness of the ventral surface are the common symptoms of chytrid infection (Woodhams et 

al., 2007). Bd can live in the environment without an amphibian host (Walker et al., 2007) 

surviving in autoclaved river water for three months and remaining infectious (Johnson and 

Speare 2005; Walker et al., 2007). It has been shown to exhibit saprophytic tendencies, which 

means it feeds on dead or decaying matter such as the skin of a dead snake or frog in the absence 

of a living host (Longcore et al., 1999).  

Bd is an environment- and temperature-dependent chytrid fungus that is prolific in 

regions where the temperature is around 20°C (Bie et al., 2021). Bie et al. (2021) developed a 

model to predict the global distribution of Bd based on environmental and meteorological 

factors. They predicted that climatic patterns were important in determining the prevalence of 

chytridiomycosis. Xie et al. (2016) hypothesised that climate change may influence the 

emergence of Bd particularly in temperate regions. For instance, countries that have temperate 

climates have a higher risk of spreading Bd, with the prevalence of chytridiomycosis peaking 

in the spring season where the temperature is between 14°C and 25°C (Pullen et al., 2010; Bie 

et al., 2021). The optimal temperature for Bd growth is between 17°C - 25°C (Fisher et al., 

2009) while its pathogenicity peaks between 12°C and 23°C (Berger et al., 2004; Shaw et al., 

2013). Annual precipitation is another factor that greatly influences the survival of Bd in the 

wild (Bie et al., 2021). Bd occurrence was low in regions where annual precipitation was low, 

particularly regions that experienced drought (Bie et al., 2021). Bd relies on a wet, moist, and 

cool environment for its reproduction; dry and high temperatures above 30°C are detrimental 
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for the presence of Bd (e.g., in Australia, Drew et al., 2006; Bie et al., 2021). Aside from climate 

change, international animal trade and the introduction of invasive species also contributed to 

the global distribution of Bd and so chytridiomycosis (Liu et al., 2013). In central Africa, a 

dwarf African frog Hymenochirus curtipes, a common aquarium pet sold in North America 

also suffers from chytridiomycosis and may have resulted in the widespread distribution of 

chytridiomycosis through the pet trade (Murphy et al., 2015).  

 

1.3 Global distribution of chytridiomycosis 

The severe decline of frog species caused by chytridiomycosis has been detected in more 

than 500 frog species from 56 countries (Olson et al., 2013). Chytridiomycosis might have 

caused the mass die-off events that were initially reported in Panama, Central America, and 

Australia (Berger et al., 1998). Garner et al. (2006) attributed the spread of Bd in Canada to the 

introduced North American bullfrogs. In Asia, chytridiomycosis may not be an emerging 

infectious disease in frogs (Swei et al., 2011) but different Bd lineages of variable virulence 

were found across Asia (Byrne et al., 2019).  Anaxyrus californicus, Exerodonta 

melanoma, Rana draytonii, Ambystoma altamirani were some of the endangered or vulnerable 

amphibians recorded to be infected with chytridiomycosis from different areas in Mexico 

where Bd was first documented in 2003 (Frías-Alvarez et al., 2008; Peralta-García et 

al., 2018; Bolom-Huet et al., 2019). Hero and Morrison (2004) also associated Bd with the 

decline in threatened and non-threatened frog species in Australia. In New Zealand, Bd was 

first documented in 1999 upon finding a dead Ranoidea (Litoria) raniformis that exhibited 

fungal infection symptoms similar to chytridiomycosis (Waldman et al., 2001).  

Since the discovery in 1999, chytridiomycosis has been detected in amphibians in every 

continent that has amphibian species (Fellers et al., 2001) and its origin has been questioned. 

Historically, the origin of chytrid in frogs was thought to be from Xenopus laevis, given that 

the oldest case in 1938 was identified in a X. laevis specimen deposited in the South African 

Museum (Weldon et al., 2004). The international trade of X. laevis frogs for human pregnancy 

testing in the 1930s has been identified as one of the main mechanisms for the global 

distribution of chytridiomycosis, infecting numerous frog species in different countries 

(Vredenburg et al., 2013; Murphy et al., 2015). Xenopus laevis served as the vector spreading 

Bd and infecting vulnerable species worldwide. However, recent whole-genome sequencing 

https://onlinelibrary-wiley-com.ezproxy.otago.ac.nz/doi/10.1111/btp.12697#btp12697-bib-0038
https://onlinelibrary-wiley-com.ezproxy.otago.ac.nz/doi/10.1111/btp.12697#btp12697-bib-0082
https://onlinelibrary-wiley-com.ezproxy.otago.ac.nz/action/doSearch?ContribAuthorRaw=Bolom-Huet%2C+Ren%C3%A9
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suggested that the origin of Bd was Asia, in a Bd lineage called BdASIA1, which was found in 

the Korean peninsula (O’Hanlon et al., 2018).  

Several strains of Bd have been identified in different parts of the world that have 

different virulence (Byrne et al., 2019). Currently, Bd is classified into five lineages based on 

their origin and location where they are found: BdGPL, BdCAPE, BdASIA1, BdBrazil/ASIA2, 

and BdASIA3 (Byrne et al., 2019). In the whole genome analysis of frog swabs and pure Bd 

isolates from 24 countries, Byrne et al. (2019) presented the global distribution of the different 

strains of Bd. The Global panzootic lineage (BdGPL) is the most widespread and highly 

virulent strain and has been found in Africa, America, Europe, New Zealand and Asia (Sumpter 

et al., 2018; Byrne et al., 2019). BdCAPE was isolated from South Africa but also exists in the 

United Kingdom. BdASIA1 is found in South Korea and parts of Europe. BdBrazil/ASIA2 is 

found in Brazil, and BdASIA3 is found in the Philippines, Indonesia, and China (O’Hanlon et 

al., 2018; Byrne et al., 2019). 

 

1.4 Chytridiomycosis in New Zealand Frogs 

Due to the global Bd distribution, discovery of chytridiomycosis in New Zealand caused 

great alarm. This country hosts one of the most primitive frog genera, Leiopelma. The 

genus Leiopelma has a unique evolutionary stasis with respect to morphology, resembling 

frogs from 200 million years ago (Roelants et al., 2005).  

Geographically speaking, New Zealand is isolated from the rest of the world which leads 

to the question of how did Bd get into this country? One hypothesis suggested that Bd arrived 

in the pet trade via imported infected tadpoles that were introduced to a pond. Humans may 

also have been a vector by carrying spores on their boots (Waldman et al., 2001). The 

possibility that Bd was introduced to New Zealand was supported by the findings of University 

of Canterbury researchers wherein the New Zealand Bd strain has high similarity to the BdGPL 

strain from the United States of America (Waldman et al., 2001). 

 

The first case of chytridiomycosis in New Zealand was documented in 1999, where sick 

Southern bell frogs R. raniformis located in a pond near Christchurch exhibited symptoms 

similar to chytridiomycosis (Waldman et al., 2001). Histological analysis confirmed the 

presence of Bd spores embedded on the skin of the dead frogs (Waldman et al., 2001). In 2001, 

a dead Leiopelma archeyi was found in Te Moehau in the Coromandel Peninsula and was 
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confirmed to be infected with Bd (Bell et al., 2004) just two years after the first case of 

chytridiomycosis was documented in New Zealand. This L. archeyi population which had been 

monitored for more than 20 years suffered a crash in its population between 1996-2002 (Bell 

et al., 2004). With the magnitude and rate of the decline and the coincidence of the presence of 

Bd, the decline was associated with chytridiomycosis infection. However, while the 

Coromandel population of L. archeyi declined, at the same time populations of L. archeyi in 

Whareorino Forest and L. hochstetteri that live sympatrically with L. archeyi in Coromandel 

region did not decline (Bell et al., 2004).  

In 2006, Bd was also detected in the population of L. archeyi in the Whareorino Forest. 

To address the potential threat of Bd, 100 individuals of L. archeyi were immediately 

translocated to Pureora Forest - a chytrid-free location (Bishop et al., 2009). Twelve individuals 

from these translocated frogs were confirmed to be Bd-positive and were transferred to the 

University of Otago for further analysis. After weeks of observation, Bishop et al. (2009) 

concluded that L. archeyi were able to clear the infection naturally and were less susceptible to 

chytridiomycosis. This finding was supported by the study conducted by Shaw et al. (2010) in 

which L. archeyi was experimentally exposed to Bd in the laboratory, confirming its resistance 

to the deadly Bd infection. A comprehensive report on Bd prevalence and host range from 

1930-2010, by Shaw et al. (2013), revealed that Bd was found in 54 sites all across New 

Zealand from Kaitaia and Waikato in Northland and Nelson and Otago in the South Island. 

Museum specimens from 1930-1999 were also surveyed for Bd and all tested negative 

suggesting that the discovery in 1999 was likely the very first case of chytridiomycosis in New 

Zealand (Shaw et al., 2013).   

 

1.5 New Zealand frogs 

“Peketua”, “pepeketua”, “pepeke” and “poroka” are the Māori words that refer to frogs. 

These animals are considered taonga (treasure) in Māori culture and are referred to as the “little 

people of the forest” (Bishop et al., 2013). Formerly, the native frogs were classified into four 

extant species: Maud Island frog L. pakeka, Hamilton’s frog L. hamiltoni, Archey’s frog L. 

archeyi, and Hochstetter’s frog L. hochstetteri (Figure 1.5.1) and three extinct species: L. 

auroraensis, L. markhami and L. waitomoensis.  Among the four extant Leiopelma spp., two 

of the three terrestrial species, L. pakeka and L. hamiltoni, share high morphological similarities 

except for minimal size differences (Bell et al., 1998; Easton et al., 2018). Due to the lack of 
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genetic and morphological distinction between the two species, Easton (2018) suggested 

synonymization of these two species. Easton et al. (2021) suggested that L. pakeka is a junior 

synonym of L. hamiltoni (Easton et al., 2021). Three species (L. auroraensis, L. 

markhami, and L. waitomoensis) became extinct because of human settlement (Bell, 2004; 

Bishop et al., 2009). Recently, another extinct species of Leiopelma from the late Pliocene was 

described as a new species, named L. bishopi, after the late Professor Philip Bishop - who 

dedicated his life and work to conserving amphibians especially in New Zealand (Easton et al., 

2021).  

Some of the characteristics of this genus is their lack or limited vocalization and absence 

of tympanic membrane. It is believed that these frogs communicate and attract mates through 

chemical signals instead of using mating calls (Lee and Waldman, 2002; Waldman and Bishop, 

2004). In addition, leiopelmatids are known to be nocturnal and have high longevity, surviving 

for more than 40 years in the wild (Tocher et al., 2006). To date, habitat modification, 

introduction of mammalian predators, use of herbicides, global warming, and infectious 

diseases are the major threats to these native species (Waldman et al., 2001; Bishop et al., 2013; 

Ohmer et al., 2013; Easton et al., 2016). Introduced frog species and domesticated cats are 

known to kill and consume these native frogs but predation by rats is considered as the major 

threat: bite marks from rat predation have been found on a dead L. archeyi (Thurley and Bell 

1994; Bishop et al., 2013). The majority of animal extinctions including frogs in New Zealand 

occurred after human settlement (King, 1984; Bell et al., 2004). 
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Figure 1.5.1. Native and introduced frog species in New Zealand. The native species include 

Leiopelma archeyi, L. hamiltoni, and L. hochstetteri while the introduced species include 

Litoria ewingii, Ranoidea raniformis, and R. aurea. Photos courtesy of Phil Bishop. 
 

1.5.1 Leiopelma archeyi 

Leiopelma archeyi, commonly known as Archey’s frog, is the smallest extant species 

and one of the two terrestrial species of the genus. Morphological assessment to differentiate 

sexes in L. archeyi is difficult (Germano et al., 2011). Typically, females (snout-vent-length, 

SVL = 27-37 mm) are bigger than males (SVL = 26-31 mm) but this is highly subjective due 

to overlapping of size ranges. The presence of yolky eggs in the abdomen of female frogs is an 

indication of sex (Bell, 1985; Bell, 2004). Its skin is smooth with brown or green and brown 

colouration on the dorsal surface with black dorsolateral stripes under dorsolateral glandular 

ridges (Van Winkel et al., 2018). It is found in moist forest at 200-1,000m above sea level and 

is restricted to two regions particularly the Coromandel Peninsula and Whareorino Forest 

where it lives sympatrically with L. hochstetteri (Bell, 2004; Bishop et al., 2009; Bishop et al., 

2013). Leiopelma archeyi is distinguishable from L. hochstetteri by the absence of webbing on 

hind feet and having smoother skin (Van Winkel et al., 2018). Common to leiopelmatids, this 

species is often found under rocks or logs where it breeds and has very limited vocalization 

making it difficult to locate in the wild (Bell, 2004). One distinct behavioural characteristic of 

the male L. archeyi is that they are known to demonstrate parental care (Bishop et al., 2013). 

Tailed froglets stay at the back of the male L. archeyi for several weeks and continues to 
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develop until metamorphosis is complete (Bell 1985; Bishop et al., 2013; Van Winkel et al., 

2018). 

Leiopelma archeyi has been classified as Critically Endangered by International Union 

for Conservation of Nature (IUCN) Red List even though its population is quite stable at a very 

low level (IUCN SSC Amphibian Specialist Group, 2017). Despite having apparent immunity 

to Bd, this species is not safe from other forms of threats. Being morphologically similar to 

frogs that lived over 150 million years ago, L. archeyi has been ranked as the top species in the 

EDGE (Evolutionarily Distinct and Globally Endangered) amphibian list worldwide 

(http://www.edgeofexistence.org/species/archeys-frog/). 

 

1.5.2 Leiopelma hamiltoni  

Leiopelma hamiltoni (recently synonymised with L. pakeka) is the largest species 

among extant leiopelmatids; females can grow up to 52mm while males up to 43mm SVL 

(Bishop et al., 2013; Van Winkel et al., 2018). The skin is smooth with dark or light brown 

colouration on the dorsal surface with irregular black patches (Van Winkel et al., 2018). 

Leiopelma hamiltoni naturally occurs on predator-free Maud Island, located in the 

Marlborough Sounds with an estimated population of 25,000-30,000 individuals (Le Roux and 

Bell, 2007; Bell and Pledger, 2010; Bishop et al., 2013). Translocations to Motuara Island in 

1997 and to Long Island and Zealandia EcoSanctuary in 2006 were conducted to further 

safeguard this species (Tocher and Pledger, 2005; Bishop et al., 2013). The first translocation 

was deemed successful since the frogs have sustained their population (Tocher and Pledger, 

2005; Bishop et al., 2013); however, the translocation to Long Island was probably not 

successful due to the presence of kiwi (Apteryx owenii) on the island (Bishop et al., 2013). 

Similar to L. archeyi, L. hamiltoni are terrestrial breeders and can be found among damp mossy 

rocks and boulders in regenerating coastal forests (Bishop et al., 2013). They also exhibit 

parental care providing protection to the developing eggs and froglets during metamorphosis 

(Van Winkel et al., 2018). Leiopelma hamiltoni is distinguishable from L. archeyi by having 

less variation on skin colour and larger body size while distinguishable from L. hochstetteri by 

the absence of webbing on the hind feet(Van Winkel et al., 2018). 

Despite an increasing total population, L. hamiltoni has been categorized as Vulnerable 

by the IUCN Red List with 300-800 individuals in the wild (IUCN SSC Amphibian Specialist 

Group, 2015a). A recent study revealed the high genetic similarity of L. pakeka and L. 
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hamiltoni (Easton, 2018). In this thesis, the previously identified L. pakeka has been referred 

to as L. hamiltoni. 

 

1.5.3 Leiopelma hochstetteri  

Leiopelma hochstetteri or the Hochstetter’s frog is the most widely distributed species 

of endemic New Zealand frog (Bishop et al., 2013). Leiopelma hochstetteri is the only semi-

aquatic species among the extant leiopelmatids and shows genetic differences from the two 

terrestrial species (Bell et al., 2004; Moreno et al., 2011). The only Leiopelma species that 

shows sexual dimorphism wherein adult males have larger arms and hands that facilitates 

amplexus in aquatic environment, but females are generally larger (up to 47mm SVL) than 

males (up to 38mm SVL) (Bell 1978; Germano et al., 2011; Van Winkel et al., 2018). The skin 

is granular due to the tubercles on its back and limbs; the dorsal colour is typically green-brown 

or reddish brown (Van Winkel et al., 2018). Easily distinguishable from the terrestrial species 

by the presence of webbed hind feet (Van Winkel et al., 2018). Molecular analysis suggests 

that L. hochstetteri may have at least 13 evolutionary significant units (ESUs; Bishop et al., 

2013). It has a scattered population in the North Island: Whangarei District, Great Barrier 

Island, Waitakere, Hunua Ranges, Coromandel Peninsula, Kaimai Range, Whareorino, Bay of 

Plenty, and Raukumara Ranges with a total population of approximately 100,000 individuals 

(Newman et al., 2010; Moreno et al., 2011; Bishop et al., 2013). Being semi-aquatic, L. 

hochstetteri does not exhibit parental care, its egg develops into a larva that stays in water until 

it completes its metamorphosis (Van Winkel et al., 2018). Recently, the total population has 

decreased; however, the status is declared to be Least Concern by IUCN Red List (IUCN SSC 

Amphibian Specialist Group, 2015b).  

 

1.5.4 Introduced Frog Species  

Three species of frogs that naturally inhabit Australia have naturalised in New Zealand: 

Green and Golden Bell Frog Ranoidea aurea, Southern Bell Frog R. raniformis, and Brown 

Tree Frog or Whistling Tree Frog Litoria ewingii (Burns et al., 2018).  Ranoidea raniformis 

and R. aurea were deliberately introduced in the late 1800’s as insect controllers and have been 

widespread in New Zealand (Bishop, 2008). However, these species are now threatened in 

Australia (Hero et al., 2004a, b). Both R. aurea and R. raniformis were formerly identified 
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under the genus Litoria but this was recently reclassified to Ranoidea as a recommendation by 

Dubois and Frétey (2016). All the introduced species are known to be susceptible to 

chytridiomycosis in their populations in Australia (Berger et al., 2004) and in New Zealand 

(Bishop et al., 2009). Both R. raniformis and Li. Ewingii can be found all over New Zealand 

while R. aurea can mostly be found in the North Island where their distribution overlaps with 

L. archeyi and L. hochstetteri (Van Winkel et al., 2018). 

Ranoidea aurea (Lesson, 1830) is currently categorised as Vulnerable by the IUCN 

Red List (Hero et al., 2004a) because of chytridiomycosis and habitat loss in Australia 

(Beranek et al., 2020). This species is readily distinguished from the native ones mainly 

because of the body size, presence of tympanic membranes and the ability to produce mating 

calls in addition to its ornamental green and/or copper dorsal colour (Pyke and White, 2001). 

Being an introduced species, both Ranoidea species have been considered a threat as it preys 

on New Zealand native lizards and has been blamed for spreading the lethal chytrid fungus to 

native frog populations (Burns et al., 2018).  

Ranoidea raniformis (Keferstein, 1867) is categorised as Endangered by the IUCN Red 

List (Hero et al., 2004b) due to the reduction of its population in Australia brought about by 

habitat destruction and fragmentation, drought, introduced alien species, and chytridiomycosis. 

The sustained population in New Zealand may pose a threat to native species; however, the 

existence of R. raniformis in New Zealand also provides hope for this species as it may face 

extinction in Australia (Pyke, 2002).  

Litoria ewingii (Duméril and Bibron, 1841) is categorised as Least Concern by the IUCN 

Red List due to its widespread and stable population in Australia (Hero et al., 2004c). In New 

Zealand, Bd was successfully isolated from an infected L. ewingii in Dunedin (Sumpter et al., 

2018). The strain was called RTP6 and a whole genome analysis confirmed that it belongs to 

the highly virulent BdGPL strain (Sumpter et al., 2018).   

 

1.6 Mitigating strategies against chytridiomycosis 

Mitigating strategies to combat chytridiomycosis are among the major priorities in the 

field of amphibian conservation all over the world. Most amphibians are highly susceptible to 

Bd, but some species evolved immune responses to counteract the deadly impact of chytrid 

infection that involved the use of microorganisms that reside on their skin (Woodhams et al., 
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2018; Kearns et al., 2017). The difference in susceptibility of amphibians to chytridiomycosis 

may be associated with the microorganisms and antimicrobial peptides on their skin that play 

a vital role in providing a defence against chytridiomycosis by inhibiting colonisation by the 

pathogen (Rollins-Smith et al., 2002; Longo and Zamudio, 2017; Familiar López et al., 2017).  

In frogs, skin provides the first line of protection from environmental stressors and 

pathogens like Bd (Cramp et al., 2014; Passos et al., 2018; Varga et al., 2019). Controlling 

chytridiomycosis in the wild is difficult as seen in the Panamanian golden frogs (Atelopus 

zeteki) that experienced a population crash due to chytridiomycosis (Becker et al., 2011). For 

amphibians suffering from chytridiomycosis, Brucker et al. (2008) suggested two modes of 

protection: either by treating infected individuals with antifungal metabolites, which can be 

done in the laboratory, or by bioaugmentation of the pre-existing beneficial bacteria that may 

produce antifungal metabolites – an approach that can be done in vivo (Bletz et al., 2013). The 

latter mode is more ideal as the Bd-infected animals would eventually reduce their 

susceptibility to chytridiomycosis and maybe yield complete resistance to chytridiomycosis 

while remaining in its natural environment (Brucker et al., 2008). For instance, the addition of 

a known anti-Bd bacterium Janthinobacterium lividum prevented mortality in a Rana muscosa 

population (Harris et al., 2009). Brachycephalus pitanga survived the deadly impact of 

chytridiomycosis by recruiting beneficial bacteria from the environment that yield inhibitory 

activities against Bd (Becker et al., 2019).  

Aside from bacteria, antimicrobial peptides also contribute to the defence against 

chytridiomycosis (Rollins-Smith 2009). A novel antimicrobial peptide, brevinin-1Ma, 

promoted the growth of anti-Bd bacterial J. lividum, Chryseobacterium ureilyticum, Serratia 

grimesii, and Pseudomonas sp. on the skin of Sierra Nevada yellow-legged frogs (R. sierrae; 

Woodhams et al., 2020). This peptide was down-regulated in Bd-infected frogs and was not 

thought to be involved in the immune response of R. sierra against chytridiomycosis. It was 

only following testing by addition of brevinin-1Ma to the growth media that enhanced growth 

of anti-Bd bacteria resulted while inhibiting the growth of another chytrid fungus B. 

salamandrivorans (Woodhams et al., 2020). 

 

1.7 Analysis of cutaneous microbiome using metagenomic analysis  

The devastating impact of chytridiomycosis led to recent interest in exploring the frog 

skin microbiome and the potential role of skin microbes in protecting its frog host using next-

generation sequencing (Harris et al., 2009; Kruger, 2020; Mutnale et al., 2021). The 
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development of next-generation sequencing (NGS) and computational tools (e.g., Quantitative 

Insights Into Microbial Ecology, QIIME) has contributed to our understanding of the 

microbiomes of different organisms, and the significance of microbes in health and diseases 

(Caporaso et al., 2010). Metagenomic analysis is a culture-independent method that describes 

the microbial community by directly extracting genetic material of the microorganisms present 

in that environment (Handelsman, 2004).  

The microbiome of an organism can influence its development, behaviour, and health 

(Jani and Briggs 2018). Studying the microbiome in humans has led to the detection of certain 

diseases. Several studies have explored the association and relationship of the microbiome with 

gastrointestinal (Gorkiewicz and Moschen, 2018), cardiovascular (Zhao and Wang, 2020), and 

neurological (Brown et al., 2018) diseases in humans. Changes and imbalance in the microbial 

composition (also known as dysbiosis) in an individual could be an indication of a greater 

chance of developing diseases (Das and Nair, 2019). For instance, the increased abundance 

of Fusobacterium and Porphyromonas with a decreased abundance of Clostridia in the human 

gut microbiome is associated with the probability of developing colorectal cancer (Ahn et al., 

2012; Das and Nair, 2019). In frogs, microbiome dysbiosis has been shown to influence host’s 

susceptibility to chytridiomycosis (Jiménez and Sommer, 2017). 

 

Metagenomic analysis has been used to document the taxonomic and functional 

diversity of skin microbes in different animals including amphibians (Rebollar et al., 2018). 

Every organism hosts a diverse microbial community on or within their body, referred to as the 

microbiome (West et al.,2019) and frog skin, being moist, serves as a rich substrate for 

numerous microbes. With this, recent interest has focused on the contribution of the skin 

microbiota to chytridiomycosis. Rebollar et al. (2018) employed metagenomic analysis to 

study the genes in skin bacteria coding for antimicrobial resistance that may be involved in 

frogs’ protection against chytridiomycosis. 

 

For more than 20 years now chytridiomycosis has caused mass mortality and population 

declines in hundreds of frog species worldwide, with no feasible approach to eradicate Bd in 

the wild (Jani and Briggs, 2018). However, looking at the role of the skin microbiome has given 

hope that some species may survive this catastrophe either naturally or with human intervention 

by using probiotic treatments through bioaugmentation (Bletz et al., 2013; Becker et al., 2015). 

But at the same time, understanding the role of these microorganisms in disease management 

and resistance may provide insights for the conservation of frogs facing this imminent threat. 
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Experiments have shown that skin bacteria may protect against Bd by producing secondary 

metabolites directly inhibiting the growth of Bd when tested in the laboratory (Becker et al., 

2017). This scenario however may not be the case in the natural environment where despite 

having higher numbers of anti-Bd bacteria in the skin of R. sierrae, mortality was still observed 

(Jani and Briggs, 2014). But it is worth exploring the cutaneous microbial composition in 

different frog species both exposed to and naïve to Bd to further understand the role of the skin 

microbiome in chytridiomycosis.  

1.8 Objectives of the project 

The contribution of cutaneous bacteria as part of the innate immune response has widely 

been explored in different amphibian species (Bletz et al., 2018). However, very little is known 

about the microbial composition and the potential antifungal properties of the cutaneous 

microbiome in species of Leiopelma. Being members of one of the most distinctive genera of 

frogs and endemic to New Zealand, Leiopelma spp. are regarded as having a high significance 

in the field of conservation. In this thesis, my main objective was to perform a metagenomic 

analysis to explore the cutaneous microbiome of New Zealand native frogs, a microbiome that 

may be associated with Bd. Metagenomic analysis may help in predicting the possible fate of 

Leiopelma spp. in the face of Bd by looking at the diversity of antifungal microbes present in 

the cutaneous microbiome that may aid in mitigating chytridiomycosis. The specific aims of 

the thesis are presented below with an overview of the associated thesis chapter.  

 

Chapter 2. Evaluation of DNA extraction kits for examining the skin microbiome of 

the New Zealand native frog Leiopelma hochstetteri.  

The aim of Chapter Two was to identify the best DNA extraction method to use 

for subsequent metagenomic analysis of the skin microbiome of L. hochstetteri, L. 

archeyi and L. hamiltoni. Specifically, I aimed to compare and assess the efficiency of 

four DNA extraction kits in describing the cutaneous microbiome of L. hochstetteri. 

The sample collection and processing were conducted by Dr. Fernanda Centeno, a 

postdoctoral researcher at the University of Otago in 2016 but I performed the data 

analysis and thesis writing. Findings from this chapter determine the DNA extraction 

kit that will be used in the next chapters: for the metagenomic analysis of the skin 

microbiome of L. hamiltoni and L. archeyi in Chapter Four, screening of frogs for 
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chytridiomycosis in Chapter Three, and extraction of DNA from pure cultures of skin 

microorganisms in Chapter Five. 

 

Chapter 3. Screening for Batrachochytrium dendrobatidis (Bd) in New Zealand native 

frogs 

Chapter Three aimed to provide updated information on the current prevalence 

of Bd in New Zealand native frogs. To address this goal, I optimised a TaqMan assay 

using a more affordable and readily accessible quantitative polymerase chain reaction 

(qPCR) kit that substitutes for Taqman Master Mix (Applied Biosystems). To assess 

the potential impact of chytridiomycosis in native frogs, I sampled Leiopelma archyei, 

L. hamiltoni, and L. hochstetteri in captive and wild populations at selected sites in New 

Zealand: Auckland Zoo, Zealandia EcoSantuary, University of Otago, Whareorino 

Forest, and Maud Island. 

 

Chapter 4. Metagenomics analysis of the cutaneous microbiome of New Zealand native 

frogs (Genus Leiopelma) associated with Batrachochytrium dendrobatidis 

The main goal of Chapter Four was to describe the skin microbiome of Bd-

positive and Bd-negative leiopelmatid frogs along with comparison of the skin 

microbiome of the two terrestrial Leiopelma species L. archeyi and L. hamiltoni. I also 

assessed the potential influence of chytridiomycosis on the skin microbial composition 

of Bd-positive frogs and identify if putative inhibitory bacteria are present on the skin 

of Leiopelma spp. by comparing their skin microbiome sequences to the antifungal 

isolates database by Woodhams et al. (2015). 

 

Chapter 5. Evaluation and characterization of Bd protective properties of the frog 

cutaneous microbiome in vitro 

The aim of Chapter Five was to assess the potential of skin microbes to hinder 

the growth of Bd in vitro. To address this aim, I isolated and purified the culturable 

bacteria and fungi from the skin of L. archeyi and L. hamiltoni. The antifungal activity 

of the isolated microorganisms was evaluated against Bd growth in vitro through an 

inhibition assay. The presence of microorganisms with strong antifungal activities 

against Bd may suggest whether Leiopelma spp. skin microbiome can protect against 

deadly chytridiomycosis. 
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Chapter 6. General Discussion and Recommendation for future studies. 

In this chapter, I integrated the findings and learning from the four data chapters 

and provide a list of opportunities for future studies that may continue the project or 

aspects of the project that were not covered due to the limitation of time and restrictions 

brought by COVID-19.   

2 CHAPTER 2 

EVALUATION OF DNA EXTRACTION KITS FOR EXAMINING THE SKIN 

MICROBIOME OF THE NEW ZEALAND NATIVE FROG Leiopelma 

hochstetteri 

 

2.1 Introduction 

The development of high-throughput sequencing and the growing ease of performing such 

a complicated technique has opened opportunities to explore microbial communities through 

metagenomic analyses. Metagenomic analysis, also known as environmental or community 

genomics, is a method that allows profiling of microbial communities without the need to 

cultivate the microorganisms (Handelsman, 2004). Identification of unculturable microbes has 

been made possible through this process (De Maayer et al., 2014). However, the quality of 

metagenomic profiling relies on the efficiency and accuracy of the deoxyribonucleic acid 

(DNA) extraction method used to capture the original microbial community of a given 

environment (Lim et al., 2018). DNA extraction refers to the isolation of genetic material from 

a sample that involves physical and chemical lysis of a cell to release its DNA content (Lear et 

al., 2018). In selecting the DNA extraction method to employ, it is critical to investigate key 

steps to ensure process efficiency. Cell lysis is a crucial step in extracting DNA from any 

sample (Teng et al., 2018) and addition of mechanical disruption of the cells through bead 

beating can provide higher yield to produce a more comprehensive measure of microbial 

diversity (Lim et al., 2018). Teng et al. (2018) added that by targeting the hypervariable regions 

of the 16S rRNA together with an effective DNA extraction is an important consideration in 

studying the microbiota in the human oral cavity. It is therefore vital to choose the best DNA 

extraction option to produce a microbial profile truly reflective of the given sample.  



16 

 

Various DNA isolation kits are available on the market for metagenomic analysis that have 

mainly been used for the human gut and soil microbiome. Some of the widely used DNA 

isolation kits for microbiome studies include Power Soil DNA Isolation kit (MoBio), DNeasy 

Blood and Tissue Kit (Qiagen), QIAamp DNA Stool Mini (Qiagen), and QIAamp DNA 

Microbiome (Qiagen) (Yuan et al., 2012; Kennedy et al., 2014; Stinson et al., 2018). These kits 

can be used to study microbial community composition of animals and plants, as well as 

detecting pathogens from various samples. Some kits employ mechanical lysis of the cell 

whereas others use chemical-based approaches to extract DNA from different samples. 

Efficiency varies depending on the characteristics of the target organisms. For instance, Qiagen 

DNeasy Blood and Tissue kit protocol uses both enzymatic and chemical approaches to lyse 

the cells then uses a silica-spin column to bind DNA (Karstens et al., 2021). The Power Soil 

DNA Isolation kit uses a series of chemical and mechanical approaches to break the cell walls 

of bacteria from soil samples (Biesbroek et al., 2012).  Qiagen DNeasy Blood and Tissue kit 

yields higher sensitivity to detect bacterial pathogens in fresh vegetables (Elizaquível and 

Aznar, 2008) whereas the recovery of Salmonella in meat was faster and more efficient when 

the PrepMan Ultra kit was used (Li and Mustapha, 2002). PrepGEM Tissue Kit employs a 

rapid, low-cost and streamlined protocol in extracting DNA that consists of two major parts: 

lysate incubation and enzyme inactivation that can be accomplished using a benchtop thermal 

cycler (Ball and Armstrong, 2008). It has been used in isolating DNA from exoskeleton of 

various arthropods (Ball and Armstrong, 2008; Edwards et al., 2008). The development of this 

straight-forward technology allowed characterization of shrimp for routine genotyping to 

understand the biology of Penaeid shrimp breeding programs (Dierens et al., 2014), an 

industry-friendly and cost-effective technology that can be done on farm. PrepMan has also 

been commonly used for loop-mediated isothermal amplification (LAMP). Appelt et al. (2019) 

attempted to develop LAMP and qPCR assays to confirm the presence of Mycoplasma bovis 

from unpasteurized and M. bovis-positive milk. PrepMan was also preferable for extracting 

DNA from Shiga Toxin-Producing Escherichia coli for real-time PCR detection due to ease of 

processing when considering similar efficiency with other kits (Heller et al., 2003). 

In describing the metagenomic diversity of an ecosystem, extraction methods in addition 

to library preparation play a significant role in producing good quality DNA for next generation 

sequencing (Peng et al., 2020). In this chapter, I assessed the efficiency of four extraction kits 

in describing the cutaneous microbiome of a New Zealand native frog species Leiopelma 

hochstetteri. Leiopelma hochstetteri, also known as Hochstetter's frog, is one of the three 
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species of the extant Genus Leiopelma that is native to New Zealand (Bell, 2004). It is the only 

semi-aquatic frog and the most widely distributed among the native species (Bell et al., 2004; 

Newman et al., 2010; Moreno et al., 2011). Very little is known about the microbial 

composition of L. hochstetteri. This is of great interest since the genus Leiopelma has been 

suggested to be immune to chytridiomycosis (Shaw et al., 2014). Learning more about the 

microbiome of L. hochstetteri may provide some knowledge of the potential contribution of 

the skin microbiome to chytridiomycosis.  

Here, we compared four commonly used DNA extraction protocols: MoBio’s PowerSoil® 

DNA Isolation Kit (hereafter MolBio), Qiagen DNeasy Blood and Tissue Kit (hereafter 

Qiagen), PrepGEM™ Universal DNA Extraction made easy (hereafter PrepGEM), and 

PrepMan™ Ultra Sample Preparation Reagent (hereafter PrepMan). MoBio’s PowerSoil® 

DNA Isolation Kit has been acquired by Qiagen, but for this study, we refer to this kit as 

MolBio. The kits were assessed based on the sensitivity and complexity of the procedure 

including the ability to identify Gram-positive bacteria, notoriously difficult for DNA 

extraction. In addition, the kits were evaluated based on the concentration of PCR amplicon, 

number of reads generated, and number of amplicon sequence variants (ASVs) identified.  Kits 

were compared using alpha diversity matrices such as Shannon index, Chao1 index, Pielou 

evenness, and observed features. Beta diversity analysis was conducted to assess the influence 

of extraction method, frog individual and location on the quadrant swabbed (see Section 2.2.1) 

on the microbial composition of L. hochstetteri. Findings of this chapter will serve as the basis 

for the extraction method that will be employed for the metagenomic analysis of skin microbes 

in other Leiopelma species in relation to Bd.  
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2.2 Methods  

2.2.1 Sampling method  

Skin swabs were collected from six adult individuals from a captive population of L. 

hochstetteri sharing a communal tank at the Department of Zoology, University of Otago. Each 

frog was rinsed with 100 mL of sterile milliQ water to remove transient bacteria and swabbed 

using four separate swabs across different quadrants of the ventral surface (Figure 2.2.1) using 

sterile Medical dry swabs (Thermo Fisher Scientific catalogue no. MWE100-100). Three extra 

swabs were used as controls: one unused swab (sterile), one dipped into the frog rinse before 

swabbing (sterile MQ water), and one dipped into the frog rinse after swabbing all the animals. 

A total of 24 frog swabs plus three controls were collected; swabs were stored at -80˚C until 

processing. 

 

 

 

 

 

 

 

 

 

 

2.2.2 Extraction methods 

Four DNA extraction kits were compared in this study; namely Molbio PowerSoil DNA 

Isolation Kit (MoBio, Catalogue no. 12888-50), Qiagen DNeasy Blood and Tissue Kit (Qiagen, 

Cat No.: 69504), PrepGEM Universal DNA Extraction made easy (Zygem, Catalogue no. 

XPU1000), and PrepMan Ultra Sample Preparation Reagent (Applied Biosystems™, 

Catalogue no. 4318930). All kits were used following manufacturer’s instructions with few 

modifications. Figure 2.2.2 shows a schematic diagram of the different steps employed using 

Figure 2.2.1. Schematic representation of the swabbing method on the ventral 

surface used in this study. 
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each DNA extraction kit. Swabs from each frog quadrant (Figure 2.2.1) were assigned to an 

extraction method so that material from each frog was used for all four extraction methods (1 

swab/extraction, 4 extractions/frog).  Different quadrants were allocated to different extraction 

methods between frogs to guard against location bias. 

 

2.2.2.1 Method 1: PowerSoil® DNA Isolation Kit 

 MolBio’s PowerSoil® DNA Isolation Kit employs both chemical and mechanical 

methods in extracting DNA from various environmental samples and is known for its efficient 

removal of PCR inhibitors even from soil samples. A cut portion of the swab approximately 

10 mm from the tip was individually placed in a PowerBead tube provided in the kit and mixed 

gently by vortexing. Sixty microlitres of solution C1 was added to each tube, the tubes were 

placed on top of flat vortex, taped and secured, mixed for 10 min. Tubes were centrifuged at 

10,000 x g for 30 seconds at room temperature. Four hundred microlitres of supernatant was 

transferred to a 2 mL collection tube and 250 μL of Solution C2 was added and incubated at 

4°C for 5 minutes. At room temperature, the tubes were centrifuged at 10,000 x g for 1 min. 

Approximately 600 μL of the supernatant was transferred to a 2 mL collection tube, 200 μL of 

Solution C3 was added and the tube vortex briefly followed by incubation at 4°C for 5 minutes. 

Tubes were centrifuged at room temperature for 1 minute at 10,000 x g. Approximately 750 

μL or less of supernatant was transferred into a clean 2 mL collection tube, mixed with 1200 

μL of Solution C4 and vortex for 5 seconds. Approximately 675 μL was transferred to a spin 

filter and centrifuged at 10,000 x g for 1 minute at room temperature. The flow through was 

discarded and the remaining supernatant was transferred to the same spin filter and centrifuged 

at 10,000 x g for 1 minute at room temperature. The flow through was again discarded. Five 

hundred microliters of Solution C5 was added to the spin column and centrifuged at room 

temperature for 30 seconds at 10,000 x g. The flow through was discarded and the spin filter 

centrifuged at 10,000 x g for another 1 minute at room temperature to dry. The spin filter was 

then transferred into a new collection tube where 100 μL of Solution C6 was added to the centre 

of the white filter membrane to elute the DNA. A final centrifuge at room temperature for 30 

seconds at 10,000 x g was performed. The spin filter was discarded, and the flow through 

containing the DNA extract was stored at -20°C until used. 

   



20 

 

2.2.2.2 Method 2: Qiagen DNeasy Blood and Tissue Kit 

Qiagen DNeasy Blood and Tissue Kit employs a silica-spin column protocol that is 

commonly used for extracting DNA from microorganisms and animal tissues. Approximately 

10 mm from the tip of the swab was cut and suspended with 180 µL lysis buffer, vortexed and 

incubated at 37°C for one hour in a heat block. Twenty-five microliters of Proteinase K and 22 

µL buffer AL was added to the lysate. This was followed by the addition of 200 µL ethanol 

(96-100%) and mixed thoroughly.  Most of the liquid from the tube and swab was transferred 

to a DNeasy Mini spin column placed in a 2 mL collection tube. The tubes were centrifuged at 

≥ 6,000 x g for 1 min, the flow-through and collection tube were discarded. The DNeasy Mini 

spin column was placed in new collection tube where 500 µL buffer AW1 was added and 

centrifuged at 8,500 rpm for 1 min. Both the flow-through and collection tube were discarded, 

and a new collection tube was used to hold the DNeasy Mini spin column. Five hundred 

microliters of the second buffer AW2 was added, and the tube was centrifuged 8,500 rpm for 

1 minute however this time only the flow though was discarded.  DNeasy Mini spin column 

was centrifuged at 14,000 rpm for 3 min. The DNeasy Mini spin column was transferred to 

clean 1.5 mL centrifuge tube and 100 µL buffer AE was pipetted directly onto membrane. After 

incubation at room temperature for 5 min, the DNeasy Mini spin column was centrifuged at 

8,500 rpm for 1 min. Both the final incubation and centrifugation was repeated to maximize 

DNA yield. The flow through was the stored at -20°C or -80°C for later use. 

 

2.2.2.3 Method 3: PrepGEM™ Universal DNA Extraction made easy.  

PrepGEM™ Universal DNA Extraction made easy uses boiling and enzyme-based 

method commonly used in extracting DNA from insects. The researchers followed the 

manufacturer’s protocol for processing buccal swabs. A 10 mm piece from the tip of the swab 

was placed in a sterile PCR tube followed by the addition of 10 µL of 10x Buffer BLUE, 69 

µL of DNA free water and 1 µL prepGEM enzyme. The mixture was mixed briefly and 

incubated 75°C for 5 minutes followed by 95°C for 2 minutes. The liquid component was 

transferred into a clean 1.5 mL centrifuge tube and stored at -20°C for later use.  
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2.2.2.4 Method 4: PrepMan™ Ultra Sample Preparation Reagent. 

PrepMan™ Ultra Sample Preparation Reagent also uses boiling and an enzyme-based 

method commonly used in extracting DNA from food products, animal tissues and 

microorganisms. Approximately 10 mm from the tip of each skin swab was suspended with 

100 µL of PrepMan™ Ultra Sample Preparation Reagent. The solution was vortexed for 30 

seconds followed by incubation at 100°C for 10 min. After cooling for 2 minutes at room 

temperature, the tubes were centrifuged at 14,000 rpm for 2 min. The supernatant was 

transferred to a new sterile microcentrifuge tube and stored at -20°C for later use. 

 

 

 

 

Figure 2.2.2. Schematic diagram of the four DNA extraction protocols. MolBio employs 

chemical and mechanical approach, Qiagen employ silica-spin column protocol, while both 

PrepMan and PrepGEM employ enzyme-based methods. This diagram also shows and 

compares the complexity and length of time needed for each method in extracting the DNA 

from frog skin swabs. 
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2.2.3 Amplification of 16S gene and Ion Torrent sequencing 

To compare the diverse bacterial taxa represented in each extracted DNA sample, 

polymerase chain reaction (PCR) was used to amplify 16S rRNA gene using universal 

bacterial primers: 341F [5’ CCTACGGGNGGCWGCAG 3’] and 805R [5’ 

GACTACHVGGGTATCTAATCC 3’].  The PCR master mix was composed of 4 µL HOT 

FirePol® DNA Polymerase, 0.5 µL of each barcoded primer, 14 µL of nuclease-free water, 

and 1 µL of DNA extracted from the swab. Samples were PCR amplified using a Biometra 

PCR machine with the following conditions: Initial denaturation at 95°C for 15 minutes, 

30 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 30 seconds, 

extension at 72°C for 60 seconds, and a final extension at 72°C for 5 minutes.  

A sequencing library was prepared using Ion Plus Fragment Library Kits 

(ThermoFisher Scientific, catalog no. 4471252) and Ion Xpress Barcode Adapters Kits 

(ThermoFisher Scientific, catalogue no. 4471250) following the manufacturer’s 

instructions. Each library was quantified using Qubit™ dsDNA High Sensitivity Assay 

Kit (Invitrogen™, catalogue no. Q32851). Bioanalyzer 2100 (Agilent, USA) was used to 

check the quality of each library using Agilent High Sensitivity DNA Kit (catalogue no. 

G2938-90322). All libraries were combined in an equimolar mix of each barcoded 

individual frog library to give one library pool for sequencing. The mixed library was 

diluted to 100 pmol.   Ion PGM™ Hi-Q™ View OT2 Kit (catalogue no. A29900) was used 

following the manufacturer’s instructions. This method includes emulsion PCR, bead clean 

up and library enrichment. The enriched library was then processed using the IonTorrent 

PGM (Personal Genome Machine, ThermoFisher) for sequencing. We used Chip type 

316v2 and chip barcode AA0488120 in 850 run flows. The resulting fastq files were then 

processed for bioinformatic analysis.  

  

2.2.4 Bioinformatics for sequence analysis. 

Sequences were analysed using the bioinformatic platform QIIME2 (ver. 2020.11, 

Bolyen et al., 2019) using the New Zealand eScience Infrastructure (NeSI) platform. 16S RNA 

gene sequence data were imported to QIIME2 using an input format 

SingleEndFastqManifestPhred33V2. Both forward and reverse primers were trimmed at the 

start and end of the sequences using the cutadapt plugin (Martin, 2011). Primer-trimmed 

sequences were then quality filtered using DADA2 (Callahan et al. 2016) resulting in a feature 
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table consisting of ASVs. A phylogenetic tree was constructed using these ASVs with a 

phylogeny plugin (Price et al., 2010). Each ASV was designated a taxonomic classification 

using the feature‐classifier plugin (Bokulich et al., 2018) classified against the Greengenes 

13_8 99% OTUs (operational taxonomic units) reference sequences (McDonald et al., 2012). 

Since the DNA from the blank swabs and clean rinse extracted using PrepGEM and Qiagen 

were found to carry DNA, sequences found in these controls were removed from the frog skin 

swab samples to reflect the actual diversity of the skin microbiome of L. hochstetteri measured 

using the four extraction kits.  

QIIME2 results were imported and processed for diversity analysis using R Statistical 

Software (4.1.1; R Core Team, 2021) using the phyloseq package (version 1.34.0; McMurdie 

and Holmes, 2013). Graphs were produced using the ggplot2 package (version 3.3.5; Wickham, 

2016). Measures of alpha diversity Chao1 index (Chao, 1984), Shannon index (Shannon, 

1949), Pielou evenness (Pielou, 1966), and Observed features (DeSantis et al., 2006) were 

calculated to compare the microbial diversity between DNA extraction kits. The Chao1 index 

measures species richness and shows how many species are present in a given community. The 

Shannon index measures the diversity of a community with consideration to both species’ 

richness and abundance. The Pielou index measures the diversity of a community considering 

the evenness or the proportion of the species present in that ecosystem. The Observed features 

show the number of unique ASVs per sample.    

 

2.2.5 Statistical analysis 

Analysis of data was performed in R Statistical Software (version 4.1.1; R Core Team, 

2021) using the packages specified below. We used a linear model to analyse the difference in 

the PCR amplicon concentration and post-filtered reads generated between the four extraction 

kits (MolBio, Qiagen, PrepGem and PrepMan). The linear model tested the influence of 

extraction method as predictors of PCR amplicon concentration and reads as response 

variables. A Tukey’s post-hoc test pairwise comparison was performed using the multicomp 

package (version 1.4.17; Hothorn et al., 2017). 

We used a linear model to analyse the microbial diversity between the four extraction 

kits. The linear model tested the influence of extraction method as predictors on alpha diversity 

indices (Shannon index, Chao1 index, Pielou evenness, and Observed features) as response 

variables. A Tukey’s post-hoc test pairwise comparison was performed using the multicomp 
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package (version 1.4.17; Hothorn et al., 2017). For beta diversity analysis, we used the 

weighted UniFrac distance matrix (Lozupone et al., 2007) that incorporates the relative 

abundance of the OTUs. I used Principal Coordinate Analysis (PCoA) to show the clustering 

of samples using distance ordination generated by the distance matrices.  The Permutational 

multivariate analysis of variance (PERMANOVA) using the Adonis function in the Phyloseq 

package (version 1.36.0) was used to test if the difference in the microbial composition of the 

L. hochstetteri microbiome was associated with extraction method, quadrant, or host 

individual. 

To identify if there are taxa that may be associated with extraction method, we tested 

for the differentially abundant taxa across the four extraction kits.  Here, we used the 

differentailTest function in the corncob package (version 0.2.0, Martin et al., 2020) in R. To 

test for significant taxa, we used Wald tests with its default non-bootstrap setting, and we set 

the false discovery rate (fdr) cutoff to 0.05. We first identified the differentially abundant taxa 

across Bd status and frog individual. Then, we ran the models across different taxonomic 

classifications to check if there were differentially abundant taxa at different taxonomic levels 

(phylum, class, order, family, genus, and species) with extraction method as the co-variate. 
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2.3 Results 

2.3.1 PCR amplicon concentration, sequence read number and feature counts 

There was a significant effect of extraction method on concentration of PCR amplicon 

(F3,12 = 49.00, P < 0.001) (Figure 2.3.1). Among the four kits, PrepGEM produced significantly 

higher PCR amplicon concentrations when compared to MolBio, PrepMan, and Qiagen (P 

<0.001). Qiagen was significantly higher when compared to PrepMan (P <0.001) and MolBio 

(P <0.01). Skin swab DNA extracted using Qiagen yielded significantly higher PCR amplicon 

concentrations than from the blank swab extracted using the same method (4.5 ng/µL). Both 

PrepMan and MolBio extracted the lowest PCR amplicon concentration, 9.10 ± 3.64 ng/µL 

and 12.9 ± 5.28 ng/µL respectively. PrepGEM and Qiagen gave higher PCR amplicon 

concentrations with PrepGEM giving a greater number of sequence read counts (Figure 2.3.1). 

There was a significant difference in PCR amplicon concentration among frog individuals (F5,12 

= 4.47, P = 0.015) but not between quadrants (F3,12 = 0.777, P = 0.53). Between frogs, LH5 

was significantly different from LH1 (P <0.05) and LH3 (P <0.05), but all frogs were housed 

in one tank. 

The number of post-filtered reads per extraction method is also presented in Figure 

2.3.1. The number of reads was compared between kits, frogs and quadrants. A total of 

2,075,648 raw sequence reads was generated by Ion Torrent sequencing prior to filtering. After 

removing the primers, reads with a low-quality score (<20) and trimming of the barcodes from 

all the samples resulted to a reduction to 679,858 sequences. The sequence reads that were 

present in the blanks and controls were removed from the result of the reads of each extraction 

method. This removed the unwanted reads that were present in the sampling materials (swabs 

and rinse water). The result post-filtering reads per sample produced by each extraction method 

is presented in Figure 2.3.1. No significant difference was observed in the number of reads 

generated from swabs collected from the four quadrants of the ventral surface on the frogs (F3,12 

= 1.22, P = 0.34), or from different frog individuals (F5,12 = 1.002, P = 0.45). The use of 

extraction method has no significant effect on the number of reads (F3,12 = 2.94, P < 0.08).   

ASVs detected by each kit were filtered further to include only those ASVs that were 

found in at least three samples and to have a count frequency of at least ten. After filtering, a 

total of 908 ASVs were identified from all the extraction kits, and 191 (21%) were shared by 

all the kits (Figure 2.3.2). Each kit generated unique ASVs with the most ASVs detected by 

PrepGEM (n= 49), followed by Qiagen (n=18), PrepMan (n=6) and MolBio (n=2). These 
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unique ASVs were classified to species level for Qiagen and PrepGEM; to genus level for 

PrepMan and for Molbio to class level. The two unique ASVs found by MolBio were composed 

of class Acidobacteria and kingdom Bacteria. PrepMan mainly identified the phylum 

Verrucomicrobia, Bacteroidetes, and Proteobacteria (family Sphingomonadaceae and 

Halomonadaceae). Qiagen had 16 unique ASVs composed of the following phyla, with its 

corresponding classes in parentheses: Proteobacteria (Gammaproteobacteria, 

Betaproteobacteria, and Alphaproteobacteria), Actinobacteria, Bacteroidetes (Bacteroidia,  

 

 

 

 

 

 

Figure 2.3.1. Comparison of (A) amplified DNA concentration and (B) number of post-

filtered reads extracted using the four DNA extraction kits on the skin swabs collected from 

the skin of L. hochstetteri. Post-filtering reads refer to the actual number of reads extracted 

by each kit after removing the reads present in the controls and blank swab 
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Sphingobacteriia, and Flavobacteriia), Firmicutes, and Nitrospirae.  PrepGEM was composed 

of Acidobacteria, Firmicutes (Clostridia), Bacteroidetes (Bacteroidia and Cytophagia), 

Proteobacteria (Gammaproteobacteria, Betaproteobacteria, and Alphaproteobacteria), 

Planctomycetes, Verrucomicrobia, Actinobacteria, and Chlamydiae. PrepMan and PrepGEM 

showed the greatest similarity as they had the highest number of shared ASVs (n = 215). 

 

 

 

Figure 2.3.2. A Venn diagram showing the number of ASVs that are unique to each kit and shared 

between different kits. From the total of 908 ASVs were identified from the skin of L. hochstetteri 

where 191 ASVs (21%) were detected by all the extraction kits and 73 ASVs where unique to each kit. 

MolBio has the least number of unique ASVs while PrepGEM has the highest number of unique ASVs.  

 

The taxonomic and phylogenetic relationships of the bacterial phyla were presented 

using a heatmap (Figure 2.3.3). Verrucomicrobia, Bacteroidetes, and Proteobacteria are the 

most abundant phyla identified using the four extraction kits. Firmicutes and Actinobacteria, 

the only Gram-positive phyla, were detected by all the kits however MolBio produced these 

phyla at lower frequency as compared to the three other kits. Gram-negative bacteria 

Acidobacteria, Planctomycetes, Cyanobacteria, Chlamydiae, Chloroflexi, and Nitrospirae were 

mostly well represented by Qiagen, PrepGEM, and PrepMan. 
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 Figure 2.3.4 shows the most common phyla found on the skin of the Hochstetter’s frog 

detected by the four extraction kits across frog individuals and quadrants. Verrucomicrobiae 

was the most dominant phylum found across kits, frogs, and quadrants. The Gram-positive 

Firmicutes were mostly detected by PrepGEM as compared to other kits but were not found in 

all frog samples. Phyla found on different quadrants were highly similar unlike those found on 

different frogs which showed more variable microbial composition, particularly for frog LH2.      

 

 

 

 

 

Figure 2.3.3. Heatmap of the bacterial phyla extracted from individual swabs comparing the 

different bacteria extracted by the four extraction methods. The tree represents the 

phylogenetic relationship of the bacterial phyla. 
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Figure 2.3.4. Relative abundance of bacterial phyla detected by (a) the four extraction kits, (b) quadrants, and (c) frog individuals. The skin of L. hochstetteri 

as detected by the four extraction kits is mainly composed of phylum Verrucomicrobia, Proteobacteria, Firmicutes and Bacteroidetes. 
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Four taxa were found to be differentially abundant across extraction method (Figure 

2.3.5). Figure 2.3.5 shows the significant taxa at class level in comparison with MolBio. 

Bacteroidia had significantly higher abundance using PrepGEM and PrepMan while 

Actinobacteria was significantly more abundant when PrepMan and Qiagen was used. Bacilli 

was significantly more abundant for PrepGEM, PrepMan and Qiagen. Verrucomicrobia was 

generally found to be low in abundance using the PrepGEM, PrepMan and Qiagen kits but it 

was significantly less abundant for PrepMan. 

 

 

 

 

 

Figure 2.3.5. Differentially abundant taxa at class level across four extraction kits; MolBio 

as the reference kit that all the three kits were compared to. 
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2.3.2 Alpha diversity  

Measures of alpha diversity Chao1 index, Shannon index, Pielou evenness, and 

Observed features are compared in Figure 2.3.6. Chao1 measures species richness and shows 

how many species are present in a given community. Based on Chao1, PrepGEM extracted the 

highest number of bacterial taxa followed by PrepMan, Qiagen, and lastly, MolBio (Figure 

2.3.6.a). Using the Chao1 index, there was no significant difference between kits (F3,10 = 1.24, 

P = 0.347) in the number of species that the kits were able to extract, with similar species 

richness between individual frogs (F3,10 =0.53, P = 0.738), and between quadrants (F3,10 =0.67, 

P = 0.592).  

The Shannon index measures the diversity of a community, while accounting for both 

species’ richness and abundance. A significant difference was found between extraction kits 

(F3,10 = 4.27, P = 0.035) but not between quadrants (F3,10 = 0.83, P =0.507) or between frog 

individuals (F3,10 = 1.63, P =0.237). PrepMan extracted the most diverse bacterial communities 

compared to PrepGEM, Qiagen, and MolBio (Figure2.3.6.b).  

Pielou evenness measures how evenly the species are distributed in a community. A 

significant difference was found for community evenness based on extraction method (F3,10 = 

7.92, P =0.005) and between frog individuals (F3,10 = 3.52, P = 0.043), but there was no 

difference between quadrants (F3,10 = 1.74, P = 0.222). PrepMan was significantly different 

when compared to MolBio (P = 0.020) and PrepGEM (P = 0.024). PrepMan detected 

significantly more even bacterial communities than other extraction kits (Figure 2.3.6.c). A 

significant difference was found for evenness between frog individuals LH3 and LH2 (P = 

0.035) and between LH4 and LH3 (P = 0.036).  

Observed features was computed to compare the number of unique ASVs detected by 

each kit. No significant difference in ASV counts were observed between kits (F3,10 = 0.99, P 

= 0.435), between frog individuals (F3,10 = 0.43, P = 0.818), or between quadrants (F3,10 = 0.34, 

P = 0.791).  The highest number of ASVs was extracted using PrepMan followed by PrepGEM 

and Qiagen while MolBio delivered the least number of ASVs (Figure 2.3.6.d). 



32 

 

 

 

Figure 2.3.6. Alpha Diversity Measures (a) Chao1 index, (b) Shannon index, (c) Observed features, and 

(d) Pielou evenness comparing the bacterial communities in the skin of L. hochstetteri extracted by the 

four DNA extraction kits MolBio, PrepGEM, PrepMan, and Qiagen.  
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2.3.3 Beta diversity analysis   

All the samples clustered together regardless of quadrant and extraction method based 

on the PCoA plots of weighted UniFrac distance matrixes (Figure 2.3.7). Microbial 

composition was found to be highly similar across quadrants and extraction methods. The 

diversity of the microbial communities in L. hochstetteri was not influenced by the extraction 

method (PERMANOVA –F3,20 = 1.06, R2 = 0.14, P = 0.379) and quadrant (PERMANOVA –

F3,20 = 0.70, R2 = 0.10, P = 0.877). A difference in clustering was observed between frog 

samples which shows that diversity was significantly different between individual frogs 

(PERMANOVA –F5,18 = 2.56, R2 = 0.42, P = 0.001).  

 

 

 

 

 

 

Figure 2.3.7. Principal coordinates analysis (PCoA) plots of weighted UniFrac distance matrixes based 

on (a) Extraction method, (b) quadrants, and (c) frog individual. 
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2.4 Discussion 

In this study, four extraction protocols were compared to describe the cutaneous 

microbiome of L. hochstetteri. The findings indicate that extraction method has a significant 

influence on PCR amplicon concentration and number of reads on the alpha diversity (Shannon 

index) but not on beta diversity of the L. hochstetteri skin microbiome. PrepGEM produced the 

highest PCR amplicon concentration, generated the highest number of reads and produced the 

highest number of ASVs among the four extraction kits. Based on the alpha diversity analysis, 

PrepMan detected the highest species diversity (Shannon index), evenness (Pielou evenness), 

and observed ASVs. The highest species richness (Chao1 index) was found using PrepGEM. 

MolBio produced the lowest alpha diversity measures. A significant difference was observed 

for species evenness and species richness between the extraction methods while species 

evenness was significant between frog individuals. The microbial composition of L. 

hochstetteri was significantly influenced by the frog individual but not by DNA extraction 

method and quadrants based on the beta diversity analysis. Based on the PCoA result, different 

clustering was observed between individuals, with a significant variation particularly between 

LH2 and LH3. This only showed that individual frogs carried a different microbiome.  Wagner 

Mackenzie et al. (2015) emphasized that the differences in ecological diversity reported in 

different journals may not be only due to technical variations but because of biological 

variations, that is, the variations between and within the species. The results presented in this 

work showed that individual frogs carried different microbiomes and that the choice of DNA 

extraction kit or ventral location of sample acquisition had limited impact on the measured 

microbiome.  

 

2.4.1 Cutaneous microbiome of L. hochstetteri as described using the four extraction 

kits  

The skin of L. hochstetteri was dominated by phylum Verrucomicrobia, Bacteroidetes and 

Proteobacteria as identified using the four extraction kits. A total of 908 ASVs were identified 

in this study, with 191 (21%) detected by all the kits. Each kit was able to detect unique ASVs 

that were classified to different taxonomic levels: to species level for Qiagen and PrepGEM: 

genus level for PrepMan; class level for Molbio. Huggins et al. (2020) highlighted that DNA 

yield alone does not reflect the bacterial diversity measured by a DNA extraction kit, but the 

chemistry of the kit has a more important role in detecting bacterial species. The two unique 
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ASVs found by MolBio were composed of class Acidobacteria and kingdom Bacteria. 

PrepMan mainly detected bacteria from the phylum Verrucomicrobia, Bacteroidetes and 

Proteobacteria (family Sphingomonadaceae and Halomonadaceae). Qiagen detected 16 unique 

ASVs composed of the following phyla with the corresponding classes in parentheses: 

Proteobacteria (Gammaproteobacteria, Betaproteobacteria and Alphaproteobacteria), 

Actinobacteria, Bacteroidetes (Bacteroidia, Sphingobacteriia and Flavobacteriia), Firmicutes 

and Nitrospirae.  PrepGEM detected ASVs from the phyla Acidobacteria, Firmicutes 

(Clostridia), Bacteroidetes (Bacteroidia and Cytophagia), Proteobacteria 

(Gammaproteobacteria, Betaproteobacteria and Alphaproteobacteria), Planctomycetes, 

Verrucomicrobia, Actinobacteria, and Chlamydiae. Similarity between the measured bacterial 

composition from PrepMan and PrepGEM was evident as they shared 215 ASVs, the highest 

number of shared ASVs. Interestingly, Proteobacteria, Bacteroidetes and Actinobacteria were 

also found to be more abundant on the skin of Costa Rican frogs while Acidobacteria, 

Firmicutes, Verrucomicrobia and Planctomycetes were found to be the least abundant phyla 

(Abarca et al., 2018b). In the study by Huggins et al. (2020), the authors compared Maxwell® 

RSC Whole Blood DNA Kit (Promega, Madison, WI, USA) and  Qiagen DNeasy Blood and 

Tissue kit extraction kits, Qiagen DNeasy produced the greatest number of ASVs despite 

yielding the lowest DNA concentration. The same trend was also observed in our study where 

PrepMan detected higher ASVs count despite having the lowest PCR amplicon concentration.  

We identified four differentially abundant bacterial classes that were significantly higher 

or lower between the four DNA extraction kits. Bacteroidia, Bacilli and Actinobacteria were 

significantly more abundant when PrepGEM, PrepMan and Qiagen were used while 

Verrucomicrobia had significantly lower abundance in PrepMan as compared to MolBio. 

Gram-positive bacterial classes Bacteroidia (phylum Bacteroidetes) and Actinobacteria 

(phylum Actinobacteria) were detected by the four extraction kits but differentially abundant 

in PrepGEM, PrepMan and Qiagen. Gram-positive bacteria are difficult to deal with because 

of their thicker cell wall containing multiple layers of peptidoglycan (Vollmer et al., 2008).  

Sjöberg et al. (2020) hypothesised that the DNA extraction kit was the main reason for not 

detecting Gram-positive genera Lactobacillus and Enterococcus from infant’s cultured faecal 

samples. The capacity of the three extraction kits PrepGEM, PrepMan and Qiagen to detect 

Gram-positive bacteria may be attributed to chemical and enzymatic lysis that was employed 

by the three kits as observed by Li et al. (2020) in extracting pure cultures of Gram-positive 

bacteria. In the study of Janssen et al. (2021), homogenisation using bead beating was 
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recommended to increase the efficiency of DNA extraction from Gram-positive biofilm 

bacteria. Our result confirmed the detection of Gram-positive bacteria; however, we cannot 

address the efficiency of the kits in detecting these bacteria since we do not know the actual 

abundance of the Gram-positive bacteria on the skin of L. hochstetteri. The use of a mock 

community that consists of bacteria representing both Gram-negative and Gram-positive 

bacteria would be ideal to check for the efficiency of the kits in detecting both bacterial groups.  

 

2.4.2 Comparison of the four DNA extraction kits 

Different kits utilised different approaches to efficiently extract DNA from various 

samples. Both PrepMan and PrepGEM employed enzymatic digestion methods whereas both 

Qiagen and MolBio applied a spin-column method. PrepGEM and PrepMan have delivered 

favourable results (e.g., alpha diversity and higher number of ASVs) among the extraction kits. 

The observation of higher PCR amplicon concentration, greater number of reads and higher 

species richness by PrepGEM may be attributed to the one-tube-system of the protocol and that 

the process does not require transferring of the samples across multiple tubes or passing 

through a filtration system. Ball and Armstrong (2008) claimed that in using PrepGEM, DNA 

loss is reduced as it involves only one step in a single tube which also reduces the possibility 

of committing human error, instrument errors and contamination.  They found PrepGEM was 

comparable with the commercially used ChargeSwitch gDNA Tissue kit in DNA yield and 

efficiency, with the one-step protocol for PrepGEM making it ideal for rapid and extensive 

extraction of DNA from economically significant insects that are potential pests in New 

Zealand (Ball and Armstrong, 2008). Edwards et al. (2008) preferred PrepGEM in developing 

a diagnostic tool using a multiplex PCR because of its rapid and broad-range DNA extraction 

compatibility ideal for characterizing insects that are difficult to identify morphologically 

across species and across life stages. Water bath sonication optimised the lysis activity for 

PrepGEM to facilitate higher DNA yield and better DNA quality of Black Tiger shrimp 

(Penaeus monodon) embryo and nauplii for multiplex PCR-based genotyping and high-

throughput analysis (Rao et al., 2010). The same methodology was employed by Dierens et al. 

(2014) to extract DNA from Penaeid shrimp wherein by using only 10% of the PrepGEM 

enzyme together with water bath sonication yielded good DNA quality for genotyping 

platforms. The results of this approach were comparable with the expensive and commercially 

available DNeasy® extraction kit (QIAGEN, Hilden, Germany).  
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PrepMan Ultra Sample Preparation Reagent has been used for extracting microbial 

DNA from different samples such as food and animal sources. Kim et al. (2020) modified the 

PrepMan protocol by reducing the volume of the eluted DNA to improve the detection limits 

of foodborne pathogens Escherichia coli, Listeria monocytogenes, and Salmonella 

Typhimurium on lettuce and beef. In addition, PrepMan was recommended because it offered 

rapid and high efficiency detection of foodborne pathogens at low concentration in food items 

(Kim et al., 2020).  PrepMan has been useful in detecting various pathogenic fungal species 

from animals including Bd, the cause of chytridiomycosis in frogs (Boyle et al., 2004), and 

Mycoplasma bovis in milk of infected cows (Appelt et al., 2019). PrepMan showed higher 

efficiency than the MolBio Power Food Microbial DNA Isolation Kit yielding a 100% 

detection rate of M. bovis from M. bovis-positive milk samples  (Appelt et al., 2019).  PrepMan 

was a more favourable kit to be paired with the qPCR assay since the entire process took less 

than an hour; a faster and simplified process in detecting M. bovis from unprocessed milk 

(Appelt et al., 2019).  

Qiagen DNeasy Blood and Tissue kit is one of the most common DNA extraction kits for 

animal microbiome studies. The Qiagen DNeasy Blood and Tissue kit protocol uses silica-spin 

columns as its DNA binding system. It does not include a mechanical lysis step but administers 

both enzymatic and chemical approaches to lyse the cells (Karstens et al., 2021). Its sensitivity 

to rare species, high bacterial diversity (Huggins et al., 2020) and better DNA quality for next 

generation sequencing (Karstens et al., 2021) are the reported strengths of the kit. However, it 

is also time-consuming and expensive which raised major concerns in using this kit (Harada et 

al., 2012; Uerlings et al., 2021).  Elizaquivel and Aznar (2008) claimed that silica-based 

extraction using the DNeasy Tissue Kit (Qiagen) was significantly more sensitive when 

compared to PrepMan Ultra (Applied Biosystems), InstaGene Matrix (BioRad), and 

UltraClean (MoBio) to isolate DNA for PCR amplification of a pathogen from fresh 

vegetables. However, our results showed that PrepMan was better than Qiagen in measuring 

species richness and species diversity.   

MolBio PowerSoil Extraction resulted in the lowest DNA yield and was the least 

efficient in describing the microbiome of Hochstetter’s frog. MolBio employs both chemical 

and mechanical approaches in disrupting the cell to isolate the DNA from various samples 

(Biesbroek et al., 2012). Low DNA yield by MolBio was also observed by Manta et al. (2020) 

when they compared MolBio with DNeasy Blood and Tissue Kit (QIAGEN), QIAamp DNA 

Microbiome Kit (QIAGEN), and the Maxwell 16 DNA Purification Kit (Promega). However, 
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by increasing the enzymatic process by combining different solutions (C1, C2 and C3) 

provided by the kit and including mechanical lysis improved the efficiency of MolBio 

PowerSoil Extraction kit (Mattei et al., 2019).  This approach improved the detection of Gram-

positive bacteria in the human vaginal microbiome and yielded significantly higher species 

richness and diversity when compared to Qiagen DNeasy (Mattei et al., 2019). Dineen et al. 

(2010) recommended the use of MolBio to extract Gram-positive Bacillus cereus from soil 

samples since the MolBio PowerSoil kit efficiently removes PCR inhibitors rich in substances 

like humic acid that inhibit Taq polymerase during PCR amplification.  

 

2.5 Conclusion 

Among the four kits, PrepMan and PrepGEM showed superior efficiency followed by 

Qiagen while MolBio presented the poorest efficiency in detecting bacterial diversity on L. 

hochstetteri skin. Both PrepMan and PrepGEM offered a straight-forward and time-efficient 

process but measured diverse bacteria including Gram-positive bacteria on the skin of L. 

hochstetteri. The one-tube system of PrepGEM resulted in the highest PCR amplicon 

concentration, a greater number of reads and the greatest number of ASVs among the four 

extraction kits. PrepMan, on the other hand, detected greater species diversity, evenness, and 

observed ASVs. Based on these results we decided to use PrepMan because it best described 

the diversity of the skin microbiome of L. hochstetteri. We can further improve the protocol by 

including mechanical lysis of the cells by bead beating and homogenisation. In addition, since 

PrepMan has been optimised for Bd detection in amphibian species (Hyatt et al., 2007) and 

showed good efficiency for metagenomic analysis, PrepMan will be used to extract DNA for 

three purposes: (a) screening of Bd DNA from skin swabs that will be collected from L. 

hamiltoni and L. archeyi in Chapter 3, (b) metagenomic analysis of the skin microbiome of the 

L. hamiltoni and L. archeyi that were associated with Bd presence in Chapter 4, and lastly (c) 

identification of cultured bacteria and fungi that will be isolated from the skin of L. hamiltoni 

and L. archeyi in Chapter 5.   

 

 

 



39 

 

3 CHAPTER 3 

SCREENING FOR Batrachochytrium dendrobatidis IN NEW ZEALAND’S 

ENDEMIC FROGS 

 

3.1 Introduction 

In New Zealand, human settlement, habitat loss, and the introduction of mammalian 

predators are the major contributors to the decline of anuran populations (Bishop et al., 2013). 

However, Bell et al. (2004) believed that the emergence of an infectious disease may have led 

to a population crash of a native species, Archey’s frog, Leiopelma archeyi, in the Coromandel 

region. The discovery of the chytrid fungus Batrachochytrium dendrobatidis (Bd) has brought 

an alarming possibility regarding the cause of mass die-offs in native and non-native frog 

species in New Zealand. 

Chytridiomycosis was first reported to occur in New Zealand in 1999 after discovery of 

sick individuals of an introduced species, the southern bell frog Ranoidea raniformis, in 

Christchurch (Waldman et al., 2001). Not long after, in 2001, an individual of the native species 

L. archeyi in the Coromandel Peninsula was found dead and the cause of death was chytrid 

infection (Bell et al., 2004). In 2006, Bd was also found in Whareorino Forest, another area 

inhabited by L. archeyi (Bishop et al., 2009). This led to translocation of L. archeyi to Pureora 

Forest, a location suitable for L. archeyi but not documented to have Bd (Bishop et al., 2009). 

Three years after the translocation, a rise of Bd prevalence was still observable in the 

Whareorino population but it did not cause any further population decline (Shaw et al., 2008; 

Shaw et al., 2010). If L. archeyi was capable of clearing Bd innately (Shaw et al., 2014), what 

caused the Coromandel populations to crash? Shaw et al. (2010) stated two possible 

hypotheses: either Bd prevalence must have reached its endemic phase even before its detection 

or the innate immunity of L. archeyi to Bd was counteracted by an unknown factor that made 

them susceptible to Bd. Despite its rapid and extensive proliferation, Bd was not detected in 

the two other native frog species, L. hochstetteri and L. hamiltoni. However, Bd has 

infected R. aurea and Litoria ewingii, which are Australian frogs that have naturalized in New 

Zealand (Shaw et al., 2008; Moreno et al., 2011). Leiopelma hochstetteri, the only semi-aquatic 

species that lives in sympatry with L. archeyi (Bell, 1994), has never been affected by Bd 
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(Moreno et al., 2011) despite Bd being aquatic by nature and posing more of a threat to species 

that breed in aquatic environments (Kriger and Hero, 2007).  

The low prevalence and potential resistance to Bd recorded from the genus Leiopelma has 

suggested that chytridiomycosis may not pose a risk to leiopelmatid frogs (Ohmer et al., 2013). 

However, we do not have information on the prevalence of Bd in the wild.  Two decades since 

its discovery, does chytrid fungus still persist in New Zealand native frog populations? In this 

chapter, the main objective was to survey for the presence of Bd on all native frog species, L. 

hamiltoni, L. archeyi and L. hochstetteri, at both wild and captive/managed locations across 

New Zealand. To address this objective, a screening methodology known as the TaqMan assay 

developed by Boyle et al. (2004) and Hyatt et al. (2007) was employed. Boyle et al. (2004) 

developed a rapid technique that uses qPCR that is sensitive and specific for detecting Bd 

spores from frog skin and only requires skin swabs to provide immediate confirmation by 

qPCR of Bd presence.  

This chapter addresses two main objectives: (1) to optimise the development of qPCR 

methods (TaqMan Assay) for the quantification of Bd infection of Leiopelma frogs, and (2) to 

use this method to examine patterns of infection in wild and captive/managed Leiopelma frogs 

to get a better understanding of the current situation of Bd infection in New Zealand. TaqMan 

assays usually use expensive reagents, which is financially challenging for detecting Bd from 

hundreds of frog skin swabs. Here, readily available kits (e.g., Bioline SensiFast Probe Lo-Rox 

Kit) were assessed to detect Bd from swabs.  In addition, Bd DNA was quantified using 

synthetic double-stranded gBlock gene fragments to determine fungal titre. This work provides 

insights into the current prevalence of Bd in New Zealand native frogs, supporting the need for 

mitigation and addressing conservation efforts.   
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3.2 Methods 

3.2.1 Sample collection   

Frogs were sampled from various locations in New Zealand between October 2019 to 

February 2021 (Table 3.2.1). Captive frog populations were sampled from University of Otago, 

Auckland Zoo, and Zealandia Wildlife Sanctuary, whereas wild populations were sampled in 

Whareorino Forest, Pukeokahu, and Maud Island. Skin swabs from L. archeyi (n = 248) were 

collected in Whareorino, Pukeokahu and Auckland Zoo; L. hamiltoni (n = 72) were collected 

on Maud Island, University of Otago Animal Facility and Zealandia Ecosanctuary; for L. 

hochstetteri (n = 14), swabs were only collected in frogs at the Animal Facility at the University 

of Otago (Table 3.2.1). Skin swabs from L. archeyi collected from Whareorino in 2014-2020 

and from Pukeokahu collected in 2019 were provided by the Department of Conservation. 

Handling of frogs was approved by the University of Otago under the Animal Use Protocol: 

AUP-19-19 and Department of Conservation under Wildlife Act Authority with Authorisation 

Number: 73998-FAU.     

 Frogs were captured by a nitrile gloved hand and placed individually in sterile 250-mL 

screw-capped pottles. A numbered peg was used to mark where the frog was found so the frog 

could be returned to the site of capture after processing for swab collection. Before use, each 

pottle was sterilised by exposing to ultraviolent light for 30 minutes inside a biosafety cabinet. 

In addition, gloves were changed between each frog to prevent cross-contamination of frog 

samples. Individual frogs were washed with 50 mL sterile Still Spring Water (Countdown, New 

Zealand) to remove soil debris and transient microorganisms. To assess the presence of Bd 

DNA on the skin of frogs, each frog was swabbed using a sterile Medical dry swab (Thermo 

Fisher Scientific catalogue no. MWE100-100) on its ventral surface, concentrating on the 

abdomen and inner thighs. This is known as the drinking patch and is where Bd predominantly 

occurs in different frog species (Berger et al., 1998). Twenty strokes over the whole ventral 

surface were taken, with ten strokes on the abdomen and five strokes each on the left and right 

legs. Swabs were stored at -20°C until DNA extraction was performed. Frogs were visually 

assessed for chytridiomycosis symptoms such as skin sloughing, lethargy, and redness of the 

pelvic region. The snout-to-vent length (SVL, mm) and mass (g) of each frog was measured to 

describe body condition of the frogs during sampling. Since there are minimal morphological 

differences between male and female leiopelmatid frogs (Germano et al., 2011), sex was 

inferred based largely on body size, though the presence of eggs visible through the abdomen 
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helped confirm the sex of female frogs (Bell et al., 2004). Sex was already confirmed for 

captive frogs, i.e., captive frogs were the only reliably sex-identified individuals. Body 

condition was calculated as scaled mass index following the formula described by Peig and 

Green (2009): 

  

 

where Mi is the body mass of individual i, Li is the snout-vent length (SVL) of individual i; 

bSMA is the scaling exponent estimated by the standardised major axis (SMA) regression of M 

on L; L0 is the mean SVL of the population; and M̂i is the predicted body mass for individual i 

when the SVL is standardized to L0.  

Frogs were categorised according to the type of population management they were 

sampled from, which dictates the environmental conditions they experience. Wild population 

refers to locations where frogs are found in their natural habitat with no human care 

intervention (Whareorino Forest and Maud Island). Captive populations refer to locations 

where frogs are monitored inside a controlled environment. These frogs are housed inside tanks 

and are fed on a schedule. Here, the temperature, humidity and light exposure are set to mimic 

the frog’s natural ecosystem (University of Otago and Auckland Zoo).  Semi-captive 

populations refer to locations where frogs are housed in 1.5 x 5 m outdoor tanks. These frogs 

are monitored with occasional human interventions and exposed to natural environmental 

conditions such as temperature, humidity and sunlight (Zealandia Ecosantuary and Auckland 

Zoo).  

 

Table 3.2.1. Number and species of frogs sampled in different locations, sampling date and 

temperature at the time frogs were swabbed 

Frog Species Location Sampling Date 
Temperature 

(°C) 

Number of 

Individuals 

Wild population        

Leiopelma archeyi Whareorino Forest 14 October 2019 8.5 39 

L. hamiltoni ª Maud Island 9-11 October 2020 12.4 18 

L. archeyi * Whareorino Forest 2014 - 2020 10.7 158 

L. archeyi * Pukeokahu 14 November 2019 9.5 17 

Captive population       

scaled mass index: M̂i =  Mi  
Lo 

Li 

bSMA 
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3.2.2 Extraction of DNA from swab 

Bd DNA was extracted from each swab following Boyle et al. (2004) and Hyatt et al. 

(2007).   Approximately 10 mm from the tip of each dry swab was cut by breaking the cotton 

tip into a sterile 1.5 mL centrifuge tube. Each swab was suspended with 50 µL of PrepMan™ 

Ultra Sample Preparation Reagent (Applied Biosystems, USA) along with 30-40 mg of sterile 

stainless steel 0.5 mm-diameter beads instead of silica beads (Hyatt et al., 2007). The solution 

was homogenised for one minute using Bullet Blender 24 (Next Advance, USA) followed by 

pulse centrifugation for 30 seconds at 13,000 x g. Homogenisation and centrifugation were 

repeated. Samples were heated at 100°C for 10 minutes and cooled at room temperature for 

two minutes before the final centrifugation at 13,000 x g for three minutes. Twenty microliters 

of the supernatant were transferred to a new sterile microcentrifuge tube and stored at -20°C. 

DNA samples were diluted with Tris- Ethylenediamine Tetraacetic Acid (TE) buffer (pH 8) at 

a ratio of 1:2 prior to qPCR assay. Dilution reduced possible PCR inhibitors that may be present 

in the PrepMan Ultra extract.  

 

3.2.3 Preparation of Bd standards using gBlock Gene Fragment 

Synthetic double-stranded gBlock gene fragments were used as the standard to estimate 

the number of Bd genomes extracted from individual swabs. The gBlock was purchased from 

Integrated DNA Technologies (IDT) in Singapore. A 206 bp gBlock was designed to target the 

internal transcribed spacer (ITS) 1 and 5.8S ribosomal RNA gene based on the partial sequence 

of Bd (Boyle et al., 2004) and retrieved from GenBank accession number AY598034.1 

(Appendix, Figure 8.1.1).  

L. archeyi  Auckland Zoo 17 December 2019 18.0 13 

L. hamiltoni ª University of Otago 21-22 May 2020 15.0 23 

L. hochstetteri University of Otago 24 June 2020 16.0 14 

Semi-captive population    

L. archeyi Auckland Zoo 17 December 2019 16.0 11 

L. hamiltoni ª Zealandia 

Ecosanctuary 

23 February 2021 18.4 31 

ª formerly classified as L. pakeka  

* Frog swabs were collected and provided by the Department of Conservation  
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The Bd gBlock was resuspended with 25 µL TE buffer (pH 8) to give an expected 

concentration of 10 ng/µL. The actual concentration was verified using Qubit™ dsDNA High 

Sensitivity Assay Kit (Invitrogen™, catalogue no. Q32851). The gBlock was diluted to a 2 

ng/µL concentrated stock solution and aliquoted into 5 µL lots.  This was stored at -20°C. 

gBlock concentration in ng/µL was converted to DNA copy number/µL using the formula:  

   (C) (M) (1 x 10-15 mol/fmol) (Avogadro’s number) = gBlock concentration (ng/µL) 

Where C is the current concentration of the gBlock (ng/µL), M is the gBlock molecular weight 

(fmol/ng) as provided on the IDT specification sheet, and Avogadro’s number is equivalent to 

6.022 x 1023 molecules per mol.  A 2 ng/µL concentrated stock solution is equivalent to 9.48 x 

1010 copies/µL. Bd gBlock standards were prepared by diluting the 9.48 x 1010 DNA copies/µL 

concentrated stock solution to working solutions of 1 x 100 to 1 x 103 DNA copies/µL.    

 

3.2.4 Preparation of Bd standards using known Bd zoospore concentration 

A cryopreserved culture of Bd isolate (AUS 8 strain) was provided by Associate 

Professor Russell Poulter from the Department of Biochemistry, University of Otago. The 

culture was thawed and transferred to 1% Tryptone agar (TA) plates incubated at 17°C for at 

least seven days until motile zoospores were visible moving around the zoosporangium. 

Developing zoosporangia were transferred to fresh 1% TA plates and incubated for at least one 

week.   Zoospores were collected from a week-old Bd 1% TA plate culture. The plate was 

flooded with three millilitres of 1% Tryptone-broth (TB) leaving the plate with the broth for 

one hour to allow the spores to dissociate from the zoosporangium. The broth was transferred 

to a sterile 15-mL centrifuge tube by passing through a 10-µm filter to remove unwanted 

zoosporangia.  Spore concentration was determined using a haemocytometer. The spore 

suspension was diluted to 1 x 107 spore/mL.   

Bd DNA was extracted following Boyle et al. (2004) as stated above where 1 x 107 

spore/mL suspension was centrifuged at 13,000 x g for one minute. After decanting the 

supernatant, the pellet was suspended with 200 µL PrepMan™ Ultra Sample Preparation 

Reagent (Applied Biosystems, USA) together with 30-40 mg of sterile stainless steel 0.5 mm-

diameter beads (Hyatt et al., 2007). After centrifugation, homogenisation, and heating, 150 µL 

of the supernatant was collected and stored at -20°C.  
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The extracted Bd DNA, with an assumption of 100% extraction efficiency, has a 

concentration of 1 x 107 Bd genomes in 150 µL which is equivalent to 6.7 x 107 genome/mL. 

Bd standards were prepared by diluting the DNA solution to 1000, 100, 10, 1 and, 0.1 genome 

equivalent concentrations.  

 

3.2.5 Optimisation of qPCR Assay 

3.2.5.1 SYBR green Assay  

Quantitative PCR assays were performed to obtain the absolute quantity of Bd DNA 

present in each frog swab. Optimisation of SYBR green and TaqMan assays was performed 

using the QuantStudio5 (Applied Biosystems, USA). Bioline SensiFAST SYBR No-Rox kit 

(Total Lab Systems, catalogue no. BIO-98005) was used for this project. A 10 µL master mix 

composed of 5 µL 2x Bioline SensiFAST SYBR No-ROX mix, 600 nM concentration of each 

primer: ITS1-3 Chytr (forward) and 5.8S Chytr (reverse) (Table 3.2.2), and 2 µL DNA template 

(diluted to 10-1) or standard. The assays were run with the following qPCR conditions: 

polymerase activation at 95°C for 3 minutes followed by 40 cycles of denaturation at 95°C for 

5 s, annealing at 60°C for 10 seconds and extension at 72°C for 30 s. Melting curve analysis 

was performed under the following default conditions: 95°C for 1 s, 60°C for 20 s, and 95°C 

for 1 s. All assays were performed in triplicate. Amplification of all or two out of three 

replicates were considered Bd-positive whereas amplification of one out of three replicates 

were considered as weak-positive. No amplicon production was considered Bd-negative. 

Samples with amplification of one out of three replicates were re-run. The same conditions 

applied depending on the how many replicate/s showed amplification.  

DNA amplicon samples were verified using agarose gel electrophoresis (AGE). A 2% 

agarose gel was prepared by mixing 2 g of agarose with 100 mL 1xTAE (Tris-acetate-EDTA, 

pH 8). Gel safe dye (0.5 µL) was added to visualise the DNA. GeneRuler DNA Ladder Mix 

(Thermo Scientific, catalogue no. SM0331) was used to estimate the size of the band. If present, 

bands must have a size of 146 bp to confirm presence of Bd.    
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Table 3.2.2. Primer and probe sequences used to amplify Bd DNA as described by Boyle et al. 

(2004). 

Primer Sequence 

ITS1-3 Chytr (forward)  5′-CCTTGATATAATACAGTGTGCCATATGTC-3′ 

5.8S Chytr (reverse) 5′-AGCCAAGAGATCCGTTGTCAA-3’ 

Chytr MGB2 (probe)  5′-6FAM CGAGTCGAACAAAAT MGBNFQ-3′ 

 

3.2.5.2 TaqMan Assays 

SYBR green was initially trialled to quantify Bd genome equivalents from each swab 

sample; however, non-specific amplification was observed. As a result, a probe-based approach 

was selected as these are more specific and sensitive than SYBR Green. TaqMan assays are 

probe-based methods using sequence-specific and fluorescence-labelled probes added to the 

sequence-specific primer mix. Two Probe kits were tested: TaqMan Fast Advanced Master 

Mix (Applied Biosystems, catalogue no. 4444556) and Bioline SensiFast Probe Lo-Rox kit 

(Total Lab Systems, catalogue no. BIO-84020). Both kits worked efficiently but considering 

assay cost and reproducibility, Bioline SensiFAST was chosen.  The optimised reagent 

concentration for the master mix (1x) was composed of 5 µL 2x Bioline SensiFAST Probe Lo-

Rox, 0.5 µL 20x TaqMan® Gene Expression Assays (Applied Biosystems, catalogue no. 

4332079), and 4 µL DNA template (1:2 diluted with TE buffer, pH 8) or standard. The probe 

was a TaqMan® Gene Expression Assay that utilised a FAM dye reporter and NFQ-MGB 

quencher. The probe/primer mix was composed of 900 nM of each primer and 250 nM probe. 

Primers and MGB TaqMan Probe (Applied Biosystems, USA) previously optimized for Bd 

detection by Boyle et al. (2004) are given in Table 3.2.2. The TaqMan assay was run using the 

following conditions: polymerase activation at 95°C for 3 minutes followed by 50 cycles of 

denaturation at 95°C for 5 s, annealing at 59°C for 10 seconds and extension at 72°C for 30 s. 

All assays were performed in triplicate.  

qPCR assays are prone to contamination at any point in processing: from swab 

collection in the field to laboratory processing of the DNA for qPCR. Precautions were made 

by replacing the gloves in between frogs during swab collection to prevent cross-contamination 
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between individuals.  Presence of PCR inhibitor chemicals (e.g., humic acid) was reduced by 

diluting the samples with TE buffer (TE, pH 8.0) and by leaving a gap in between the test 

samples and the standards on the 96-well plate as recommended by Skerratt et al. (2011). All 

assays were processed inside a biosafety cabinet that had been UV-sterilised for 30 minutes 

prior to sample processing.  

DNA samples that yield positive results were verified using 2% AGE (as stated above). 

Selected Bd-positive DNA samples were purified using MEGAquick-spin plus Total Fragment 

DNA Purification kit (iNtRON, catalogue no. IN17290), following manufacturer’s 

instructions. Purified DNA was measured using nanodrop, and 1.5 ng in 5 µL concentration 

was prepared for each DNA sample to send to Genetic Analysis Services, Department of 

Anatomy, University of Otago for sequence confirmation by capillary sequencing. Sequences 

were assessed using Geneious software where the Basic Local Alignment Search Tool 

(BLAST) was used to identify sequences. Sequences were aligned and a phylogenetic tree was 

constructed using the neighbour-joining method in Mega X (version 10.1.8, Kumar et al., 

2018). 

 

3.2.6 Quantification of Bd DNA copy per swab and Zoospore Equivalent 

The number of Bd DNA copies found per swab was calculated by multiplying the 

qPCR-generated DNA copy count with the DNA template dilution factor and volume of DNA 

template in the master mix then multiply by the concentration of DNA where the concentration 

of the DNA template is equal to the total volume of the eluted DNA divided by the volume of 

DNA template used in the 1x master mix (Maier and Peterson, 2016).   

 

For example: 

Total volume of the eluted DNA = 20 µL (based on Section 3.2.3: Extraction of Bd 

DNA from swab) 

Volume of DNA template used in the master mix = 7 µL 

Concentration of DNA template = 20 µL/7 µL = 2.86 

 

qPCR-generated DNA copy count = 200  

DNA template dilution factor (1:2) = 2 
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Volume of DNA template in the master mix = 4 (based on Section 3.3.5: Optimisation 

of qPCR Assay) 

Overall number of Bd DNA copies per swab = 200 x 2 x 4 x 2.86 = 4,576 DNA copies 

per swab 

 

3.2.7 Statistical Analysis  

Data analysis was carried out in R Statistical Software (version 4.1.1, R Core Team, 2021). 

The Bd status of each frog was based on the result of the TaqMan assay. The amplification of 

two or three (all) replicates was classified as a Bd-positive frog, whereas amplification of only 

one of the three was classified as a weak-positive frog. The TaqMan assay was repeated in 

triplicate for all weak positives. When none of the three replicates were positive, the frog was 

classified as Bd-negative. To determine whether the number of Bd DNA copies differed 

between frog species and location, a Generalised Linear Model (GLM) was used. For this 

analysis, the number of Bd DNA copies per swab was the response variable, and species (L. 

archeyi, L. hamiltoni, or L. hochstetteri) and location (Whareorino Forest, Pukeokahu, Maud 

Island, Auckland Zoo, Zealandia and University of Otago) were the predictor variables. A 

Poisson distribution was used for the response variable. Analysis of Variance (ANOVA) and 

Tukey’s test as a post-hoc test was used to identify if there was a significant effect of species 

and location on the number of Bd DNA copies per swab. Pairwise comparisons were carried 

out using the R package Multcomp (version 1.4.17; Hothorn et al., 2017) to identify which frog 

species and locations were significantly different from each other.  

For body condition, a linear model was used to test for a relationship between Bd 

presence and sampling location (predictor variable) and scaled mass index (response variable), 

separately for each species. A chi-square test was used to determine if Bd was more common 

in frogs from captive, semi-captive or wild populations. A chi-square test was also used to 

compare the prevalence of Bd between sampling locations, in separate tests for each of the two 

frog species: L. archeyi and L. hamiltoni. Leiopelma hochstetteri was not included in the 

analysis since it was sampled only in one location.  

To understand whether the likelihood of a frog being Bd-positive differed between the 

sexes, the number of infected and uninfected frogs were compared between males and females 

using a chi-square test. Only those frogs from the captive populations were included in this 

analysis as they were the only ones of known sex. Prevalence of Bd in L. hochstetteri was not 

measured as no individual was detected with Bd.   
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A linear model was used to identify if the number of Bd DNA copies in L. archeyi in 

Whareorino differ between 2014 – 2020. In addition, a chi-square test was used to compare the 

prevalence of Bd in L. archeyi in Whareorino between 2014 – 2020. 

3.3 Results 

3.3.1 Optimisation of the qPCR assay to detect Bd DNA from skin swab samples 

3.3.1.1 SYBR Green Assay  

3.3.1.1.1 Optimisation of SYBR Green Assay using DNA extracted from Bd zoospores  

To optimise the SYBR green assay initially, DNA extracted from Bd zoospores was 

used to assess if the Bioline SensiFAST SYBR No-Rox kit would detect Bd DNA. The aim of 

the assays was to yield a PCR efficiency of at least 92.0%, but with an annealing temperature 

of 60°C, the PCR efficiency was only 80.0%. A single peak observed from the melt curve of 

each sample indicated amplification of a single amplicon from the PCR and the specificity of 

SYBR green detection. In an attempt to increase the PCR efficiency, annealing temperatures 

were raised to 61°C, 62°C and 63°C from 60°C. Increasing the annealing temperature did not 

improve the PCR efficiency (Appendix, Figure 8.1.2). Since changing the annealing 

temperature did not influence the efficiency of the assay, the primer concentrations were 

increased in 100 nM increments from 400 nM to 500 nM and 600 nM to determine whether 

this improved amplification performance. The annealing temperature was set to 60°C. Both 

500 nM and 600 nM concentrations showed an increase in PCR efficiency to 103.0% and 

106.0% respectively (Appendix, Figure 8.1.3). However, the R2 values were 0.77 for both 

concentrations. The low R2 value may be due to pipetting error. Increasing the primer 

concentration improved efficiency of the PCR reaction so 600 nM was used for further 

optimisation.  

The input volume of DNA per assay was increased to see if this influenced the 

efficiency of the SYBR assay. DNA input was increased based on the volume of DNA per 

assay from 1 µL to 2 µL. Bd standard was diluted to 10-1, 100, 101, 102, and 103 genomes per 2 

µL concentrations in a 10-µL reaction master mix. Annealing temperature was set to 60°C. 

Increasing the DNA standard concentrations yielded a PCR efficiency of 96.2% and an R2 

value = 0.998 (Appendix, Figure 8.1.4). Increasing DNA volume also improved the SYBR 

assay. 
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3.3.1.1.2 SYBR Green Assay on DNA extracted from frog skin swabs  

After optimising the conditions and reagent concentrations for the SYBR Green Assay 

using Bioline SensiFAST SYBR No-Rox kit, I tested the assay on DNA extracted from skin 

swabs collected from the captive frogs at the University of Otago.   Amplification was observed 

from Bd standards but most of the melt curve generated from the skin swab DNA samples 

revealed non-target amplification (Figure 3.3.1). The amplification observed from most of the 

samples with multiple peaks following melt curve analysis was confirmed to be primer dimer 

since the bands were less than 146 bp after the samples were run on AGE (Figure 3.3.2). Primer 

dimers were formed when primers bind to each other. Bands observed to be longer than the 

146 bp were non-targeted amplifications. Complex interactions within frog samples means 

SYBR is not appropriate. This is why the decision to shift to TaqMan Assay was made.  
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Figure 3.3.1. Bd screening of swabs collected from L. hamiltoni using Bioline SensiFAST™ SYBR® No-ROX Kit. Bd DNA standards and some 

samples showed amplification with Bd-specific primers (a). The standard curve generated showed a R2 value = 0.955 and a PCR efficiency of 

87.3% (b). Formation of single peaks from the standards on the Melt Curve Plot (c) verified the specificity of the primers; however, several peaks 

were observed from most of the skin DNA samples, indicating that SYBR detected non-targeted amplification (d). CT refers to threshold cycle 

number.
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Figure 3.3.2. Agarose gel electrophoresis of SYBR Green Assay DNA products from L. 

hamiltoni swabs. AGE was performed to confirm if the amplification observed from 

different samples was Bd DNA, a primer dimer or non-targeted amplification.   The 

target size for Bd DNA was 146 bp as shown by the arrow. Samples with bands found 

below 146 bp size were products of primer dimer whereas bands above 146 bp were 

non-targeted amplification. DNA samples in corresponding lane number in parentheses: 

GeneRuler DNA Ladder (1, 16), P3 (2) , P2 (3), C1 (4), C3 (5), LP76 (6), C10 (7, 29), 

C5 (8), C6 (9), C8 (10), C11 (11),  C7 (12), LP81 (13), Mi1 (14), Mi3 (15), LP79 (17), 

LP84 (18), LP87 (19, 28), LP51 (20), LP62 (21), P4 (22), LP64 (23), LP55 (24), Blank 

swab (25), Blank PrepMan (26), No template control (27), 1,000 genome/2 µL standards 

(30). 
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3.3.1.2 TaqMan Assay  

3.3.1.2.1 Optimisation of TaqMan Assay using DNA extracted from Bd zoospores  

The non-targeted amplification and presence of multiple peaks on the melt curve using 

Bioline SYBR Green assay led to optimisation of a TaqMan assay to detect Bd from DNA 

samples. The TaqMan assay uses sequence-specific and fluorescence-labelled probe. It only 

generates a signal in the presence of the Bd target sequence.  This makes TaqMan more specific 

than the SYBR assay. The TaqMan probe assay was assessed using the DNA from Bd 

zoospores.  TaqMan Fast Advanced Master Mix and Bioline SensiFAST Probe Lo-Rox kit 

both amplified Bd from the test samples. The Bioline Probe kit was selected for this project 

based on the reproducibility and accessibility of the kit. In addition, the PCR conditions had 

been optimised for the Bioline SYBR, meaning that minimal optimisation of the Bioline probe 

kit was required. 

Following the manufacturer’s recommended reagent concentration and 2-step-cycling 

PCR conditions, a 77.3% PCR efficiency was obtained with an R2 value of 0.993 (Appendix, 

Figure 8.1.5).  A 2-step PCR cycle involves denaturation at 95°C and combined annealing and 

extension at 60°C whereas in the 3-step cycle the annealing temperature remains at 60°C but 

the extension has a separate temperature set at 72°C. Following 3-step cycling conditions 

improved the amplification efficiency to 85.7% (R2 = 0.996) (Appendix, Figure 8.1.6).    

Doubling the TaqMan probe volume from 0.5 µL to 1 µL per reaction did not enhance the 

efficiency of the amplification.  

To further improve the amplification efficiency, a gradient PCR was run to identify the 

optimum annealing temperature of the primers and probe using the two standards: Bd gBlock 

and Bd zoospore DNA. The PCR efficiencies for Bd gBlock (68 – 81%) were generally lower 

than the Bd zoospore DNA (69 – 86%) (Appendix, Figure 8.1.6). The PCR efficiency of Bd 

zoospore DNA was 77.3% at 60°C annealing temperature whereas at 58°C, 59°C and 61°C, 

the efficiency was at least 80%. The lowest efficiency of 69.8% was observed at 62°C. To 

improve the sensitivity of the assay, both the DNA template and PCR master mix volumes 

were increased. Raising the PCR reaction volume to 20 µL did not improve the PCR efficiency 

as compared to the 10 µL master mix volume, giving 86.2% (R2 value = 0.999) and 92.1% (R2 

value = 0.998) respectively (Appendix, Figure 8.1.7). The generally higher efficiency of the 

two PCR master mix volumes was also influenced by an increased volume (i.e., twice the 
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volume of the standard concentration) of the standards as 4 µL instead of 2 µL was used per 

10 µL reaction.  

 

3.3.1.2.2 Optimisation of TaqMan Assay using Bd standards 

Higher PCR efficiency was observed using Bd zoospore as standards when compared 

to Bd gBlock. However, inconsistency was also observed in using Bd zoospore standards 

because it requires manual cell counting of Bd spores to prepare the standards. Here, synthetic 

gBlock was used as a standard to identify the exact quantity of Bd DNA, if present, in each 

swab collected from individual frogs. Table 3.3.1 showed a reference standard of the zoospore 

equivalent based on Hyatt et al. (2007) where expected mean threshold cycle (CT) value was 

identified for each zoospore equivalent per reaction.  Inconsistent results were observed when 

following this approach. In my hands, the expected CT values for each corresponding standard 

were not achieved (Table 3.3.1). This inconsistency led to switching to the use of a synthetic 

Bd gBlock as standard. In my study, the use of the gBlock removed the bias of spore counting 

in preparing the standards and provided a more consistent and reliable reference to quantify 

DNA count.  

Different Bd strains have different numbers of DNA copies per zoospore. For instance, 

the equivalent copy number per zoospore for Bd JEL197 is 169 DNA copies per zoospore 

(Kirshtein et al., 2007). Table 3.3.1 presents the mean CT values obtained in using gBlock in 

comparison to the zoospore count performed by Hyatt et al. (2007). Mean CT values of gBlock 

standards were highly similar with the reference standards (Hyatt et al., 2007). The minimum 

detectable level for the gBlock standard was 1 DNA copy per µL, which has a mean CT value 

equivalent to 0.1 zoospore count in the reference standard. The mean CT of gBlock with 100 

DNA copies per µL was nearly equivalent to the mean CT of one zoospore equivalent per mL. 

The same mean CT was also observed between 1000 DNA copies per µL gBlock standard and 

10 zoospore equivalent, and between 10000 DNA copies per µL gBlock standard and 100 

zoospore equivalent.  

Overall, 96% PCR efficiency was obtained after the optimisation of the TaqMan Assay 

using Bioline SensiFAST Probe Lo-Rox kit and Bd gBlock as standards. 
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Table 3.3.1. Threshold cycle (CT) detected by the (A) synthetic Bd gBlock standard and (B) Bd genome standard in comparison with (C) Bd 

reference zoospore equivalent standard (Hyatt et al., 2007). 

A. Synthetic Bd gBlock Standards  B. Bd Genome Standards  
C. Bd Zoospore Standards 

(Hyatt et al., 2007) 

Standard 

Quantity 

(DNA 

copies/µL) 

Mean CT 

(mean ± SE) 
 Standard 

Quantity 

(genome/µL) 

Mean CT 

(mean ± SE) 
 Standard 

Zoospore 

equivalent 

(number of 

zoospores 

per reaction) 

Mean CT 

(mean ± SE) 

100 1 38.4 ± 0.15 
 

10-1 0.1 37.6 ± 0.31 
 

10-1 0.1 38.2 ± 0.1 

101 10 36.7 ± 0.22 
 

100 1 33.7 ± 0.09 
 

100 1 34.2 ± 0.01 

102 100 33.8 ± 0.26 
 

101 10 30.1 ± 0.08 
 

101 10 30.8 ± 0.0 

103 1000 30.4 ± 0.21 
 

102 100 25.4 ± 0.07 
 

102 100 27.3 ± 0.0 

104 10000 27.5 ± 0.23 
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3.3.2 Prevalence of Bd on native Leiopelma frog species in select New Zealand locations 

A total of 333 skin swabs from 324 frog individuals were screened for the presence of 

Bd using the TaqMan qPCR assay (Table 3.3.2). Twenty-two of the 324 frogs swabbed were 

Bd-positive (6.8%) and two were considered as weak-positive (L. hamiltoni sampled from 

Maud Island, Figure 3.3.3). The complete list of all the frogs swabbed with their corresponding 

Bd status can be found in the Appendix (Table 8.1.1). Bd was detected on L. archeyi in 

Whareorino Forest and L. hamiltoni at the University of Otago. The prevalence of Bd in L. 

archeyi and L. hamiltoni was not significantly different between locations (L. archeyi:  χ2= 

4.10, df = 2, P = 0.13; L. hamiltoni:  χ2= 4.12, df = 2, P = 0.13; Table 3.3.2). The highest 

percentage of Bd-positive frogs was found on L. archeyi from Whareorino Forest with a 

prevalence of 15.9%. One L. archeyi swab contained 458,519 Bd DNA copies (Table 3.3.3). 

Leiopelma hamiltoni at the University of Otago had the second highest prevalence with 13.0% 

while 11.0% of L. hamiltoni on Maud Island were Bd-weak-positive. While there was no 

significant difference in the number of Bd-positive frogs between frog species, L. archeyi had 

the highest rate of Bd presence (8.0%), followed by L. hamiltoni (4.2%) while all of the sampled 

L. hochstetteri were Bd-negative. The Bd DNA copies per swab was not significantly different 

across frog species (F2,330 = 0.229, P = 0.80) or locations (F5,327 = 0.161, P = 1.00). Despite 

detecting Bd in several frog individuals, frogs sampled in this study did not exhibit classic 

symptoms indicative of Bd fungal infection. Some frogs were found to have malformations or 

lesions on the skin, but these all tested as Bd-negative.    
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Table 3.3.2. Prevalence of Batrachochytrium dendrobatidis in three native frog species Leiopelma hamiltoni, L. archeyi, and L. hochstetteri in 

captive and wild populations across six sites in New Zealand. Confidence intervals (95%) were calculated using the Wilson method. 

 

Frog Species Location 
Number of 

Individuals 

No. of Bd-

positive 

Total Bd 

prevalence (%) 

95% Confidence 

Intervals 

Wild population      
 

  

L. archeyi Whareorino Forest 39 2 5.1% 1.4 – 16.9% 

L. hamiltoni ª Maud Island 18 2 ** 11.1% 3.1 – 32.8% 

L. archeyi * Whareorino Forest 158 17  10.8% 6.8 – 16.6% 

L. archeyi * Pukeokahu 17 0 0.0% 0.0 – 18.4% 

Captive population      

L. archeyi  Auckland Zoo 13 0 0.0% 0.0 – 22.8% 

L. hamiltoni ª University of Otago 23 3  13.0% 4.5 – 32.1% 

L. hochstetteri University of Otago 14 0 0.0% 0.0 – 21.5% 

Semi-captive population     

L. archeyi Auckland Zoo 11 0 0.0% 0.0 – 25.9% 

L. hamiltoni ª Zealandia Wildlife Sanctuary 31 0 0.0% 0.0 – 11.0% 

ª formerly classified as L. pakeka  

* Frog swabs were collected and provided by the Department of Conservation 

** Number of Bd-weak-positive individuals  
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Figure 3.3.3. Sampling locations and Bd prevalence of native frog species collected in the 

study. Three species of native frogs were captured and swabbed for Bd screening: L. archeyi, 

L. hamiltoni and L. hochstetteri.  The locations with the red labels represent wild populations, 

blue labelled locations represent captive populations and purple represents semi-captive 

populations. The prevalence of Bd presence was represented by pie charts where orange 

represented the percentage of Bd-negative, yellow Bd-positive and green Bd-weak-positive 

frogs. 
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Table 3.3.3. Frog individuals collected in different sampling locations that were declared with Bd-positive or weak-positive status. Samples that 

showed amplification on two or more out of three replicates were designated as Positive. Weak-positive status was given to swab samples where 

only one out of three replicates showed amplification.  

Frog ID Frog species Location 
Number of replicates 

with amplification 

Mean CT 

value 

Overall mean number 

of Bd DNA copies per 

swab 

Bd Status 

A232 Leiopelma archeyi Whareorino * 3 27.92 458519.46 Positive 

B540 Leiopelma archeyi Whareorino * 3 30.31 38864.28 Positive 

A233 Leiopelma archeyi Whareorino * 2 33.20 14986.39 Positive 

A225 Leiopelma archeyi Whareorino * 2 34.16 9203.20 Positive 

C905 Leiopelma archeyi Whareorino * 3 33.60 3057.06 Positive 

A229 Leiopelma archeyi Whareorino * 3 36.71 1575.97 Positive 

B539 Leiopelma archeyi Whareorino * 3 35.50 1425.06 Positive 

B412 Leiopelma archeyi Whareorino * 2 36.36 939.45 Positive 

B465 Leiopelma archeyi Whareorino * 3 37.99 293.14 Positive 

A223 Leiopelma archeyi Whareorino * 3 36.76 285.47 Positive 

C927 Leiopelma archeyi Whareorino * 2 36.42 258.13 Positive 

LA24 Leiopelma archeyi Whareorino 3 35.52 234.25 Positive 

C10 Leiopelma hamiltoni ** 
University of 

Otago 
3 36.36 163.61 Positive 

B495 Leiopelma archeyi Whareorino * 3 37.28 168.02 Positive 
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LP76 Leiopelma hamiltoni ** 
University of 

Otago 
3 36.65 138.91 Positive 

A221 Leiopelma archeyi Whareorino * 3 39.30 117.09 Positive 

LP87 Leiopelma hamiltoni ** 
University of 

Otago 
3 35.73 116.93 Positive 

B456 Leiopelma archeyi Whareorino * 3 38.16 90.21 Positive 

D1092 Leiopelma archeyi Whareorino * 2 38.12 83.18 Positive 

C837 Leiopelma archeyi Whareorino * 2 38.59 75.26 Positive 

D74 Leiopelma archeyi Whareorino * 3 38.64 57.53 Positive 

LA22 Leiopelma archeyi Whareorino 2 39.01 14.23 Positive 

LP2 Leiopelma hamiltoni ** Maud Island 1 40.09 22.84 Weak-positive 

LP4 Leiopelma hamiltoni ** Maud Island 1 40.01 24.13 Weak-positive 
       

* Frog swabs were collected and provided by the Department of Conservation   

** formerly classified as Leiopelma pakeka     
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Bd-positive qPCR products from L. archeyi and L. hamiltoni produced bands of approximately 

146 bp which is the expected band size for Bd DNA (Figure 3.3.4). The same band size was 

also observed on positive standards at Bd 10 spore/µL and Bd gBlock 1000 DNA copies/µL 

which was consistent with amplification observed using the TaqMan assay was due to the 

presence of Bd DNA from the skin swabs. Sequence analysis using a Neighbor-joining tree 

showed the phylogenetic relationship of the selected Bd-positive samples from L. archeyi and 

L. hamiltoni both aligned with the standards used (gBlock and Bd genome standard clustering 

with Bd JEL 197, Figure 3.3.5). The alignment of these sequences can be found in the Appendix 

(Figure 8.1.8).  

 

  

Figure 3.3.4. Agarose gel electrophoresis of selected Bd-positive samples. AGE was done to 

confirm if the amplification observed from different samples was Bd DNA. The target size for 

Bd DNA was 146 bp. Some samples were purified for sequencing purposes. Bd-positive frog 

samples in corresponding lane number in parentheses: purified qPCR products: C10 (3), LP76 

(4); qPCR products: LP87 (5), LA22 (6), LA24 (7); standards: Bd 10 genome/µL (9), Bd 

gBlock 1000 DNA copies/µL (10); purified standards: Bd 10 genome/µL (12), Bd gBlock 

1000 DNA copies/µL (13); and no template control (15).   
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Figure 3.3.5. Phylogenetic tree of selected Bd-positive samples and Bd gBLock. Bd-positive 

samples: LA_782, LA_3320, LA_3321, LA_3322, LA_8984, LP2, and standards: Bd gBlock 

and Bd genome clustering with Bd JEL 197 while Pseudomonas sp. was used as an outgroup. 

 

3.3.3  Prevalence of Bd in relation to Population, Sex and Body Condition  

The prevalence of Bd in native frogs was influenced by sex but not by population 

management (i.e., wild, captive and semi-captive) (Figure 3.3.6).  Chi-square analysis showed 

that there was no significant difference in the frequency of Bd-infected frogs observed between 

wild, captive and semi-captive frog populations (χ2= 4.46, df = 4, P = 0.35). A slightly higher 

Bd prevalence was observed in frogs from wild populations (8.2%, n=232) than captive 

populations (6.0%, n=50).  In captive and semi-captive frogs, only male frogs were detected 

with Bd (χ2= 5.09, df = 2, P = 0.024, Figure 3.3.6.B).   

The presence of Bd has a significant influence on the body condition of L. hamiltoni 

(F2,68 = 3.27, P = 0.044) but not in L. archeyi (P = 0.56) (Figure 3.3.7).  A significant difference 

 LA 8984

 Batrachochytrium dendrobatidis JEL 197 ITS region from reference material

 LP2

 LA 782

 LA 3320

 Bd gBlock

 LA 3321

 LA 3322

 Bd genome

 Pseudomonas sp. B53 16S ribosomal RNA gene partial sequence

47
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was found in the scaled mass index of L. hamiltoni between Bd-positive and Bd-weak-positive 

individuals (P = 0.044). This significant difference, however, may be attributed to the sampling 

locations where frogs live. The sampling location has a significant influence on the scaled mass 

index of L. archeyi (F2,239 = 233.3, P > 0.001) and L. hamiltoni (F2,68 = 237.29, P > 0.001). L. 

archeyi in Auckland Zoo have significantly higher scaled mass index than the wild populations 

of L. archeyi in Whareorino Forest (P > 0.001) and Pukeokahu (P > 0.001). L. hamiltoni in the 

University of Otago have significantly higher scaled mass index than L. hamiltoni in Maud 

Island Forest (P > 0.001) and Zealandia (P > 0.001). A significant difference was also observed 

between the scaled mass index of L. hamiltoni in Maud island and Zealandia (P > 0.001).  

 

 

 

Figure 3.3.6. Abundance of Batrachochytrium dendrobatidis (Bd) positive L. archeyi and L. 

hamiltoni in captive, semi-captive and wild populations (A). The number of Bd-positive frogs 

for sex-identified individuals from the captive and semi-captive population (B). 
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Figure 3.3.7. Body condition of the three endemic frog species (L. archeyi, L. hamiltoni and 

L. hochstetteri) in relation to their Bd status and location. Relationship of weight (g) and 

snout-vent length (mm) in Leiopelma species in relation to (a) Bd status. Relationship of 

scaled mass index (g) and snout-vent length (mm) in Leiopelma species in relation to (b) Bd 

status and (c) sampling location. 
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3.3.4 Temporal trends in the Bd prevalence in Whareorino Population  

The overall prevalence of Bd in L. archeyi in Whareorino Forest was 8.5%. Bd 

prevalence peaked in 2017 and subsequently declined between 2018-2020 (Table 3.3.4). The 

number of Bd DNA copies per swab (including negative swabs) was not significantly different 

between years (F6,199 = 0.56, P = 0.76). The number of Bd-positive L. archeyi did not differ 

significantly between years (χ2= 9.68, df = 6, P = 0.14).  
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Table 3.3.5. Temporal trends in the Batrachochytrium dendrobatidis (Bd) prevalence and abundance in L. archeyi in Whareorino Forest sampled 

between 2014-2020. Confidence intervals (95%) were calculated using the Wilson method. 

 

Year of 

collection 

Total number 

of frogs 

sampled 

Number of frogs 

swabbed 

Number of     

Bd-positive  

Total Bd 

prevalence (%) 

95% Confidence 

Intervals 

Mean Bd DNA copies per 

frog (± sd) 

2014 350 35 0 0.0% 0 – 9.9% 0  

2015 382 24 2 8.3% 2.3 – 25.9% 42  ± 192 

2016 217 12 1 8.3% 1.5 – 35.4% 8  ± 26 

2017 198 19 4 21.1% 8.5 – 43.3% 33  ± 77 

2018 368 54 8 14.8% 7.7 – 26.6% 9,504  ± 62,491 

2019 424 56 4 7.1% 2.8 – 17.0% 273  ± 2,002 

2020 164 6 0 0.0% 0 – 39.0% 0  
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3.4 Discussion  

In this study, the TaqMan assay for Bd using the Bioline SensiFAST Probe Lo-Rox kit 

yielded 96% PCR efficiency (Section 3.3.1). I used this diagnostic assay to observe the 

presence of Bd in captive and/or wild populations of L. hamiltoni, L. archeyi and L. hochstetteri 

(Section 3.3.2). Bd was detected in the captive population of L. hamiltoni at the University of 

Otago and the wild population on Maud Island whereas Bd was not detected in any captive 

populations of L. hochstetteri. An increased prevalence of Bd was found in the wild L. archeyi 

population in Whareorino Forest (Section 3.3.4).  These results showed that Bd still exists in 

New Zealand’s native frog populations in spite of their ability to clear chytridiomycosis 

following laboratory experimental exposure (Ohmer et al., 2013; Shaw et al., 2010).  

 

3.4.1 Efficiency of the SYBR Green and TaqMan Assay in detecting Bd DNA from skin 

swabs  

The use of real-time TaqMan PCR assay to detect Bd from frog skin swabs was first 

developed by Boyle et al. (2004) and served as a standard in diagnostic screening of 

chytridiomycosis in frogs. However, TaqMan assays use expensive reagents that pose a 

challenge to many researchers aiming to monitor chytridiomycosis in both the wild and in 

captivity. Sending skin swabs to centralised laboratories that can run a real-time PCR assay has 

been an alternative option. Here, we optimised SYBR green and TaqMan assays using Bioline 

qPCR kits for Bd DNA from skin swabs. Bioline reagents proved more affordable and reliable 

for these assays. We originally tested a SYBR green based assay that offers a straightforward 

method that has recently been optimised for Bd detection (Kirshtein et al., 2007) in the hope 

that this would yield a specific and conclusive result. In our trials the Bioline SensiFAST SYBR 

No-Rox kit yielded 91.5 ± 6.16 % PCR efficiency (R2 = 0.99 ± 0.01). However, multiple peaks 

on the melt curve were observed on DNA samples from the captive L. hamiltoni kept at the 

University of Otago (Figure 3.3.1).  Agarose gel electrophoresis confirmed that the multiple 

peaks observed represented non-specific binding of the primers and formation of primer dimer 

since the bands were either above or below 146 bp (Figure 3.3.2). Primer dimers are formed 

when primers bind to each other and are extended during thermal cycling. SYBR green dye 

binds to any double-stranded DNA (Wong and Bai, 2006) and off-target DNA amplification 

will result in false-positive amplification. Formation of the multiple peaks may be due to 
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background fluorescence or non-specific amplification (Kirshtein et al., 2007). For these 

reasons, the use of SYBR green was not continued.  

The issues encountered from non-specificity and primer dimer formation were resolved 

by using a TaqMan assay. The TaqMan assay is more specific than the SYBR green assay 

because it uses a sequence-specific probe with minor groove binder (MGB, Kutyavin et al., 

2000) together with the sequence-specific primers. The probe was labelled with a reporter dye 

6-Carboxyfluorescein (6-FAM) at the 5’ end and a nonfluorescent quencher-minor groove 

binder (NFQ-MGB) at the 3’ end as designed by Boyle et al. (2004). The quencher inhibits 

fluorescence emission of the reporter dye. If the probe binds to the target DNA the quencher’s 

effect is removed and the reporter dye fluoresces. This results in more specific amplicon 

detection. We optimised Bioline SensiFAST Probe Lo-Rox kit for this TaqMan assay to yield 

an overall efficiency of 96.07± 0.34% (R2 = 0.98 ± 0.00). This assay has a limit of detection of 

1 DNA copy/µL which has a CT value of 38.4 ± 0.15, very close with the CT value of 0.1 

zoospore per reaction (CT value = 38.2 ± 0.1) using Taqman Master Mix (Applied Biosystems) 

developed by Boyle et al. (2004).  

We used synthetic gBlock gene fragments to quantify the number of Bd genomes 

present, a more accurate and reproducible (Rebollar et al., 2017) method than using standards 

derived from a known spore concentration. DNA copies per microlitre can be converted to 

genome equivalent per microlitre if the strain of the Bd infecting the frogs is known. It is 

important to make sure that the strain used for the reference Bd genome matches the strain of 

Bd in the wild. However, the strain of Bd in the wild is not always known. Different strains of 

Bd have different ITS copy numbers (Longo et al., 2013). The actual Bd genome equivalent 

can be divided by the number of ITS copies based on the Bd strain infecting the frogs (Rebollar 

et al., 2017).   

The use of sterile swabs when screening for Bd, instead of skin tissue or water filtrate, 

also plays an important role in the efficiency of the assay. Shin et al. (2014) recommended the 

use of water filtration to detect Bd in frogs since skin swabbing often failed to detect Bd. Their 

method may not be invasive, but the procedure involved submerging 90% of the frog’s body 

in sterile water for 24 hours. This is not an ideal protocol for leiopelmatid frogs as minimal 

handling time is important to reduce the stress induced by captivity (Potter and Norman, 2006; 

Bishop et al., 2009). Low detection using skin swabs can be attributed to the low titre infection 

of the frog (Blooi et al., 2013). Swabs are commonly used because they are a non-invasive 
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approach and do not require collection of animal tissue for the screening process. Traditionally, 

skin samples were collected from diseased or dead frogs and processed for immunohistology 

staining to screen for Bd. Immunohistology can confirm the titre of infection but is highly 

invasive and requires expertise to process histological samples to confirm a Bd diagnosis. 

Skerratt et al. (2011) suggested that the qPCR assay is the most accurate test for Bd detection 

and is more sensitive when compared with histological samples but to confirm the severity of 

infection, histological samples are more reliable.  

 

3.4.2 Prevalence of Bd in native frog populations at select New Zealand locations 

An overall low prevalence (6.8%, n=324) of Bd was found on Leiopelma species in 

New Zealand spanning the 20 years since the discovery of Bd, with prevalence across six 

locations showing no significant difference (Section 3.3.2). Ohmer et al. (2013) suggested that 

chytridiomycosis was not a major threat to the New Zealand native frog species. The low 

mortality rate of native frogs in relation to Bd suggests that Bd is endemic to New Zealand 

(Shaw et al., 2013). However, the presence of the fungus is an indication that despite the frogs’ 

ability to mitigate chytridiomycosis, the Bd persists.  

 

3.4.2.1 Leiopelma archeyi 

Leiopelma archeyi was sampled from three sites including Auckland Zoo, Whareorino 

Forest and Pukeokahu Forest. Auckland Zoo is a breeding facility for L. archeyi that ensures 

the survival of this species, regarded as the world’s most evolutionary distinct and globally 

endangered frog species. All frogs from Auckland Zoo tested negative for Bd which is 

reassuring, since these frogs were originally translocated in 2016 from Coromandel and 

Whareorino populations, which are both Bd-infected sites (Bell et al., 2004). Nineteen L. 

archeyi from the wild population in Whareorino were confirmed to be Bd-positive. The Bd 

prevalence of 16% in Whareorino forest between 2014-2020 was considerably higher than the 

6% Bd prevalence measured between 2005-2010 (Shaw et al., 2013). The highest number of 

Bd DNA copies among Bd-positive individuals was a L. archeyi (Frog_ID: A232) from 

Whareorino forest collected in 2018 with 458,519 Bd DNA copies per swab. Waldman et al. 

(2001) suggested that the Bd strain found on a dead Ranoidea raniformis in Canterbury was 

closely related to the United States of America Bd strain. In this study, the strain of Bd found 

http://www.esapubs.org/archive/ecol/E094/192/metadata.php#_ENREF_5
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in the Bd-positive leiopelmatid frogs clustered with Bd strain JEL197 (Figure 3.3.5). JEL197 

is part of the virulent Global Pandemic Lineage (GPL) that was isolated from a blue poison 

dart frog that died because of chytridiomycosis in National Zoological Park, Washington, USA 

(Longcore et al., 1999). The equivalent copy number per zoospore for Bd JEL197 is 169 copies 

per zoospore (Kirshtein et al., 2007). Following this conversion, 458,519 Bd DNA copies is 

equivalent to 2,713 zoospores per swab. This count is below the infection intensity threshold 

suggested by Vredenburg et al. (2010) and known as Vredenburg’s ‘‘10,000 Zoospore Rule’’. 

Chytridiomycosis could result in amphibian decline if the population has a mean infection 

intensity of 10,000 zoospore equivalent per swab (Vredenburg et al., 2010, Kinney et al., 2011).  

Currently, chytridiomycosis is not considered a major threat to L. archeyi because of the frogs’ 

ability to clear the infection as proven in experimental exposure in the laboratory (Ohmer et 

al., 2013).  

Leipelma archeyi in Pukeokahu in Pureora Forest were all Bd-negative. Pukeokahu is 

a translocation site for 70 L. archeyi originally from Whareorino Forest. Frogs were 

translocated in 2006 to reduce the risk of chytridiomycosis in the Archey’s population. An 

additional 70 individuals were translocated in 2016 to increase the genetic diversity of the 

translocated population (Sherley et al., 2010; Cisternas, 2019). All these translocated frogs 

were Bd-negative at the time of release (Cisternas, 2019) and have retained their negative status 

to date. This shows that translocation to a chytrid-free location can prevent spread of Bd in 

susceptible individuals.  

 

3.4.2.2 Leiopelma hamiltoni 

Leiopelma hamiltoni sampled from the University of Otago showed slightly higher 

prevalence (13%) when compared to wild counterparts on Maud Island where frogs were 

declared as weak-positive (11%). No Bd-positive frogs were found in Zealandia Ecosanctuary. 

All L. hamiltoni housed at the University of Otago and Zealandia were translocated from 

predator-free Maud Island (Bishop et al., 2013). Captive frogs in the University of Otago were 

previously experimentally infected with a New Zealand Bd strain (RTP4) in 2009 to explore 

the virulence of this strain to L. hamiltoni, L. hochstetteri and Li. ewingii (Ohmer, 2011). The 

strain of Bd that we found in the recent study does not match with the RTP4 local strain but 

rather with a JEL197 that is highly deadly to most species of frogs worldwide. The New 

Zealand Bd strain (RTP4 or RTP6) sequence is not part of the National Center for 
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Biotechnology Information (NCBI), and this may be the reason why the sequence we have 

generated matched with the JEL197 strain instead of RTP4. This study showed that despite the 

thorough tank clean up and monitored environmental conditions, Bd may persist in the skin of 

previously infected individuals.  

 

3.4.2.3 Leiopelma hochstetteri 

Leiopelma hochstetteri is the most widely distributed native frog species and is the only 

species that has never been detected with Bd. It is considered as Bd-naïve (Thurley and Haigh 

2008, Bishop et al., 2013). All L. hochstetteri kept at the University of Otago tested negative 

for chytrid fungus despite being the only semi-aquatic species of the three native frogs. 

Association with aquatic environment for breeding is generally considered to pose more threat 

of chytridiomycosis since Bd releases its zoospores in the water to search for and infect a new 

host (Kriger and Hero, 2007). One possible explanation for this immunity is the presence of 

antimicrobial peptides and skin bacteria that may play a role in protecting these frogs against 

chytridiomycosis (Bishop et al., 2009).  

 

3.4.3 Prevalence of Bd in Wild, Captive and Semi-captive Populations  

Chytridiomycosis has had significant impacts on 34 Australian frog species, leading to 

mortality of both captive and wild frog populations infected with chytrid fungus (Berger et al., 

2004). In our study, the prevalence among three types of population management (wild, captive 

and semi-captive) showed no significant difference and there was generally low infection of 

individuals. Animals in the wild are more likely to be susceptible to infection or parasitism 

(Milotic et al., 2020). However, our study showed that Bd is equally less prevalent in frogs in 

captivity and in the wild.  

Higher prevalence and transmission of infection is heightened in a contained facility 

(Milotic et al., 2020). Frogs from the captive populations (e.g., Auckland Zoo and University 

of Otago) were expected to have fewer Bd-positive cases since these individuals have been 

monitored for disease manifestation and health condition regularly (personal communication, 

Phil Bishop). Disease monitoring is important as infected individuals can be placed in a 

quarantine facility to prevent further spread or the disease (Young et al., 2007). Disinfectants 

such as Virkon, TriGene and sodium hypochlorite have been proven to kill Bd spores and are 
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used to disinfect equipment and gear used in collecting frogs as a measure to prevent spread of 

Bd in both wild and captive environments.     

Another factor that may explain differences in infection rates between frogs is the 

temperature at the time of sampling. Frogs from the wild populations were collected during 

Spring (2019, 2020) where the air temperature ranges between 8.5 – 12.4°C. For the semi-

captive populations, frogs were swabbed between December 2019 and February 2020 when 

the temperature was between 16 – 18°C. Captive frogs were kept at temperatures that mimic 

the environmental conditions depending on the season. Captive and semi-captive frogs were 

swabbed between December 2019 – February 2021 with an average temperature of 17°C.  Bd 

can grow between 4 and 25°C with an optimum temperature between 17 and 25°C (Fisher et 

al., 2009) and the virulence is at its highest between 12 and 23°C (Berger et al., 2004; Shaw et 

al., 2013). Zoospores of Bd may persist in the environment with or without an amphibian host. 

Bd is sensitive to high temperature (37°C, Johnson et al., 2003). New Zealand had an average 

annual temperature of 13.2°C in 2020 (National Institute of Water and Atmospheric Research, 

NIWA, 2021 Annual Climate Summary) which is an ideal temperature for Bd growth. Higher 

Bd prevalence has been observed in colder seasons (Berger et al., 2004). Season and 

temperature may influence the presence of Bd in frogs and these factors should be considered 

when detecting Bd in wild populations. 

 

3.4.4 Influence of Sex in Bd Prevalence  

Male frogs have significantly higher prevalence to Bd than females (Section 3.3.3), but 

to confirm this, Bd exposure experiments should be performed. Among the 51 sex-identified 

frogs from the University of Otago and Auckland Zoo, all the infected individuals were males.  

Except for L. hochstetteri, leiopelmatid frogs do not exhibit a pattern of sexual size dimorphism 

where females have slightly longer SVL than males (Bell, 1978; Germano et al., 2011). In L. 

hamiltoni, adult female SVL can range from 35 – 50 mm whereas adult males grow to only 43 

mm (Bell 1978). There is an obvious overlap in size between the sexes that makes it difficult 

to distinguish a leiopelmatid frog’s sex by size (Tocher et al., 2006). Unfortunately, there are 

no physical characteristics to differentiate terrestrial Leiopelma species by sex except for 

hormone analysis (e.g., via urine test) or laparoscopy is needed to confirm the sex of L. archeyi 

and L. hamiltoni (Germano et al., 2011).  Sex and life stage have been shown to play a major 

role in Bd prevalence in foothill yellow-legged frog Rana boylii in California; males have 
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higher Bd prevalence than females or juveniles (Adams et al., 2017). Factors such as sex 

hormones and mating behaviour showed an association with Bd susceptibility in R. boylii 

(Adams et al., 2017). Testosterone in males acts as a suppressor of immune response in 

amphibians, which may result in greater vulnerability to any infection (Adams et al., 2017).  

In most species of frogs, during the breeding season, male frogs produce mating calls 

to attract females, a highly competitive means of finding a mate that often results in 

congregation and violent encounters with other male frogs and longer exposure to the pond 

environment. This increases the chance of chytridiomycosis transmission (Wheeler and Welsh, 

2008; Adams et al., 2017). Leiopelmatid frogs, on the other hand, have limited vocalisation 

associated with the absence of external ears (Bell, 1978), suggesting that an association 

between vocalisation and Bd prevalence is unlikely to exist in Leiopelma. However, these frogs 

gather with other individuals under rocks, and this behaviour may contribute to an increased 

chance of sharing Bd infection. Terrestrial Leiopelma frogs provide protection to the 

developing offspring (paternal care) (Adams et al., 2017). Frogs with parental care as observed 

in Eleutherodactylus cooki are prone to tick parasitism but not to the skin pathogen B. 

dendrobatidis. The attending parent tends to restrict their movements resulting in longer 

exposure to local parasites (Longo et al., 2020). In terrestrial leiopelmatid frogs that provide 

parental care, susceptibility to Bd needs further investigation. 

    

3.4.5 Influence of Body condition in Bd Prevalence  

The difference in body condition between wild and captive L. hamiltoni and L. archeyi 

may be associated to the feeding behaviour in their respective habitats and not Bd status (Figure 

3.4.1). Bd-positive frogs in this study seemed to have heavier mass than Bd-negative frogs. Bd-

infected frogs sometimes manifest symptoms such as lethargy, loss of appetite, and loss of 

righting reflex (Kolby and Daszak, 2016). Loss of weight in relation to inappetence is one side 

effect of chytridiomycosis however, in this study, Bd-positive L. hamiltoni had higher scaled 

mass index than Bd-negative L. hamiltoni. Bd-positive L. hamiltoni were sampled from a 

captive population at the University of Otago. A similar pattern was observed in L. archeyi 

from Auckland Zoo where they have significantly higher scaled mass index when compared to 

their wild populations: L. archeyi in Whareorino Forest and Pukeokahu, and L. hamiltoni on 

Maud Island. This result suggests captivity is the main factor that influences the difference in 

body condition in L. hamiltoni and L. archeyi. Frogs in the wild need to hunt for their prey and 
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would eat any live insects or animals that they may encounter whereas frogs in captivity are 

fed reliably with live insects on a weekly basis. Leiopelma hamiltoni housed in the University 

of Otago, for example, were fed once a week with 2 – 3 small crickets and 1-3 slaters coated 

with calcium supplements per individual in each tank. Reared crickets are a highly nutritive 

food source that also contains proteins and lipids (Magara et al., 2021). Shilton et al., (2001) 

found that captive Cuban tree frogs have significantly higher total cholesterol to phospholipid 

ratio when feed regularly on high-fat crickets as compared to their wild counterparts. In 

addition, frogs in the wild hibernate during winter months so they eat less and use their stored 

body fats for physiological processes (Shilton et al., 2001) whereas frogs in captivity are fed 

on a weekly basis regardless of seasonal changes and do not exhaust the fats they have stored 

leading to weight gain. Lastly, the environmental condition for captive frogs is set to their 

optimal growth requirements, is stress-free with no predators and provides regular assessment 

of their health and condition to guarantee survival of captive frogs (Davis and Maerz, 2011). 

The feeding pattern and favourable environment for the captive frogs may have contributed to 

the difference of scaled mass index of leiopelmatid frogs and not Bd presence.  

 

3.4.6 Temporal trends in Bd prevalence for the Whareorino Population  

The number of Bd positive cases in L. archeyi in Whareorino Forest detected between 

2014 – 2020 has changed across this seven-year period. Bd prevalence increased between 2015 

to 2017 and then decreased between 2018 and 2019. An area of 600 ha in Whareorino was 

dedicated for the conservation of L. archeyi and L. hochstetteri. Some individuals have been 

sampled and screened for Bd more than once but yielded a consistent Bd-negative result 

(Appendix, Table 8.1.2). The highest Bd prevalence rate occurred in 2017 (21.05%) but the 

mean number of Bd DNA copies found was relatively low (33 ± 77 DNA copies). A trend 

towards the mean number of Bd DNA copies per swab increasing dramatically from 8 ± 26 

DNA copies in 2016 to 9,504 ± 62,491 DNA copies in 2018 was observed.   

The reduced number of frogs sampled in Whareorino in 2016 and 2017 coincided with 

aerial 1080 operations aimed at killing invasive mammals such as rats (Rattus rattus) and 

possums (Trichosurus vulpecula) (Easton, 2021, unpublished DOC report). The highest Bd 

DNA count was found in an L. archeyi in 2018 when aerial 1080 was replaced with self-

resetting pest controller Goodnature A24 trapping (see Easton, 2021, unpublished DOC report).  

It was unclear whether the release of aerial 1080 and/or the change of rat traps had an influence 



75 

 

on Bd prevalence, but the abundance of invasive mammals may influence the abundance of 

frogs in Whareorino Forest. Bite marks found on dead L. archeyi showed predation by rats on 

native frog species (Thurley and Bell, 1994). Animals that feed on Bd-infected frogs could also 

serve as vectors for chytrid fungus. For instance, the snake species Blunthead Tree Snake 

(Imantodes cenchoa), Rough Coffee Snake (Nothopsis rugosus) and Cope’s False Coral Snake 

(Pliocercus euryzonus) were found to be Bd-positive, acquiring Bd zoospores after predating 

Bd-infected frogs (Kilburn et al., 2011; Prahl et al., 2020). Even waterfowl species have been 

known to carry Bd spores on their feet (Hanlon et al., 2017).  

Introduction of invasive frog species may contribute to the dissemination of 

chytridiomycosis. In New Zealand, three introduced Australian frog species, the Southern bell 

frog Ranoidea raniformis, Green and Golden frog R. aurea and Whistling tree frog Litoria 

ewingii have naturalised and are highly susceptible to chytridiomycosis (Bell et al., 

2004; Melzer and Bishop, 2010; Ohmer et al., 2013). Both R. raniformis and R. aurea were 

classified by the IUCN Red List of Threatened Species as endangered and vulnerable, 

respectively (Hero et al., 2004). Ranoidea aurea has inhabited areas of the North Island where 

the native species L. archeyi and L. hochstetteri reside (Van Winkel et al., 2018). This 

cohabitation may lead to local transmission of chytridiomycosis between the introduced and 

native frog species, putting the native species at more risk.   

 

3.5 Conclusion and recommendations 

This study shows that the TaqMan assay using the Bioline SensiFAST Probe Lo-Rox kit 

can be used in diagnostic screening for Bd presence on frogs using skin swabs. Detection at 

low levels (1 DNA copy per microlitre) makes this an extremely sensitive assay ideal for Bd 

screening. Chytridiomycosis may not pose a great threat to our native frog species since all the 

Leiopelma species have low susceptibility to chytridiomycosis. For sex-identified frogs, male 

frogs had higher infection rates for chytrid fungus than females. Prevalence of Bd was not 

significantly different among sampling locations, frog species or populations. Captive L. 

archeyi and L. hamiltoni tend to have significantly higher scaled mass index than their wild 

counterparts which suggests that the difference in their body condition may be associated to 

the feeding pattern of frogs in captivity. Bd prevalence among wild, captive and semi-captive 

populations was not significantly different, however, higher prevalence was observed in the 

wild population. Continuous monitoring of this population is needed to follow the prevalence 
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rate of Bd in Whareorino Forest and address necessary conservation efforts to safeguard this 

L. archeyi population.  

We highly recommend conducting Bd screening on introduced frog species; they may 

provide a reservoir for the fungus as they are more susceptible to chytridiomycosis. 

Conservation efforts on these introduced species are not of priority to New Zealand since these 

species are not endemic. However, R. aurea inhabits areas of the North Island where L. archeyi 

also live. In addition, a more in-depth analysis (e.g., whole genome sequencing) of the Bd strain 

infecting native frog species should be undertaken to assess its virulence and potential threat 

to both native and introduced frog species.  This will also prove enlightening for identification 

of the possible lineage of this Bd strain to know more about its origin and mode of transmission. 
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4 CHAPTER 4 

METAGENOMICS ANALYSIS OF THE CUTANEOUS MICROBIOME OF 

NEW ZEALAND NATIVE FROGS (Leiopelma) ASSOCIATED WITH -

Batrachochytrium dendrobatidis  

 

4.1 Introduction 

The cutaneous microbiome is part of the innate immune system that provides the first line 

of defence to fight off pathogens in amphibians (Woodhams et al., 2007; 2016; Hughey et al., 

2017). The skin microbiome of amphibians has been utilised to mitigate an emerging infectious 

disease known as chytridiomycosis (Woodhams et al., 2018). Chytridiomycosis is a lethal skin 

infection in amphibians caused by a chytrid fungus Bd (Lips et al., 2006). Melzer and Bishop 

(2010) explored antimicrobial peptides present in different native and introduced species that 

showed that L. archeyi and Li. ewingii produced most antimicrobial peptides capable of 

inhibiting Bd in vitro. Leiopelma hochstetteri and L. hamiltoni both produced lower 

concentrations of protective peptides, but inhibition was strong.  The presence of antimicrobial 

peptides may explain why Bd has never been detected in the semi-aquatic species L. 

hochstetteri despite frogs of this species living in partial sympatry with the terrestrial and Bd-

susceptible L. archeyi (Moreno et al., 2011).  Shaw et al. (2014) conducted a baseline inventory 

of the skin bacteria in L. archeyi and L. hochstetteri from Whareorino forest and Coromandel 

Peninsula to assess the contribution of these bacteria against chytridiomycosis. Challenge 

assays against Bd revealed that species of Pseudomonas and Flavobacterium were among the 

isolates that showed inhibition against Bd. However, further investigation is needed to fully 

understand the role of cutaneous microbes in the immunity to chytridiomycosis (Shaw et al., 

2014).  

In amphibians, several factors such as environment (Kueneman et al., 2014; Loudon et al., 

2014), host health (Becker et al., 2015), and disease (Jani and Briggs, 2014) contribute to the 

community composition of the cutaneous microbiome. In frogs, microbiome dysbiosis, the 

change and imbalance in the microbial composition due to the presence of a disease (Das and 

Nair, 2019), was shown to influence susceptibility to chytridiomycosis (Jani and Briggs, 2014). 

Frog skin is a highly nutritive substrate that provides a rich environment for a wide variety of 
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microorganisms. Some of these microbes can be beneficial while others can be detrimental to 

the host species. Resident microbes could be beneficial by providing a defense against 

environmental stressors and disease-causing microorganisms, such as by inhibiting the growth 

of an invasive pathogen such as Bd (Becker et al., 2015). In vitro assays showed that some 

bacteria isolated from the skin of different species of frogs exhibited antifungal capabilities 

against the lethal Bd (Becker et al., 2015). Several studies have supported these findings and 

more studies are on-going to assess the potential contribution of these skin microbes to a frog’s 

immunity. Kruger (2020) suggested that the immune response of frogs to chytridiomycosis 

may be predicted by studying the cutaneous microbiome of different frog species since some 

microorganisms contain antifungal properties that may ward off Bd. If the microbial 

composition of a frog population is rich with antifungal microbes it may confer resistance 

against Bd, whereas in a population where frogs do not have, or host a smaller number of, 

antifungal microbes, their population may suffer a greater level of disease (Lam et al., 2010; 

Bletz, et al., 2017) that may lead to species extinction. 

To date, very little is known about the microbiome of one of the world’s evolutionarily 

distinctive genus of frog, Leiopelma. In this chapter, the main objective was to use next-

generation sequencing to describe the microbial composition of the skin that is associated with 

Bd in the endemic frog species of New Zealand. We compared the skin microbiome of two 

frog species that represented two populations: L. archeyi were sampled from the wild 

population in Whareorino Forest where frogs have been exposed to Bd (Bell et al., 2004) and 

L. hamiltoni were swabbed from the captive population housed at the Animal Facility, 

University of Otago where frogs were historically infected experimentally with Bd (Ohmer, 

2011). In addition, we aimed to compare the cutaneous microbiome between Bd-positive and 

Bd-negative individuals to determine whether the diversity of the cutaneous microbiome 

associates with the presence of Bd or is primarily associated with the host species. Lastly, we 

explored the potential inhibitory capabilities of these skin bacteria against chytridiomycosis by 

comparing them to the antifungal isolates database developed by Woodhams et al. (2015). This 

study provides a comprehensive exploration of the Leiopelma skin microbiome that may also 

support the findings of Shaw at al. (2014) that the resistance of Leiopelma spp. to 

chytridiomycosis is due to the presence of anti-Bd microbes on the skin of the frogs. It also 

provides insights into the host-pathogen interaction between New Zealand native frogs and 

chytridiomycosis.  

 

http://www.esapubs.org/archive/ecol/E094/192/metadata.php#_ENREF_5
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4.2 Methods 

4.2.1 Sample collection  

Some individual frogs that were declared as Bd-positive (see Chapter 3, Section 3.3.2) 

were included for the metagenomic analysis. The extraction of DNA from the frog skin swabs 

and the Bd screening process were described in Chapter 3, Section 3.2. Several individuals of 

both frog species were Bd-positive: L. hamiltoni (n=3) from the University of Otago and L. 

archeyi (n=2) from Whareorino Forest. Individuals were selected from among the frogs that 

were swabbed to collect culturable microbes and also yielded a negative result to Bd presence. 

Table 4.4.2.1 presents the Bd-positive and Bd-negative frog skin swabs and controls that were 

processed for metagenomic analysis. A historic dataset from a previous study from caged frogs 

was used to conduct a power analysis following Xia et al., (2018) to determine the number of 

frogs needed to represent the microbiome of a frog population. Based on this computation, 

three frogs from a single site will provide a 99.73% power with a significance level of p<0.05. 

 

Table 4.4.2.1. List of frog individuals that were declared as Bd-positive and Bd-negative, and 

control samples processed for metagenomic analysis. The mean number of Bd DNA copies per 

swab for Bd-positive frogs is indicated. 

Sample Frog Species Individual Bd status 

Overall mean 

number of Bd 

DNA copies per 

swab 

Skin swab Leiopelma hamiltoni LP76 Positive 138.9 

 (University of Otago) LP87 Positive 116.9 

  C10 Positive 163.6 

  P2 Negative 0 

  P4 Negative 0 

  C3 Negative 0 

Skin swab L. archeyi LA22 Positive 14.2 

 (Whareorino Forest) LA24 Positive 234.5 

  LA4 Negative 0 

  LA5 Negative 0 

Controls     

Blank swab   Negative 0 

Blank 

PrepMan   Negative 0 

Clean Rinse   Negative 0 
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4.2.2 16S and ITS gene amplification  

16S rRNA gene and ITS amplicons were generated from each selected DNA sample to 

identify the bacterial and fungal composition, respectively, of the skin microbiome of native 

frog species associated with Bd. PCR reagents and conditions were based on the Earth 

Microbiome Project Illumina Protocol for 16S (Caporaso et al., 2018) and ITS (Smith et al., 

2018). The primers used to amplify both 16S and ITS genes are listed in Table 4.2.2. The 25 

µL PCR cocktail was composed of Invitrogen™ Platinum™ Hot Start PCR Master Mix 2x (10 

µL, Life technologies New Zealand, catalogue no. 13000012), nuclease-free water (9 µL), 10 

µM of forward and reverse primer (0.5 µL per primer), and 5 µL of the DNA template. We 

used the Mastercycler Pro S (Eppendorf, Germany) PCR machine with the conditions presented 

in Table 4.2.3 for both 16S and ITS primers. 

 

Table 4.2.2. 16S and ITS Primers sequences used to amplify cutaneous microbiome. 

Primers Sequence Product size Reference 

Bacteria, 16S        

515F 5`–GTGYCAGCMGCCGCGGTAA–3` 
300-350 bp 

Parada et al., 2016 

806R 5`–GGACTACNVGGGTWTCTAAT–3` Apprill et al., 2015 

Fungi, ITS        

ITS1f  5′-CTTGGTCATTTAGAGGAAGTAA-3′  
~300 bp White et al., 1990 

ITS2  5' - GCTGCGTTCTTCATCGATGC -3' 
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Table 4.2.3. PCR conditions for both the 16S rRNA gene and the internal transcribed sequence 

(ITS). 

 Bacteria, 16S  Fungi, ITS 

Step 
Temperature 

(°C) 
Time  Temperature 

(°C) 
Time 

Initial denaturation 94 35 min  94 1 min 

Number of cycles  35 x  35 x 

• Denaturation 94 45 s  94 30 s 

• Annealing 50 1 min  52 30 s 

• Extension 72 1.5 min  68 30 s 

Final Extension  72 10 min  68 10 min 

Hold 4 infinity  4 infinity 

Duration ~ 2 hours, 2 minutes  ~ 1 hour, 30 minutes 

 

PCR products were verified using AGE. Bands must have a size of 300 bp to confirm 

the presence of either bacterial or fungal DNA. These DNA samples were purified using 

MEGAquick-spinTM Plus Total Fragment DNA Purification Kit (iNtRON, catalogue no. 

IN17290), following the manufacturer’s instructions. Purified DNA was quantified using 

Qubit™ dsDNA High Sensitivity Assay Kit (Invitrogen™, catalogue no. Q32851). Each 

amplicon was diluted for each DNA sample with nuclease-free water to make a concentration 

of 50 ng in 79 µL.  

 

4.2.3 Library preparation 

For each frog sample, both 16S and ITS amplicons were pooled and given a unique 

barcode number assigned to the individual frog. A sequencing library was prepared using Ion 

Plus Fragment Library Kits as described in Chapter 2, Section 2.2.3. The resulting fastq files 

were then processed for bioinformatic analysis.  

 

4.2.4 Bioinformatic Analysis 

Sequences were analysed using the bioinformatic pipeline QIIME2 as described in 

Chapter 2, Section 2.2.4.  For 16S RNA gene sequence, data were imported to QIIME2 using 

an input format SingleEndFastqManifestPhred33V2. Primers were trimmed using the cutadapt 
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plugin (Martin, 2011). For ITS, sequences were demultiplexed then primers were trimmed 

using ITXpress (version 1.8.0, Rivers et al., 2018). Each ASV was designated a taxonomic 

classification using the feature‐classifier plugin (Bokulich et al., 2018) classified against the 

Greengenes 13_8 99% OTUs reference sequences (McDonald et al., 2012) for 16S and UNITE 

(version 8.3, Abarenkov et al., 2021) for ITS. 

QIIME2 results were imported and processed for diversity analysis in R Statistical 

Software (version 4.1.1; R Core Team, 2021) as described in Chapter 2, Section 2.2.4.  The 

alpha diversity metrics Shannon index (Shannon, 1949), Chao1 index (Chao, 1984), and 

Evenness (Pielou, 1966) were calculated to measure the microbial diversity of frog skin swab 

samples.  To compare the microbial composition between frog species and Bd status, we used 

beta diversity metrics weighted UniFrac (Lozupone et al., 2007) and unweighted UniFrac 

(Lozupone and Knight, 2005) and visualised the ordination and clustering of samples across 

Bd status and frog species using Principal Coordinate Analysis (PCoA). 

 

4.2.5 Comparison to antifungal isolates database 

We matched the bacterial ASVs found in Leiopelma skin to the antifungal isolate database 

prepared by Woodhams et al. (2015) to identify whether any taxa are potentially inhibitory to 

chytrid fungus. This database is a collection of cultured skin bacterial sequences isolated from 

different amphibian species found to inhibit or enhance Bd growth in vitro. This database 

contains 16S sequences of less than 2000 bacteria isolated from the skin of frogs from different 

countries across Africa, Europe, Oceania, and America. We used the custom BLAST function 

in Geneious Prime (version 2021.2.2, Kearse et al., 2012) and the Megablast tool set to present 

only the top hits matched against the antifungal database (Muletz-Wolz et al., 2017b, Kruger, 

2020). 

 

 

4.2.6 Statistical Analysis  

Analysis of data was performed in R Statistical Software (version 4.1.1; R Core Team, 

2021) using the packages specified below. A linear model was used to compare the microbial 

diversity between frog species (L. hamiltoni and L. archeyi) and between frogs of different Bd 

status (Bd-positive and Bd-negative). The linear model tested the influence of frog species and 
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Bd status as predictors, with alpha diversity metrics (Shannon index) as response variables. A 

Tukey’s post-hoc test pairwise comparison was performed using the multicomp package 

(version 1.4.17; Hothorn et al., 2017). Some of the data were not normally distributed and could 

not be transformed to a normal distribution. Therefore, a Kruskal-Wallis test (a non-parametric 

test) was used to determine if the two alpha diversity indices Chao1 index and Pielou evenness 

would have a significant influence on frog species and Bd status. For Chao1 index and Pielou 

evenness, Dunn’s test was used as a post-hoc test to perform a pairwise comparison between 

frog species and Bd status. Since the two frog species inhabit two different environments (L. 

hamiltoni were sampled from a captive population whereas L. archeyi were from a wild 

population), we also analysed the microbial diversity among individuals within the two frog 

species separately, comparing the microbial diversity between Bd-positive and Bd-negative 

individuals from each frog species. We applied the same analyses as stated previously (e.g., 

linear model and Kruskal-Wallis) using the three alpha diversity indices. All figures were 

generated using the ggplot2 (version 3.3.3; Wickham and Chang, 2016).  

For beta diversity analysis, we used the distance matrices: weighted UniFrac (Lozupone et 

al., 2007) and unweighted UniFrac (Lozupone and Knight, 2005) as described in Chapter 2, 

Section 2.2.5. The PERMANOVA was performed using the Adonis function in the Phyloseq 

package (version 1.36.0; McMurdie and Holmes, 2013) was used to test whether the difference 

in the microbial composition of the frogs was associated with Bd status or host species (Kruger 

2020). Here, we utilised the distance matrices generated using the unweighted UniFrac for both 

Bd status and frog species. 

To identify if there are ASVs that are associated with Bd infection, we tested for the 

differentially abundant ASVs between Bd-positive and Bd-negative frogs. Here, we used the 

differentialTest function in the corncob package (version 0.2.0, Martin et al., 2020) in R. To 

test for significant ASVs, we used Wald’s test with its default non-bootstrap setting, and we 

set the false discovery rate (fdr) cutoff to 0.05. The corncob package can perform both 

differential abundance and differential variability. Differential variability has been used to 

describe dysbiosis and measure the change in the balance of the microbial community (Martin 

et al., 2020) that may be associated with the presence of a certain disease, e.g., the variation in 

abundance of ASVs as a result of infection. We first identified the differentially abundant ASVs 

across Bd status and frog species. Then, we ran separate differential abundance analyses on the 

two frog species to identify if there were significantly different taxa between Bd-positive and 

Bd-negative individuals. Differential abundance analyses were done for both 16S and ITS data. 
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However, due to the low number of L. archeyi (n = 4), test for differential abundance with Bd 

status as a co-variate was performed only for L. hamiltoni.  

For the assessment of the presence of putatively inhibitory bacteria in Leiopelma skin, 

ANOVA was used to compare the number of putatively inhibitory bacteria between Bd-

positive and Bd-negative Leiopelma species.   A post-hoc test using a Bonferroni Corrected 

test was used conduct a pairwise comparison between Bd-positive and Bd-negative Leiopelma 

species. 
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4.3 Results 

4.3.1 Bacterial and Fungal Libraries and Sequencing Metrics 

The sequencing library prepared using the Ion Plus Fragment Library Kits and Ion 

Xpress Barcode Adapters Kits yielded a total of 2,945,559 reads from ten frog skin swabs and 

three control samples. Table 4.3.1 shows the number of reads per barcoded sample and the 

number of bases with a quality score of at least 20. After removing the primers, reads with a 

low-quality score (<20) and reads from the blanks, a total of 1,013 bacterial and 158 fungal 

ASVs were detected on the skin of both Bd-positive and Bd-negative L. archeyi and L. 

hamiltoni. All DNA samples from the controls showed the presence of features for both 16S 

and ITS.  

 

Table 4.3.1. Sequence metrics and initial bioinformatic analysis using QIIME2 on frog skin 

swab samples and controls. IonTorrent results include number of bases with equal to or higher 

than 20 quality score (≥ Q20) and number of reads per barcoded sample. The number of 

amplicon sequence variants (ASVs) for both bacteria and fungi generated from each sample 

were processed using the QIIME2 pipeline. 

Frog ID Frog Species Bd Status ≥Q20 Bases Raw Reads 

Number of ASVs 
Bacteria 

(16S) 
Fungi (ITS) 

LP_P2 
Leiopelma 

hamiltoni 
Negative 52,917,472 210,095 172 26 

LP_P4 L. hamiltoni Negative 50,541,752 206,229 295 22 
LP_C3 L. hamiltoni Negative 56,288,539 231,559 220 15 
LA4 L. archeyi Negative 68,015,743 272,135 327 68 
LA5 L. archeyi Negative 51,219,204 207,664 370 64 
LP_C10 L. hamiltoni Positive 55,627,619 234,566 222 35 
LP76 L. hamiltoni Positive 75,972,849 295,344 137 6 
LP87 L. hamiltoni Positive 72,521,627 293,837 141 15 
LA22 L. archeyi Positive 96,000,107 383,165 467 76 
LA24 L. archeyi Positive 52,225,187 210,725 478 80 
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4.3.2 Cutaneous microbiome 

The skin microbiome of both L. archeyi and L. hamiltoni was composed of 87.4% 

bacterial (16S) and 12.6% fungal (ITS) taxa.    

4.3.2.1 Bacterial microbiome (16S) 

The bacterial microbiome of the genus Leiopelma has a similar composition between 

the Bd-positive and Bd-negative frogs. Proteobacteria, Actinobacteria, and Bacteroidetes are 

the most abundant bacterial phyla for both groups (Figure 4.4.3.1.a). Actinobacteria is 

generally higher in Bd-positive (41.4%) while Bacteroidetes is higher in Bd-negative (32.3%) 

frogs. Proteobacteria was the second most abundant phylum in Bd-positive (36.6%) and Bd-

negative (37.3%) frogs. Firmicutes, Cyanobacteria, Verrucomicrobia, Acidobacteria, 

Chloroflexi, and Tenericutes were found to have less than one percent relative abundance 

among the bacterial phyla and were present in both Bd-positive and Bd-negative L. hamiltoni 

and L. archeyi.  

At the class level, both L. hamiltoni and L. archeyi were dominated by Actinobacteria 

which have higher abundance in Bd-positive (39.4%) than Bd-negative (28.5%) frogs (Figure 

4.4.3.1.b). The second most abundant classes were Betaproteobacteria and Sphingobacteriia 

that were both higher in Bd-negative frogs, 28.3% and 28.5%, respectively. Both frog species 

microbiomes were also composed of Alphaproteobacteria (6.4%), Gammaproteobacteria 

(4.2%), Saprospirea (3.8%), and Thermoleophilia (1.72%) that were slightly higher in Bd-

positive frogs. Some classes that comprise less than one percent relative abundance, including 

Cytophagia, Deltaproterobacteria, Bacilli, Flavobacteria, and Verrucomicrobiae, were slightly 

higher in Bd-positive individuals.  
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Figure 4.4.3.1. The relative abundance of cutaneous bacterial microbiome at (a) phylum, (b) 

class and (c) order level for Leiopelma frogs that were Bd-positive (n = 5) and Bd-negative (n 

=5). 

 

At the order level, Actinomycetales had the highest relative abundance in both frog 

species and Bd status (Figure 4.4.3.1.c). It covered 36.4% of the total skin microbiome of L. 

hamiltoni and 31.9% in L. archeyi but a higher abundance was found in Bd-positive than Bd-

negative frogs (39.8% and 28.5% respectively). Burkholderiales, the second most abundant 

bacterial order was higher in Bd-negative (25%) Leiopelma than 22.1% in Bd-positive. 

Sphingobacteriales were also higher in Bd-negative (28.5%) than Bd-positive (15.4%) frogs. 

Both microbiomes of L. hamiltoni and L. archeyi were also composed of Methylophilales 

(3.6%), Saprospirales (3.8%), and Rhizobiales (3.0%) that were slightly higher in Bd-positive 

frogs. Xanthomonadales, Solirubrobacterales, Sphingomonadales, Cytophagales, 

Pseudomonadales, and Myxococcales comprised the remaining two percent of bacterial orders 

on the skin of Leiopelma spp.  
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At the family level, the bacterial microbiome of Leiopelma was dominated by 

Comamonadaceae and Sphingobacteriaceae (Figure 4.4.3.2.a). Comamonadaceae has a higher 

relative abundance in Bd-positive frogs (33.2%) while Sphingobacteriaceae was higher in Bd-

negative frogs (35. 3%). Ruaniaceae was also found to be higher in Bd-negative (12%) than 

Bd-positive (9.5%) individuals. Bd-positive individuals have a higher abundance of the 

following bacterial families: Chitinophagaceae (5.8%), Methylophilaceae (5.4%), 

Sphingomonadaceae (2.3%), Moraxellaceae (1.6%), Cytophagaceae (1.5%), 

Hyphomicrobiaceae (1.3%), and Caulobacteraceae (1%). Xanthomonadaceae was the only 

family that was slightly higher in Bd-negative frogs (2.5%). Less than one percent of the 

bacterial microbiome was composed of Sinobacteraceae, Mycobacteriaceae, Rhizobiaceae, 

Bradyrhizobiaceae, and Pseudonocardiaceae that were marginally higher in Bd-positive while 

Phyllobacteriaceae and Ectothiorhodospiraceae were marginally higher in Bd-negative frogs. 

At the genus level, Rubrivivax dominated the cutaneous microbiome of L. hamiltoni 

with 64.8% relative abundance (Figure 4.4.3.2.b). It was higher in Bd-positive (46.4%) than 

Bd-negative (42.3%) frogs. Genus Pedobacter was found to be higher in Bd-negative (22.0%) 

and less in Bd-positive (12.7%) frogs. Bd-positive frogs have a relatively higher abundance of 

the following bacterial genera: Sphingomonas (3.2%), Acinetobacter (2.6%), Dyadobacter 

(1.9%), Mycobacterium (1.4%), and Devosia (1.4%). Negative frogs have a relatively higher 

abundance of Luteimonas (2.4%), Halorhodospira (1.4%), Rhodanobacter (1.3%), and 

Thermomonas (1.1%). Rhizobium, Arthrobacter, Rickettsiella, Mycoplana, Pseudomonas, 

Azolla, and Hyphomicrobium covered some of the genera that have less than one percent 

relative abundance. 
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Figure 4.4.3.2. Cutaneous bacterial microbiome at (a) family and (b) genus level of Leiopelma frogs that were 

associated with Bd. 
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One bacterial taxon showed both differential abundance and differential variability associated 

with Bd status (Figure 4.4.3.3). Order Bacillales was significantly higher in abundance and 

significantly more variable in Bd-positive frogs (Figure 4.4.3.3.a). When each frog species was 

considered separately, order Bacillales has significantly higher abundance in Bd-positive L. 

hamiltoni (Figure 4.4.3.3.b).  

 

 

 

Figure 4.4.3.3. Differentially abundant and differentially variable taxon in Bd-

positive frogs: (a) found in both L. hamiltoni and L. archeyi in comparison with 

Bd-negative frogs, and (b) found in individual frog species, L. hamiltoni in 

comparison with Bd-negative L. hamiltoni.    
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4.3.2.2 Fungal microbiome (ITS) 

Despite detecting more bacterial ASVs than fungi, I found that the difference between 

the Bd-positive and Bd-negative microbiome was more evident in its fungal diversity (Figure 

4.4.3.4). The fungal microbiome of the genus Leiopelma was generally composed of phylum 

Ascomycota and Basidiomycota. While found on both species, Ascomycota dominates the skin 

of L. archeyi and Basidiomycota was found to be higher in L. hamiltoni. Comparison between 

Bd-positive and Bd-negative frogs showed both have the same fungal composition, but 

Basidiomycota was more abundant in L. hamiltoni than L. archeyi.  

The difference in the fungal microbiome between frogs of different Bd status can be 

seen at the class level (Figure 4.4.3.4.b). Taxa were either present, absent or more represented 

in one group than the other. One distinct class was Microbotryomycetes, which had a relative 

abundance of 26.5% among the Bd-positive frogs. It was highest in Bd-positive L. hamiltoni 

but absent from Bd-negative L. hamiltoni. For Bd-negative L. hamiltoni than L. archeyi, the 

following classes, Eurotiomycetes (12.3%), Sordariomycetes (12.5%), Tremellomycetes 

(15.3%), and Agaricomycetes (10.9%), were found to be higher in abundance. It was also 

noticed that higher diversity of fungal classes was found in L. hamiltoni than L. archeyi and 

was dominated by Leotiomycetes. 

At the order level, the microbiomes in both Bd-negative (39.8%) and Bd-positive 

(42.4%) L. archeyi were dominated by Helotiales but this order was underrepresented in L. 

hamiltoni (0.02%) (Figure 4.4.3.4.c). Both Sporidiobolales (26.4%) and Trichosporonales 

(9.6%) were higher in Bd-positive frogs.  Trichosporonales was only found in L. hamiltoni. 

Hypocreales (17.0%), Agaricales (15.7%), and Eurotiales (7.0%) were in higher abundance for 

Bd-negative frogs particularly in L. hamiltoni. Trichosporonales was present only in Bd-

positive L. hamiltoni frogs.  

At the family level, the Leiopelma frog skin microbiome was mainly composed of 

Sporidiobolaceae, Strophariaceae, Hypocreaceae, Lasiosphaeriaceae, Bionectriaceae, 

Amphisphaeriaceae, Aspergillaceae, Trichosporonaceae, Aureobasidiaceae, Strophariaceae, 

and Helotiaceae (Figure 4.4.3.4.d). Sporidiobolaceae was the most abundant fungal family with 

28.0% relative abundance and was found highest in Bd-positive L. hamiltoni (54.0%). 

However, it only comprised 2.0% in L. archeyi and was absent in Bd-negative L. hamiltoni. 

Strophariaceae was the second most abundant family in the fungal microbiome of Leiopelma 

frog skin and was higher in Bd-negative (35.0%) than Bd-positive L. hamiltoni (11.6%) but 
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absent in L. archeyi. In addition to Bd-positive associated families, Lasiosphaeriaceae (14.4%), 

Trichosporonaceae (9.9%), and Agaricaceae (1.5%) were absent from Bd-negative frogs. 

Amphisphaeriaceae had a higher abundance in Bd-positive L. archeyi (10.9%) but was absent 

from L. hamiltoni. Bd-negative frogs had a higher abundance of Bionectriaceae (15.9%), 

Aspergillaceae (15.4%), and Hypocreaceae (15.4%). The abundance of unidentified taxa at the 

family level comprised 34% of the Leiopelma frog skin microbiome and was observed to be 

higher in L. archeyi.  

At the genus level, Bd-positive and Bd-negative L. archeyi had similar fungal 

composition while L. hamiltoni had a wider diversity between Bd status (Figure 4.4.3.4.e). 

Rhodosporidiobolus has a relative abundance of 54.8% among the Bd-positive L. hamiltoni 

frogs, the highest relative abundance among the fungal genera. Interestingly, this genus was 

not found in L. archeyi and Bd-negative L. hamiltoni. Lepteutypa (16.0%), Vanrija (10.0%) 

and Rhizoscyphus (8.3%) were also higher in Bd-positive frogs; genus Vanrija was absent in 

Bd-negative frogs. Galerina (24.0%), Hydropisphaera (19.8%), Aspergillus (19.6%), and 

Aureobasidium (8.8%) were relatively higher by two- to four-fold in Bd-negative frogs; 

Galerina was only detected in L. hamiltoni.  
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Figure 4.4.3.4. Cutaneous fungal microbiome at different taxonomic classifications: a) phylum, b) class, c) order, d) family, and e) genus 

level of Bd-negative and Bd-positive Leiopelma frog species.
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Three fungal taxa were found to be differentially abundant and differentially variable 

in Bd-positive frogs (Figure 4.4.3.5). At the phylum level, Ascomycota has significantly lower 

abundance in Bd-positive frogs while at the class level, Microbotromycetes was significantly 

higher in Bd-positive frogs.  The third ASV with significantly lower abundance from order to 

species level belongs to order Eurotiales, family Aspergillaceae, and species Aspergillus flavus. 

These three ASVs were also differentially variable in Bd-positive frogs: both phylum 

Ascomycota and class Microbotromycetes were more variable while order Eurotiales was less 

variable in Bd-positive frogs. When each frog species was considered separately, two ASVs 

were differentially abundant with respect to Bd presence. Phylum Ascomycota was 

significantly lower in abundance in Bd-positive L. hamiltoni (Figure 4.4.3.5.d), whereas Order 

Xyriales has a significantly higher abundance in Bd-positive L. archeyi (Figure 4.4.3.5.e).  
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Figure 4.4.3.5. Differentially abundant and differentially variable fungi in Bd-positive frogs: (a-c) found in both L. hamiltoni and L. archeyi in 

comparison with Bd-negative frogs and found in individual species: (d) in Bd-positive L. hamiltoni in comparison with Bd-negative L. hamiltoni, 

and (e) in Bd-positive L. archeyi in comparison with Bd-negative L. archeyi. 
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4.3.3 Alpha Diversity  

4.3.3.1 Bacteria (16S) 

Measures of alpha diversity Chao1 index and Shannon index are compared in Figure 

4.4.3.6. There was no significant difference in the diversity of the cutaneous microbiome of 

Bd-negative and Bd-positive frogs when analysing the 16S profile by the Shannon, Chao1 or 

Pielou evenness indices. The bacterial diversity represented by the Shannon index showed no 

significant difference in species richness or abundance between frogs (F1,6 = 5.71, P = 0.054) 

and Bd status (F1,6 = 0.03, P = 0.86). The Chao1 index revealed that L. archeyi had a 

significantly higher number of bacterial species than L. hamiltoni (Kruskal-Wallis, x2
1 = 6.55, 

P = 0.01). Based on Pielou evenness, no significant difference was found between frog species 

(Kruskal-Wallis, x2
1 = 1.64, P = 0.2) or between frogs of different Bd status (Kruskal-Wallis, 

x2
1 = 0.1, P = 0.75; Appendix, Figure 8.2.1). Both L. hamiltoni than L. archeyi presented an 

Figure 4.4.3.6. Alpha diversity measure on cutaneous bacteria between Bd status 

and frog species:  a) Shannon index and b) Chao1 index. 
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uneven distribution of bacterial species. We also explored the influence of Bd presence on 

species richness within each frog species separately. There was no significant difference in the 

number of species between Bd-positive and Bd-negative individuals in L. archeyi (Kruskal-

Wallis, x2
1 = 2.4, P = 0.12) or L. hamiltoni (Kruskal-Wallis, x2

1 = 1.19, P = 0.28).  

 

4.3.3.2 Fungi (ITS) 

Similar to bacterial diversity, the diversity of the Leiopelma fungal microbiome showed 

no difference in relation to Bd status but it did vary between frog species (Figure 4.4.3.7). No 

significant difference was found in the fungal diversity of Bd-negative and Bd-positive frogs 

based on the Shannon index (Kruskal-Wallis, x2
1 = 0.06, P = 0.81), Chao1 index (Kruskal-

Wallis, x2
1 = 0.74, P = 0.39), or Pielou evenness (Kruskal-Wallis, x2

1 = 0.06, P = 0.81; 

Appendix, Figure 8.2.1). However, we found a significant difference between frog species as 

measured by Chao1 index (Kruskal-Wallis, x2
1 = 6.05, P = 0.014), but not using Pielou 

evenness (Kruskal-Wallis, x2
1 = 3.84, P = 0.05; Appendix, Figure 8.2.1), or the Shannon index 

(Kruskal-Wallis, x2
1 = 0.54, P = 0.46). L. archeyi had a greater number of fungal species than 

L. hamiltoni. We then explored the species richness in L. archeyi in relation to Bd status. We 

did not find a significant difference in the number of species found between Bd-positive and 

Bd-negative individuals (Kruskal-Wallis, x2
1 = 0, P = 1).  
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Figure 4.4.3.7. Alpha diversity measure on cutaneous fungi 

between Bd status and frog species:  a) Shannon index and b) 

Chao1 index. 
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4.3.4 Beta diversity 

Beta diversity measures how similar or different the microbial composition is 

between frog species and between frogs of different Bd status. In general, both the bacterial 

and fungal microbiome in Leiopelma species was not influenced by the presence of Bd on 

their skin but was influenced by host species. Figure 4.4.3.8 presents the PCoA for both 

16S and ITS. Frog species clustered together regardless of their Bd status. Bd presence did 

not alter the microbial communities in Leiopelma frogs for bacteria (PERMANOVA –F1,8 

= 0.56, R2 = 0.07, P = 0.855) or fungi (PERMANOVA –F1,8 = 0.56, R2 = 0.07, P = 0.853). 

The difference between the cutaneous microbial composition was significantly associated 

with frog species for bacteria (PERMANOVA F1,8 = 5.16, R2 = 0.39, P = 0.008) and for 

fungi (PERMANOVA –F1,8 = 5.2, R2 = 0.39, P = 0.007). Assessing the influence of Bd 

presence in each frog species showed that no difference was observed between Bd-positive 

and Bd-negative individuals (Table 4.3.2).  

 

 

 

Figure 4.4.3.8. Beta diversity analysis visualised using PCoA to compare the cutaneous 

microbial community for both bacteria and fungi between Bd status and frog species. 
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Table 4.3.2. PERMANOVA analysis to determine if Bd status influenced the bacterial and 

fungal microbiome in individual frog species. 

 

 

 

 

 

 

4.3.5 Comparison to antifungal isolates database 

Bacterial taxa were compared to the antifungal isolates database developed by 

Woodhams et al. (2015) to identify whether either of the two Leiopelma species hosts potential 

inhibitory bacteria against chytridiomycosis. Of the 1,013 bacterial ASVs identified in this 

study, 474 (46.8%) were identified as being putatively inhibitory to Bd (Figure 4.4.3.9). A 

significant difference was found in the number of putatively inhibitory bacteria present 

between Bd-positive and Bd-negative Leiopelma species (F3,6 = 19.37, P = 0.0017). In L. 

archeyi, Bd-positive frogs had significantly higher number of inhibitory ASVs than Bd-

negative (T-test, P = 0.044). In L. hamiltoni, Bd-negative frogs had more inhibitory ASVs than 

Frog species Microbiome Df Residuals F R2 P 

L. hamiltoni       

 Bacteria 1 4 1.03 0.20 0.60 

 Fungi 1 4 0.86 0.18 0.70 

L. archeyi       

 Bacteria 1 2 1.14 0.36 0.33 

 Fungi 1 2 0.59 0.23 1 

Figure 4.4.3.9. Average number of putatively inhibitory bacteria in Bd-positive and Bd-

negative Leiopelma species. Error bars were calculated based on standard deviation.  
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Bd-positive, but it was not significantly different (T-test, P = 0.202). The 474 inhibitory ASVs 

corresponded to 57 taxa (Table 4.3.3).  

 

Table 4.3.3. List of bacteria that were putatively inhibitory based on the Antifungal Isolates 

Database (Woodhams et al., 2015). Presence as denoted by + and absence - of these taxa were 

compared between Bd-negative and Bd-positive frogs. 

Phylum Class Family/Species  Bd-negative Bd-positive 

     
Actinobacteria    

 Actinobacteria Brevibacterium aureum + + 

  Agromyces  + + 

  Arthrobacter psychrolactophilus + + 

  Curtobacterium  + + 

  Dermabacteraceae + + 

  Kitasatospora  + + 

  Microbacterium  + + 

  Micrococcaceae + + 

  Kocuria palustris  + + 

  Streptomyces  + + 

  Streptomycetaceae + + 

Bacteroidetes    

 [Saprospirae] Chitinophagaceae + + 

 Flavobacteriia Chryseobacterium  + + 

  Flavobacterium  + + 

 Sphingobacteriia Pedobacter  + + 

  Sphingobacterium multivorum + + 

Firmicutes     

 Bacilli Bacillus  + + 

  Paenibacillus  + + 

  Staphylococcus  + + 

  Lactococcus  + + 

Proteobacteria     

 Alphaproteobacteria Mycoplana  + + 

  Brevundimonas diminuta + + 

  Caulobacteraceae + + 

 Order Rhizobiales  + + 

  Agrobacterium  + + 

  Brucellaceae + + 

  Novosphingobium  + + 

  Rhizobium  + + 

 Betaproteobacteria Burkholderia  + + 

  Chromobacterium  + + 

  Comamonadaceae + + 

  Delftia  + + 

  Janthinobacterium  + + 

  Janthinobacterium lividum + + 

  Mitsuaria chitosanitabida + + 
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  Neisseriaceae + + 

  Oxalobacteraceae + + 

  Variovorax paradoxus + + 

 Gammaproteobacteria Acinetobacter  + + 

  Acinetobacter johnsonii + + 

  Acinetobacter rhizosphaerae + + 

  Aeromonadaceae + + 

  Enterobacter  + + 

  Enterobacteriaceae + + 

  Erwinia  - + 

  Luteibacter rhizovicinus + + 

  Luteimonas  + + 

  Lysobacter  + + 

  Pseudomonas  + + 

  Pseudomonas nitroreducens + + 

  Stenotrophomonas  + + 
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4.4 Discussion  

This is the first comprehensive description of the Leiopelma cutaneous microbiome using 

next-generation sequencing. It also includes an assessment of the potential influence of Bd on 

the skin microbiome. Our results suggest that the skin microbiome of the terrestrial Leiopelma 

species was composed mainly of bacterial taxa covering 87.4% relative abundance with the 

remaining 12.6% belonging to fungal taxa. Based on an alpha diversity analysis, we found that 

L. archeyi had significantly greater bacterial and fungal species richness than L. hamiltoni. 

Since the skin microbiome was significantly different between frog species, the effects of Bd 

were analysed within species. Both Bd-positive L. archeyi and L. hamiltoni have microbial 

compositions similar to its Bd-negative counterparts. Beta-diversity analysis confirmed that 

samples clustered together based on frog species and not based on Bd status. This proved that 

the bacterial and fungal microbiome of Leiopelma was driven by host species with little 

influence from Bd status. When we compared the bacterial ASVs with the antifungal isolates 

database (Woodhams et al., 2015), we discovered that 46.8% of the ASVs identified were 

putatively inhibitory to Bd, with L. archeyi hosting more putatively inhibitory ASVs than L. 

hamiltoni. 

  

4.4.1 Description of cutaneous microbiome in Leiopelma frogs  

In our study, we found ASVs that were differentially abundant and differentially 

variable in Bd-positive frogs. For bacteria, one ASV belonging to order Bacillales was 

significantly higher in abundance and had a positive association with Bd-positive frogs. This 

order belongs to Phylum Firmicutes and Class Bacilli, and is composed of Gram-positive, 

aerobic, endospore-forming and rod-shaped bacteria (Govindasamy et al., 2011; Deng et al., 

2012; De Maayer et al., 2019).  Members of this order include Family Bacillaceae (genus 

Bacillus), Paenibacillaceae (genus Paenibacillus) and Staphylococcaceae (genus 

Staphylococcus) which were also recognised to be inhibitory to Bd when compared with the 

antifungal isolates database (Woodhams et al., 2015). Species under the genus Bacillus are 

known to have antimicrobial compounds such as lipopeptides and polyketides that have strong 

antifungal activities (Zhao and Kuipers, 2016).  We also found that Proteobacteria, 

Actinobacteria, and Bacteroidetes were the most abundant bacterial phyla in the leiopelmatid 

skin. With respect to Bd-status, phylum Actinobacteria had higher abundance in Bd-positive 

frogs whereas phylum Bacteroidetes had higher abundance in Bd-negative (32.3%) frogs. 
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These bacterial phyla were also found to be the most dominating phyla in other anuran species 

including the cane toad Rhinella cf. marina, in which the genera Acinetobacter, Pseudomonas 

and Chryseobacetrium were reported to inhibit Bd (Holden et al., 2015; Abarca et al., 2018a).  

For fungi, we found three significant ASVs classified as phylum Ascomycota, class 

Microbotryomycetes, and order Eurotales. Phylum Ascomycota and order Eurotales have 

significantly reduced abundance in Bd-positive frogs whereas class Microbotryomycetes had 

significantly higher abundance. Microbotryomycetes was the most abundant class present in 

Bd-positive L. hamiltoni covering 52.6% relative abundance. In Dendrobates leucomelas, an 

anti-Bd fungal taxon in the phylum Ascomycota was found in higher abundance in the Bd-

infected population and may function to protect D. leucomelas against Bd infection (Kearns et 

al., 2017). The reduced abundance of Phylum Ascomycota and order Eurotales may still 

provide protection against Bd in L. hamiltoni and L. archeyi. 

 

4.4.2 Potential contribution of the skin microbiome to the immunity of frogs against Bd 

Janthinobacterium lividum was also found in the skin of Leiopelma but in relatively low 

abundance; 0.26% in L. archeyi and 0.03% in L. hamiltoni. The same trend was observed in 

the microbiome of Rana sierra populations where ASVs from the genus Janthinobacterium 

was only found to cover 0.026% of all the sequences; the authors found that the presence of 

this genus does not reduce the Bd load in this species (Jani and Briggs 2014). Pseudomonas is 

one of the common resident bacteria in the skin (Flechas et al., 2012; Jani and Briggs, 2014) 

that was also found to inhibit Bd in the laboratory. In L. archeyi, despite lower abundance when 

to compared to all bacterial genera, Pseudomonas was found to be higher in Bd positive than 

Bd-negative frogs. In D. leucomelas, Pseudomonas was found in sufficiently higher abundance 

that it could have played a part in the survival of these frogs from previous Bd infection 

(Hirokawa et al., 2008; Kearns et al., 2017). Species of Stenotrophomonas have been isolated 

from the skin of harlequin toads Atelopus elegans (Flechas et al., 2012) and R. muscosa 

(Woodhams et al., 2007) that showed inhibition to Bd in vitro. In our study, genus 

Stenotrophomonas accounted for less than 1% of the cutaneous microbiome, its abundance 

dropped in the presence of Bd, and it was only found in L. hamiltoni (Bd-negative: 0.17%, Bd-

positive: 0.09%). Woodhams et al. (2007) found that frogs that coexist with Bd in the natural 

habitat host had at least one inhibitory bacterium. The presence of Janthinobacterium, 

Pseudomonas and Stenotrophomonas, despite the low abundance, may play a major role in 
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inhibiting the growth of Bd in the terrestrial Leiopelma species. But further studies are needed 

to confirm this activity.  

The increased abundance of certain organisms may be because of a niche that was made 

available by the presence of Bd. Some microorganisms may take the place of the niche that Bd 

has freed. For instance, the differential abundance of order Bacillales (bacteria) and 

Microbromycetes (fungi) may result in either positive or negative effects on Bd-positive frogs. 

Becker et al. (2017) stated that immunocompromised individuals are vulnerable to invasion by 

opportunistic microbes from the environment changing their normal microbial composition 

which may be either beneficial or lethal for the host species.  In addition, the increased skin 

shedding in infected individuals could lead to loss of beneficial bacteria thereby reducing their 

positive contribution towards disease mitigation (Becker et al., 2017). Bacillus cereus, a 

member of order Bacillales, causes rotten-skin disease in the giant spiny frog Quasipaa spinosa 

(Jin et al., 2018). A soil dwelling member (e.g., Rhodotorula spp.) of the class 

Microbotryomycetes was an opportunistic pathogen on a mammalian host. It has been 

associated with greater risk of developing asthma in human infants (Fujimura et al., 2016; 

Limon et al., 2017). Whether Microbotryomycetes is pathogenic or commensal in frogs needs 

further studies. Some opportunistic microbes may also result in secondary infection that has 

been observed in some amphibians as a result of microbial invasion (Beker et al., 2015). 

With regard to Bd infection, it is hypothesised that the diversity of bacteria will increase 

in Bd-positive frogs since some Bd-inhibitory isolates will be recruited to the site of infection 

to aid in eliminating the spores of Bd (Becker et al., 2019). In results from Jani and Briggs 

(2014), bacterial diversity was not correlated with Bd load but with bacterial community 

composition; a significant change was observed during the Bd outbreak in R. muscosa in the 

Marmot population. In our data, the number of putatively inhibitory bacteria differed between 

frog species. Bd-positive L. archeyi had higher numbers of putatively inhibitory bacteria 

whereas in L. hamiltoni, more inhibitory bacteria were found in Bd-negative individuals. But 

in terms of abundance of putatively inhibitory organisms, there was significantly different 

between Bd-positive and Bd-negative frogs. This could possibly explain how Leiopelma 

species gain immunity against chytridiomycosis. It was supported by the study of Bell et al. 

(2018) in which Litoria species with lowered Bd infection carried significantly higher 

putatively inhibitory bacteria that provide protection in Litoria species against 

chytridiomycosis. 

https://www.sciencedirect.com/science/article/pii/S1931312817302858#bib24
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4.4.3 Influence of Bd on the host’s skin microbiome 

Diseases can alter the normal microbial composition of an organism in response to 

infection (Jani and Briggs 2014). This disruption in microbial community may weaken the 

host’s immune system, thereby allowing it to succumb to infection, or it may lead to 

recruitment and an increased abundance of beneficial microbes providing protection against 

the pathogen (Jani and Briggs 2014). Jani and Briggs (2014) found Bd infection changed the 

microbiome of R. sierra population after experimental exposure. In our study, Bd presence was 

not associated with the bacterial microbiome in Leiopelma. This could be due to the low Bd 

load found in the skin of the Leiopelma frogs or due to the low sample size of the frogs assessed 

in this project.  In Chapter 3 (Section 3.3.2; Figure 4.4.1), we identified that the Bd strain found 

in Leiopelma was closely related to Bd strain JEL197 which is one of the highly virulent Global 

Pandemic Lineages. One zoospore of Bd JEL197 is equivalent to 169 DNA copies per zoospore 

(Kirshtein et al., 2007), which showed that the average number of Bd DNA found in our Bd-

positive frogs (L. archeyi = 124 Bd DNA per frog; L. hamiltoni = 140 Bd DNA per frog; Table 

4.4.4.1) was less than 1 zoospore per frog. Following this conversion, the Bd-positive frogs we 

have identified here could be considered Bd-negative based on their Bd load. The small sample 

size of the Bd-associated frogs may also have attributed to this lack of significant effects.  

However, these findings should not be ignored based on the Bd load; the presence of Bd 

regardless of strain was an indication that these species were exposed to Bd and knowing their 

cutaneous microbiome could help us understand their immune response and defence 

mechanism against Bd. In addition, the skin microbial community of a species may determine 

host susceptibility against chytridiomycosis (Harris et al., 2009). 

 

4.4.4 Influence of host species on skin microbiome  

In our study, the difference in the microbial community in Leiopelma appeared to be driven 

by the host species and not by Bd status (Figure 4.4.3.8). The Bd-positive individuals in this 

study were from two populations: a wild population of L. archeyi in Whareorino Forest and a 

colony of L. hamiltoni that had been in captivity for at least 20 years at the Animal Facility, 

University of Otago in New Zealand. Every individual in every species hosts a unique set of 

microbiomes in their body. Host species and environment shaped the skin microbiome in R. 

sierrae (Jani and Briggs 2018). Host species was one reason for the difference in the 

microbiome composition found in different frog species (Kueneman et al., 2014; Jani and 
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Briggs 2018). Even similar species that inhabit the same environment have been found with 

different microbial communities (McKenzie et al., 2012). The skin microbiome in different 

amphibians was shown to be specific to its host. In Dendrobates species, frogs showed bacterial 

and fungal communities that were species-specific regardless of chytrid infection (Kearns et 

al., 2017). Based on the alpha diversity measures Chao1 index and Shannon index, L. archeyi 

from a wild population had a higher bacterial and fungal species richness and abundance as 

compared to captive L. hamiltoni (Figure 4.4.3.6 and 4.4.3.7). Frogs living in natural habitats 

may be exposed to higher bacterial diversity due to the variety of environmental conditions and 

abiotic factors. Species with a small distribution range tend to have a less adaptive response to 

diseases since they are exposed to less environmental and disease-related burdens (Becker et 

al., 2019). This also exposes them to a restricted diversity of beneficial bacteria (Becker et al., 

2017).  For instance, the captive Mantella frogs, Mantella aurantiaca, tend to have lower 

microbial diversity compared to their wild counterparts, as exposure in their natural 

environment contributes to enrichment and transmission of bacterial load (Passos et al., 2018).  

This could also possibly explain why L. archeyi has higher species richness than L. hamiltoni 

since L. archeyi live in a natural environment unlike the individuals of L. hamiltoni sampled 

here, which had been in captivity for almost two decades. 

The close resemblance of the skin microbiome among individuals within the two species 

of Leiopelma sampled here may have been influenced by the frogs’ social interactions and 

mating behaviour. Skin microbiome may be transferred between individuals of the same 

species through horizontal transmission where microbes can be acquired during mating or 

hibernation (Walke et al., 2011). Four to five L. hamiltoni in a tank in the Animal Facility were 

always found to be clumped together after lifting the flat landscape rock that served as their 

retreat site (personal observation; Appendix, Figure 8.2.2). This social behaviour could greatly 

contribute to a shared microbial community. Lamb et al. (2021) has observed the same social 

interactions among L. hamiltoni in the wild population. This could possibly explain why the 

beta-diversity analysis (Figure 4.4.3.8) showed clustering by frog species. Another aspect that 

may explain the origin of the cutaneous microbiome in this genus is through vertical transfer. 

Terrestrial Leiopelma species are known to display parental care, carrying their larvae on the 

back of the male parent to provide protection for the developing young (Germano et al., 2011). 

There is a chance that Leiopelma may also exhibit vertical transfer of the cutaneous 

microbiome as showed for other amphibian species. For instance, social interactions within the 

communal nest of Hemidactylium scutatum led to transmission of beneficial bacteria to 
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offspring from nesting mothers, increasing embryonic survival against the fungal pathogen 

Mariannaea sp. (Banning et al., 2008). The paternal care by the glass frog Hyalinobatrachium 

colymbiphyllum prevented chytridiomycosis infection in the embryos deposited on leaves as 

beneficial bacterial and antimicrobial peptides were transferred to the developing eggs by the 

attending father (Walke et al., 2011). Developmental changes from tadpole to adult stages 

cause a shift in the skin microbiome in Rana cascadae (Kueneman et al., 2014). It would be 

interesting to explore the microbiome of the different developmental stages (e.g., egg, larva 

and froglet) in terrestrial Leiopelma species as they have close affinity to one another and are 

taken care by an adult parent. It is worth exploring to survey for potential inhibitory microbes 

present in these younger life stages that may also provide protection against chytridiomycosis.   

 

4.5 Conclusion and recommendations 

 
The cutaneous microbiome of L. archeyi and L. hamiltoni was mainly influenced by the 

host species with minimal influence of Bd status.  Alpha diversity analysis showed that L. 

archeyi had significantly higher number of bacterial and fungal taxa than L. hamiltoni 

regardless of Bd status. The presence of Bd, despite in low concentration, had a relationship 

with the bacterial and fungal microbiome in Leiopelma frogs. Differentially abundant taxa were 

found to be associated with Bd-positive frogs: one bacterial taxon (order Bacillales) and three 

fungal taxa (phylum Ascomycota, class Microbotromycetes, and species Aspergillus flavus). 

Changes in the abundance of these taxa may indicate the possibility of Bd infection. In addition, 

we have learned that the skin microbiome of terrestrial Leiopelma species was rich with 

putatively inhibitory bacteria that may play a role in the resistance of these frogs against 

chytridiomycosis. Whether these microbes were beneficial or not in the immunity of Leiopelma 

against Bd is yet to be determined. In the next chapter, we will explore the antifungal activities 

of selected culturable cutaneous microbes isolated from Leiopelma species against Bd in vitro.   

Here, we analysed Bd-positive frogs that have low Bd DNA load and yet we found some 

differences in the microbial composition between infected and non-infected individuals. There 

were Bd-positive L. archeyi from Whareorino Forest that were not assessed for metagenomic 

analysis. These individuals had higher Bd DNA loads; evaluation of the microbiome of these 

individuals is highly recommended for future studies. In addition, we showed that host species 

had a significant influence on the microbiome of the terrestrial Leiopelma frogs; however, other 
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aspects of microbial transmission (e.g., vertical transfer between parents to offspring, 

horizontal transfer between host species, or environmental transmission) should be explored to 

yield a better understanding of the acquisition of the microbial community in Leiopelma species 

including the semi-aquatic species L. hochstetteri that does not exhibit parental care.
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5 CHAPTER 5  

EVALUATION AND CHARACTERIZATION OF BD PROTECTIVE 

PROPERTIES IN THE CUTANEOUS MICROBIOME OF LEIOPELMA SPP. 

IN VITRO 

 

5.1 Introduction 

Symbiotic, beneficial, and inhibitory are among the words that have been used to 

describe the antifungal activities of skin bacteria against the amphibian disease 

chytridiomycosis. Diverse cutaneous microbes from frogs have been shown to play a 

significant role in the host’s innate immune response against the deadly chytrid fungus Bd 

(Harris et al., 2009; Piovia-Scott et al., 2017; Rebollar et al., 2018) that causes 

chytridiomycosis. Chytridiomycosis is a disease that has resulted in mass population declines 

in over 500 amphibian species worldwide, with 90 species now confirmed or presumed extinct 

in the wild (Scheele et al., 2019). Several studies have been conducted to understand the 

beneficial contribution of skin bacteria to ward off chytridiomycosis. Harris et al. (2006) was 

one of the first to explore the beneficial contributions of skin bacteria against Bd by isolating 

and introducing these microbes in an inhibition assay. Isolated bacteria from the skin of two 

salamander species, Plethodon cinereus and Hemidactylium scutatum, inhibited the growth of 

two fungal amphibian pathogens Mariannaea sp. and Bd (Harris et al., 2006).  The importance 

of symbiotic bacteria as part of the innate immune response was also documented in the 

mountain yellow-legged frog Rana muscosa from California in its battle against 

chytridiomycosis (Woodhams et al., 2007). The presence or addition of anti-fungal bacteria 

may aid in eliminating Bd without the use of artificial antifungal medicine through a process 

known as bioaugmentation – a microbial therapy of adding a naturally occurring and known 

anti-Bd microorganism onto a chytrid-infected host to mitigate chytridiomycosis (Harris et al., 

2009).  

The host’s response to Bd may vary depending on the defence mechanisms of the 

species, virulence of Bd strain and host’s habitat. Rollins-Smith (2009) emphasized the 

significant roles of antimicrobial peptides as a component of the immune defence in preventing 

diseases in frogs caused by chytrid fungus and ranavirus.  Co-existence of Andean frogs with 

the global pandemic virulent Bd strain demonstrated that resistance to chytridiomycosis might 
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be attained in the presence of symbiotic bacteria and antimicrobial peptides (Flechas et al., 

2018). Habitat and phylogenetic history also play major roles in shaping the diversity and 

structure of microbes in amphibians (Ellison et al., 2018). In addition, Bd strains are also a 

factor to consider since Bd exists as different strains with different virulence. Strains that belong 

to the Global Pandemic Lineage (BdGPL) are known to be highly virulent and have wiped out 

several species across the globe (Antwis et al., 2015). Furthermore, susceptibility to 

chytridiomycosis can also be attributed to composition of skin microbiome and the proportion 

of anti-Bd microbes present (Harris et al., 2009; Rebollar et al., 2020). Reduced chytrid 

infection in Australian Wet Tropics frogs was believed to be associated with higher abundance 

of Bd-inhibitory bacteria (Bell et al., 2018).  Bd-positive frogs remained asymptomatic due to 

the presence of a higher number of putatively inhibitory bacteria (Kruger, 2020b).  

Manipulation of the skin bacteria in frogs to help counteract chytridiomycosis is a 

successful approach to mitigate Bd (Becker and Harris, 2010). Increasing the abundance of 

naturally occurring anti-Bd Janthinobacterium lividum through bioaugmentation helped in 

eliminating Bd, thereby increasing the survival rate in P. cinereus (Becker et al., 2009) and 

reducing mortality in R. muscosa (Harris et al., 2009), R. muscosa was severely impacted by 

chytridiomycosis in their natural habitat. Probiotic treatment using J. lividum also facilitated 

and controlled chytridiomycosis outbreak in captive boreal toads Anaxyrus boreas (Kueneman 

et al., 2016). This is one finding that encouraged researchers to explore the protective benefits 

of the skin microbiome against Bd. The use of probiotic bacteria to improve immunity against 

chytridiomycosis has been successful for some studies but a failure for others (Harris et al., 

2009; Becker et al., 2011; Woodhams et al., 2012; Muletz et al., 2012; Jani and Briggs 2018).  

Different frog species respond differently when exposed to Bd. While most species 

suffer mass die offs, population declines or extinction (e.g., R. muscosa, Harris et al., 2009), 

some species were found to be resistant and able to self-cure after chytrid infection (e.g., 

Leiopelma archeyi, Shaw et al., 2010). The presence of a high proportion of anti-Bd bacteria 

in association with increased defence mechanisms of frogs against chytridiomycosis could be 

analogous to herd immunity (Lam et al., 2010). Bletz et al. (2017) proposed a hypothetical 

threshold model in relation to herd immunity of frogs against chytridiomycosis, which states 

that if 80% of the population host at least one potent cutaneous anti-Bd bacterium, the 

population will persist in the presence of Bd. If less than 80% of the population host anti-Bd 

bacteria, the population may collapse in response to Bd infection.  
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Resistance to chytridiomycosis has been documented in New Zealand’s endemic frogs 

(Leiopelma spp.) based on the assessment of chytridiomycosis prevalence and experimental 

exposures of Bd infection in all three species: L. archeyi (Bishop et al., 2009; Shaw et al., 2010; 

Ohmer et al., 2013), L. hochstetteri (Thurley and Haigh 2008; Moreno et al., 2011; Ohmer et 

al., 2013), and L. hamiltoni (formerly referred to as L. pakeka, Ohmer 2011). These frogs have 

demonstrated their ability to clear the infection in the laboratory (Shaw et al., 2010; Ohmer et 

al., 2013). With this information, Ohmer et al. (2013) suggested that chytridiomycosis poses a 

low risk to these frogs.   Melzer and Bishop (2009) identified some antimicrobial peptides 

present in the skin secretions of all Leiopelma species that are capable of inhibiting Bd growth 

in vitro. Shaw et al. (2014) performed a preliminary investigation of the contribution of 

cutaneous bacteria in L. archeyi and L. hochstetteri from the Coromandel region and 

Whareorino Forest. They showed that these healthy individuals host a diverse skin bacterial 

community and discovered one isolate (Flavobacterium sp.) that hindered the growth of Bd in 

an inhibition assay (Shaw et al., 2014). No studies were performed to further analyse the 

contribution of skin microorganisms in Leiopelma spp. in relation to Bd resistance. In addition, 

the skin microbiome of Leiopelma spp., whether exposed or naive to Bd, was not explored.  

In Chapter 4, the cutaneous microbiome of Bd-negative and Bd-positive Leiopelma spp. 

was comprehensively described. I found that their skin microbiome was composed of some 

bacterial taxa that were putatively capable of inhibiting Bd based on the antifungal isolates 

database prepared by Woodhams et al. (2015). This database lists skin bacteria isolated from 

different frog species worldwide that have inhibited Bd growth in vitro. In the current chapter, 

the main objective was to assess the inhibitory activities of culturable microorganisms from the 

skin of Bd-negative Leiopelma frogs. The work presented in this chapter verifies that the skin 

microbiome of Leiopelma potentially plays a role as part of the innate immune response to 

protect against chytrid fungus. Findings from these inhibition assays contribute additional 

knowledge to the growing list of antifungal isolates that may be available for probiotic 

treatment in susceptible frog populations. The presence of strong anti-Bd microbes could 

potentially predict the fate of leiopelmatid frogs from the threat of chytridiomycosis. The 

possibility of ‘herd immunity’, if sufficient numbers of individual frogs carry at least one 

inhibitory microbe, may potentially secure these frogs through their ability to control 

chytridiomycosis outbreaks in the future.    

 



113 

 

5.2 Methods 

5.2.1 Sample collection 

We isolated culturable microorganisms from two frog species: L. hamiltoni from the 

captive population held at the University of Otago and L. archeyi from a wild population in 

Whareorino Forest. We initially swabbed random adult individuals of L. hamiltoni (n=3) in 

May 2020 and L. archeyi (n=8) in October 2019. All frogs were later shown to be Bd-negative 

(Chapter 3, Section 3.3.2). We captured and rinsed each frog to remove transient organisms 

and environmental debris as described in Chapter 3, Section 3.2.1. For the isolation of 

microorganisms, we used Copan ESwab Regular Flocked Swab with Liquid Amies Medium 

(Stock code 480CE, Fort Richard Laboratory) to swab the ventral and dorsal surfaces of the 

frogs: one swab per body surface. This swab system comes with a liquid solution called Amies 

medium that maintains the viability of microorganisms (even at room temperature) during 

transportation of the samples to the laboratory. For swabs collected from field sites, the swabs 

were stored between 4 – 10°C by placing them in a chilly bin with ice blocks. We processed 

the swabs for isolation of the microorganisms within 24 hours of swab collection.  

 

5.2.2 Media preparation and isolation of cutaneous microbes 

All culture media were prepared at least 24 hours before processing the swabs for 

microbial isolation. Culture media and isolation materials were sterilised by autoclaving at 

121°C and 15 psi for 30 minutes. Isolation and purification procedures were performed inside 

a Class-2 Biosafety cabinet (Heraeus Herasafe cabinet, Germany). The recipe of all the culture 

media used to cultivate and maintain the isolated microorganisms can be found in Appendix, 

Section 8.3.1.  

5.2.2.1 Bacterial isolates  

Swabs were vortexed for one minute to dissociate microorganisms attached to the flock 

swab into the Amies transport solution. A serial dilution was made of the bacterial mix by 

transferring 100 µL of the Amies solution to a sterile 15-mL centrifuge tube containing 9.90 

mL sterile 0.1% TB (0.1g Tryptone in 100 mL distilled water), 100 µL of the first dilution was 

transferred to another 9.90 mL sterile 0.1% TB to dilute the suspension prior to isolation. 100 

µL of each diluted suspension was then transferred to sterile Difco R2A Agar plates (Stock 

code 218263, Fort Richard Laboratory). The solution was spread on the R2A plate using a 
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sterile L-rod spreader. The plates were sealed using parafilm and incubated upside down at 

17°C for 24 – 72 hours until growth of bacteria was observed, and the morphology of each 

colony was distinct. Each colony that grew on R2A plates was characterised by describing its 

morphology though visual observation. Colonies were described based on colour, shape, size, 

margin, opacity, elevation, surface, and consistency. Each colony was subcultured onto new 

sterile R2A plates until purity of the isolate was achieved. Pure isolates were inoculated into 

10 mL Tryptic Soy Yeast Extract broth (TSYE) and incubated for 24 hours at 17°C. To prepare 

a stock culture, the tubes were centrifuged at 12,000 rpm for two minutes after which the 

supernatant was discarded, and the pellet was resuspended in sterile TSYE with 40% glycerol, 

transferred into a 2 mL sterile cryotube container and stored at -80°C. Cultures used in the 

inhibition assay were temporarily stored at 4°C.  

 

5.2.2.2 Fungal isolates  

To isolate fungi, 100 µL of the Amies solution was directly transferred to a sterile Difco 

Potato Dextrose Agar plate (PDA, Stock code 213400, Fort Richard Laboratory) and was 

distributed evenly on the agar using a sterile L-rod. The plates were sealed using parafilm and 

incubated upside down at 17°C for 3 – 5 days. As for the bacterial isolates, visual observations 

were also used to describe each fungal colony morphologically. Each colony was purified by 

subculturing onto new sterile PDA plates. When we observed that bacteria were also growing 

on the PDA plates, we supplemented the agar with Penicillin and streptomycin (see Appendix, 

Section 8.3.1). Pure fungal isolates were subcultured onto sterile 10 mL Difco Potato Dextrose 

Broth (PDB, Stock code 254920, Fort Richard Laboratory) and incubated at 17°C for 72 hours. 

The tubes were then centrifuged at 12,000 rpm for two minutes after which the supernatant was 

discarded, the pellet resuspended with sterile PDB containing 40% glycerol and then 

transferred to a 2-mL sterile cryotube to be stored at -80°C as stock cultures.   

 

5.2.3 Preparation of cultures for the Bd Inhibition assay 

5.2.3.1 Bd zoospore suspension  

Bd cultures were prepared as described in Chapter 3, Section 3.2.4. Cryopreserved Bd 

isolate AUS 8, used previously as a positive control to screen for Bd infection in New Zealand 

frogs (Chapter 3, Section 3.2.4) was also used here to perform the inhibition assay.  To collect 

Bd zoospores, Bd was cultured on 1% TA at 17±3°C for 3 – 7 days. The plate was monitored 
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daily using a dissecting microscope to identify the day at which the zoosporangium released 

zoospores. Zoospores were harvested on the day when maximum number of spores were 

moving around the zoosporangia. Three millilitres of sterile 1% TB was added to the Bd-

cultured plate to collect the zoospores (Medina et al., 2017). The plate sat for one hour to allow 

the zoospores to dissociate from the zoosporangia. The liquid suspension was transferred using 

a sterile micropipette into a sterile 15 mL centrifuge tube. Bd zoospores are typically 4 – 5 µm 

in diameter while sporangia are 10 – 30 µm in diameter. To avoid adding zoosporangia to the 

assay, the suspension was passed through a 10 µm filter (Bell et al., 2013). The zoospore count 

was determined using a haemocytometer. To standardize the test, a final count of 5x106 

zoospores mL -1 suspension was used in every assay.   

 

5.2.3.2 Preparation of bacterial and fungal suspension 

Cutaneous bacteria and fungi were cultured on agar medium instead of broth to ensure 

purity of the isolates prior to the inhibition assay, demonstrated by growth of isolated single 

colonies. Three to five colonies from pure cultures were collected using a sterile 10 µL loop 

and transferred into 0.1% TB. To standardize the microbial suspension, a turbidity test known 

as the McFarland Standard was used for all microbial suspensions. We used McFarland 

Standard no. 1 which has an arbitrarily equivalent to 3.0x108 colony forming units (cfu) mL-1. 

 

5.2.4 Bd Inhibition assay: Agar-spot-plate method 

Inhibition assays were performed to assess the antifungal activities of cutaneous 

microbes against Bd growth in vitro following Harris et al. (2006) but with modifications. 

Harris et al. (2006) performed the inhibition assay by adding a streak of the test bacterial isolate 

onto the plate with Bd zoospore lawn and measured the inhibition around bacterial growth. 

Here, instead of adding a streak of the test microbe, a ‘spot plate’ approach was used, where a 

known volume of the test microorganisms was spotted directly onto the plate with Bd 

zoospores.  First, one millilitre of pure zoospore suspension was transferred to a sterile 1% TA 

plate. The liquid covered the entire plate to ensure complete and even coverage with Bd 

zoospores; even distribution of the zoospores on the plate is important to visualise the inhibition 

zone properly. The plates were air-dried for approximately an hour inside a biosafety cabinet. 

Then, ten microlitres of bacterial and fungal suspension was added on the centre of the plate on 

top of the air-dried Bd zoospore lawn and the plate was incubated at 17±3°C for 3-7 days. The 
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plates were observed daily to monitor growth of Bd and to check for possible inhibition caused 

by the cutaneous bacteria or fungi. During the preliminary stages of the experiment, to save 

resources and time, the assay was performed by placing four to five different isolates on one 

plate as shown in Figure 5.2.1.A and challenged against Bd. If clearance around a test isolate 

was found, a second assay was performed in which three spots were placed as triplicate of the 

same inhibitory isolate on one plate and co-cultured with Bd zoospores (Figure 5.2.1.B).  The 

inhibition zone was measured after 3 – 7 days of incubation. If this test isolate showed full plate 

clearance or overlapping inhibition zones, the test was performed a third time, in which a single 

spot was placed on the centre of the plate and co-cultured with Bd zoospores (Figure 5.2.1.C). 

This provided better observation of the zone of inhibition and enabled the assay to be performed 

in triplicate.  An isolate was considered inhibitory to Bd if a clear zone around the growth of 

cutaneous microorganism was observed. If clearance of Bd growth was observed but the isolate 

showed irregular morphology on agar medium and grew covering the entire plate, thereby 

making measurement of the inhibition difficult as shown in Appendix (Figure 8.3.1), then the 

isolate was considered potentially inhibitory. 

 

 

 

 

Every inhibition assay plate was photographed using a Samsung Note9 mobile phone 

(SM-N960F). A ruler was placed next to the plates to provide a reference to measure the 

Figure 5.2.1. The three approaches in testing the antifungal activities of skin microbes: (A) a 

preliminary assay where multiple isolates were co-cultured with Bd in one TA plate, (B) 

secondary assay where a single isolate was placed in three spots (triplicate) in one TA plate but 

sometimes the clearance was too great, and the zones are overlapping so we performed a third 

assay (C) where one test isolate was added in one TA plate.   
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inhibition zone using the image processing software ImageJ (version 1.53a), as shown in Figure 

5.2.2.  To measure the zone of inhibition around the test isolate, the area covered by the 

microorganism culture was measured first using the freehand selection tool to trace the outline 

of the inhibition zone indicated by the red line shown in Figure 5.2.2. Next, the area of the 

inhibition zone was measured using the same approach, the zone of inhibition is indicated by 

the yellow line shown in Figure 5.2.2. The area was converted to diameter using the formula: 

Diameter (in millimetre, mm) = (√Area (in mm2) / pi) x 2, where Area is the area covered by 

the isolate (mm2), pi is equivalent to 3.14159. For every plate, we set the scale to calibrate the 

measurement in millimetres (mm) using a ruler placed next to the plate. The difference between 

the diameter of the isolate and the diameter of the inhibition zone determined the final measure 

of the zone of inhibition (in mm).  

 

 

Figure 5.2.2. Measuring the area of zone of inhibition using the image processing software 

ImageJ. The zone of inhibition was traced as shown by the yellow line while the red line 

indicated the area of the isolate. The ruler was used to set the scale of measurement. 

 

Due to COVID restrictions during the nationwide lockdown in New Zealand, access to 

the laboratory was limited. Only bacterial culture isolates were accessed for the inhibition assay 

with the exception of three fungal isolates purified prior to COVID lockdown and available for 

use in the assay.  
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5.2.5 DNA Extraction of anti-Bd microbes 

DNA from isolates that exhibited inhibition against Bd were extracted using PrepMan™ 

Ultra Sample Preparation Reagent (Applied Biosystems, USA) following the manufacturer’s 

instructions. Bacterial and fungal isolates were grown on their respective agar plate medium 

prior to DNA extraction.  Using a sterile 10 µL inoculating loop, 1 – 3 colonies were scraped 

off from each plate and transferred to a sterile 1.5 mL centrifuge tube containing 100 µL 

PrepMan™ Ultra Sample Preparation Reagent along with 30 – 40 mg of sterile stainless steel 

0.5 mm-diameter beads. The solution was homogenised for one minute using a Bullet Blender 

24 (Next Advance, USA) followed by pulse centrifugation for 30 seconds at 13,000 x g. 

Homogenisation and centrifugation were repeated. Samples were heated at 100°C for 10 

minutes and cooled at room temperature for two minutes before the final centrifugation at 

13,000 x g for three minutes. Fifty microliters of the supernatant were transferred to a new 

sterile microcentrifuge tube and stored at -20°C.  

 

5.2.6 Identification of anti-Bd microbes and Sequence Analysis 

5.2.6.1 Amplification of 16S rRNA gene (Bacteria) and Internal Transcribed Spacer 

(Fungi)  

To identify the organisms that had antifungal activities against Bd, DNA was PCR 

amplified using 16S rRNA gene primers for bacteria and ITS primers for fungi. PCR 

conditions, components of PCR cocktail including the primers, and PCR purifications used 

were described in Chapter 4, Section 4.2.2. Purified DNA samples were sent to the Genetic 

Analysis Services, Department of Anatomy, University of Otago for capillary sequencing.   

Sequences were analysed using Geneious Prime® (2021.2.2) software where each 

sequence was trimmed using the UniVec function under the Trim Ends tool. The BLAST was 

used to identify each anti-Bd sequence and matched against the NCBI 16S ribosomal RNA 

database. To identify the anti-Bd bacteria or fungi, we analysed the BLAST result and 

considered the following alignment values: expect value (E-value), total score, query cover and 

percent identity. The match with the highest percent identity was evaluated first.  If the percent 

identity was similar across multiple matches, the e-value, percent cover and total score were 

evaluated in that order. The match with the highest percent identity, lowest e-value, highest 

percent cover and highest total score was chosen as the most closely related organism of our 
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unknown sequence. If all these criteria were similar but the resulting BLAST matches showed 

different species, we declared the identity to genus or family level. To visualize the identity of 

the anti-Bd microbes with their corresponding BLAST match, we constructed a phylogenetic 

tree. All the sequences were aligned using the default Geneious Alignment tool and set 93% 

similarity on the cost matrix option.  A neighbour-joining tree was generated using the resulting 

alignment and the default Geneious Tree Builder tool.    

 

5.2.6.2 Whole Genome Sequencing using Oxford Nanopore Technology 

 Eleven bacteria that showed anti-Bd activity were selected for whole-genome 

sequencing. It should be noted that whole-genome sequencing was performed only to provide 

a more comprehensive identification of the selected anti-Bd bacteria, and we did not intend to 

perform gene analysis or a more thorough exploration of the whole genome due to the limitation 

of time allocated for this project. The Rapid Barcoding Sequencing kit (SQK-RBK004; Oxford 

Nanopore Technologies) was used to barcode each genomic DNA sample following 

manufacturer’s instructions. Unique barcodes were designated to each anti-Bd isolate and all 

barcoded samples were pooled to make a sequencing library (~400 ng genomic DNA). The 

pooled library was loaded onto a MinION flow cell to generate sequence data.  

The resulting fastq files were demultiplexed and then processed for basecalling and 

removal of barcodes using ONT-Guppy-gpu (version 5.0.7). The residual adaptor was removed 

using Porechop (version 0.2.4). Nanofilt (version 2.6.0) was used to filter the reads and set the 

quality score to 13 (>Q13) where all reads with lower than 13 quality score were discarded. De 

novo assembly for each barcode was performed using Flye (version 2.8.3). At least three contigs 

were selected at random from the assembled fasta file and compared against the NCBI 

Complete Prokaryote Genome Database using BLAST (Altschul et al., 1997). The best match 

was selected based on the highest max score, lowest E value, and highest percent identity. The 

fasta file of the matching organism was imported to Geneious Prime® (version 2021.2.2) and 

used as a reference sequence. Using Geneious, the unknown contig was mapped to its closely 

matched reference and the percent similarity of the unknown contig to the reference sequence 

was identified. The identity of the barcode was declared based on the reference sequence with 

highest percent alignment.  
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5.2.7 Statistical analysis 

Analysis of data was performed in R Statistical Software (version 4.1.1; R Core Team, 

2021).  A linear model was used to analyse the difference in the number of inhibitory isolates 

between frog species L. hamiltoni and L. archeyi. The linear model tested the influence of frog 

species as predictors on proportion of inhibitory isolates as response variables. Since the two 

species came from two different locations, influence of frog location was not assessed for this 

chapter. 

 

5.3 Results 

5.3.1 Cutaneous microbes  

A total of 237 morphologically distinct isolates collected from the skin of L. archeyi (n 

= 8) and L. hamiltoni (n = 3) were cultured.  These morphotypes mainly belong to Kingdom 

Bacteria and only 24 morphotypes belong to Kingdom Fungi. Figure 5.3.1 shows the 

morphology of some bacterial and fungal pure cultures isolated from the skin of Leiopelma 

frogs, demonstrating variation in colour, texture, margin, and consistency. The detailed 

morphological description of each colony isolated in this project can be found in Appendix, 

Table 8.3.1.  

From the 237 morphotypes, 148 isolates (145 bacterial and three fungal isolates) were 

challenged to assess for inhibitory activities against Bd (Figure 5.3.2). The remaining 89 

isolates were not processed due to the restrictions brought by New Zealand’s COVID 

lockdown. The number of morphotypes identified was higher in L. archeyi (n=139) than L. 

hamiltoni (n=98). For L. archeyi, 30.2% (n = 42) of isolates exhibited inhibition of Bd growth 

while 41% (n = 57) did not. Five isolates were classed as ‘potentially inhibitory’, but it was 

difficult to assess since the bacteria tended to spread on the plate which mechanically prevented 

the growth of Bd zoospores. For L. hamiltoni, 17.3% (n = 17) of isolates were inhibitory against 

Bd.  
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Figure 5.3.1. Different morphological characteristics of the pure bacterial 

(A, B, D, E) and fungal (C) cultures isolated from the skin of Leiopelma 

frogs. 
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5.3.2 Bd Inhibition Assay  

Anti-Bd microbes exhibited weak to strong antifungal activities against Bd (Figure 

5.3.3).  The diameter of the zone inhibition ranged between 4.9 – 64.7 mm for L. hamiltoni 

while for L. archeyi the range was between 2.6 – 62.2 mm (Table 5.3.1). Figure 5.3.3.A shows 

the normal growth of Bd on 1% TA after seven days of incubation and served as the negative 

control. The growth of Bd was compared to this plate; however, if the inhibition was too great 

the growth of Bd could not be observed. Plate B shows that some isolates (e.g., isolates 15 and 

23) did not inhibit the growth of Bd unlike isolate 24 (in Plate B) and 23 (in Plate C) where the 

clearance around the isolate indicated its antifungal activity. Interestingly, there were some 

isolates (e.g., 34 in Plate B) that did not grow or survive in the presence of Bd.  

Of the 17 anti-Bd microbes from L. hamiltoni, five isolates completely inhibited growth 

across the entire plate. These isolates were identified by 16S and ITS sequencing as 

Janthinobacterium sp. (P2-A_42_R2A, Figure 5.3.3.K), Pseudomonas sp. (P4-A_43.2, Figure 

Figure 5.3.2. Number of morphologically distinct bacterial and fungal isolates used in the Bd 

Inhibition assay and their activity against Bd in vitro. 
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5.3.3.I), Flavobacterium sp. (C3-B_18.2), Stenotrophomonas terrae (P4-A_25, Figure 

5.3.3.H), and Penicillium chrysogenum (P2-A_53, Figure 5.3.3.L). For L. archeyi, one of the 

isolates that showed strong inhibition belonged to order Enterobacterales (LA3d_31, Figure 

5.3.3.G). Thirteen of the anti-Bd bacteria isolated from L. archeyi could not be identified using 

16S rRNA sequencing but one of these isolates (LA1d_1, Figure 5.3.3.J) completely inhibited 

Bd growth on the 1% TA plate. Based on its phenotypic characteristics listed in Appendix: 

Table 8.3.1, there is a possibility that this bacterium belongs to Chryseobacterium sp. as its 

morphology is similar to isolates LA2d_1, LA8d_1 and LA5d_1, which were all identified as 

Chryseobacterium sp. based on 16S sequence data.   

A higher proportion of inhibitory microbes was isolated from L. archeyi (30.2%) than 

L. hamiltoni (17.3%), but this difference was not significant (F1,9 = 0.003, P = 0.96). The 

proportion of anti-Bd microbes found in L. archeyi and L. hamiltoni is presented in Figure 

5.3.4. All individual frogs hosted at least one inhibitory microorganism.  
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Figure 5.3.3. Bd Inhibition Assay. Skin isolates were challenged against Bd in vitro, clearance 

around the colony indicates zone of inhibition to Bd: (A) Control plate inoculated with Bd 

zoospores only, (B-L) varying diameter of zones of inhibition from no inhibition (B), minimal 

inhibition (B, C) strong inhibition (D – G) to complete inhibition (H – L) of Bd growth after 5-

7 days of incubation at 17°C (inoculum concentration: approximately 3.0x108 cfu mL-1).  
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Table 5.3.1. Cutaneous microbes isolated from Leiopelma frogs that exhibited antifungal 

activities against Bd zoospore in vitro.  The inhibition zone of some isolates was overlapping 

and difficult to measure; these isolates were designated with (-). In the isolate name, the first 

letters indicate the frog species (LH stands for Leiopelma hamiltoni; LA stands for L. archeyi) 

and individual frog ID while the numbers at the end indicate the morphotype number of the 

bacterial or fungal isolate. 

Frog 
Species 

Phylum 
Family/ Genus/ 

Species 
Isolate name 

Mean 
Diameter of 

Inhibition Zone 
(mm) 

Leiopelma hamiltoni    

Bacteria Bacteroidetes Flavobacterium sp. LH_C3-B_18.2 37.7 

  Sphingobacterium 
sp. 

LH_P4-A_13 - 

 Proteobacteria 
Family 

Comamonadaceae 
LH_P4-A_16 - 

  Janthinobacterium 
sp. 

LH_P2-A_42 64.7 

  Family Yersiniaceae LH_P2-A_43 6.5 
   LH_P2-A_51 4.9 
   LH_C3-B_18.1 - 
  Pseudomonas sp. LH_P4-A_43.2 50.8 
   LH_C3-A_24 - 
   LH_P2-A_25 - 
   LH_P4-A_18 - 
   LH_P4-A_24 - 

  Stenotrophomonas 
terrae 

LH_P4-A_25 47.1 

  Stenotrophomonas 
tumulicola 

LH_P4-A_5 - 

Fungi Ascomycota 
Penicillium 

chrysogenum 
LH_P2-A_53 27.9 

  Coniochaeta sp. LH_P2-A_23 5.8 

Leiopelma archeyi    

Bacteria Bacteroidetes 
Chryseobacterium 

sp. 
LA2d_1 17.7 

   LA8d_1 35.9 
   LA5d_1 - 
   LA5d_14 - 
   LA5v_15 - 
   LA5v_16 - 

 Proteobacteria 
Janthinobacterium 

sp. 
LA3d_42 14.3 

  Family Yersiniaceae LA4v_2 31.3 
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  Order 
Enterobacterales 

LA3d_31 58.8 

  Pseudomonas sp. LA3d_10 28.5 
   LA3d_43 31.3 
   LA3v_35 10.7 
   LA3v_38 34.0 
   LA4v_43 48.6 

  Unidentified 
isolates 

  

  LA1d_1 62.1 
   LA1d_28 2.9 
   LA1d_35 9.4 
   LA1v_1 5.1 
   LA1v_4 4.1 
   LA2v_1 7.1 
   LA3d_18 2.6 
   LA3d_35 3.6 
   LA3v_14 23.3 
   LA3v_43 6.5 
   LA5v_1 16.3 
   LA5v_14 21.3 
   LA5v_31 16.5 
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Figure 5.3.5 shows selected anti-Bd bacteria that were assigned taxonomic 

identification based on their 16S rRNA gene sequencing. Anti-Bd bacteria mainly belonged to 

two phyla: phylum Proteobacteria and Bacteroidetes. For L. hamiltoni, most anti-Bd bacteria 

belonged to phylum Proteobacteria (Pseudomonas sp., family Yersiniaceae, genus 

Stenotrophomonas, family Comamonadaceae, and Janthinobacterium sp.), with only two 

isolates belonging to phylum Bacteroidetes (Flavobacterium sp. and Sphingobacterium sp.). 

There were also two fungal isolates that belonged to phylum Ascomycota (Penicillium 

chrysogenum and Coniochaeta sp.).  

In the case of the L. archeyi microbiome, only bacterial isolates were challenged against 

Bd. Six anti-Bd bacteria belonged to phylum Bacteroidetes (Chryseobacterium sp.) and the 

remaining eight belong to phylum Proteobacteria (Janthinobacterium sp., family Yersiniaceae, 

order Enterobacterales, and Pseudomonas sp.). Table 5.3.1 lists all the inhibitory isolates 

collected from the two frog species L. archeyi and L. hamiltoni. 

 

Figure 5.3.4. Proportion of inhibitory isolates found in each frog individual of L. archeyi 

and L. hamiltoni. 
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Figure 5.3.5. Neighbour-tree joining of anti-Bd bacteria isolated from L. archeyi (A) and L. 

hamiltoni (B). Tree showing the closest match of each isolate using the 16S rRNA database. 
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5.3.3 Whole-genome sequencing of selected Anti-Bd bacteria 

We used Minion sequencing (Oxford Nanopore Technologies) to process long DNA 

reads to generate a whole-genome sequence of 11 anti-Bd bacteria. Bacteria isolated from L. 

hamiltoni that initially showed inhibition to Bd growth were selected for whole genome 

sequencing. Whole genome sequencing enabled the identification and characterisation of the 

species of bacteria that could not be identified using the 16S rRNA database. For instance, LP 

P2-A_42 was identified as Janthinobacterium sp. using the 16S rRNA database but with the 

use of whole genome sequencing and comparison to the Complete Prokaryote Genome 

Database in NCBI, we found the isolate was 97.4% similar to J. lividum. Some of the isolates 

that were identified to species level include Pseudomonas protegens (P4-A_43.2), Rahnella 

aquatilis (C3-B-18), Stenotrophomonas maltophilia (P4-A-5), P. fluorescens (P2-A_25), 

Ewingella americana (P2-A_51), and Comamonas koreensis (P4-A_44). The more 

comprehensive identification of each anti-Bd bacterial isolate is listed in Table 5.3.2. 
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Table 5.3.2. BLAST result of the whole genome sequences of selected anti-Bd bacteria. 

    BLAST result against Complete prokaryote Genome Database (NCBI) 
Geneious 

result 

Barcode 

Number 

Isolate 

Name 
Contig 

Contig 

sequence 

length 

Description 
Query 

Cover 

E 

value 

Percent 

Identity 
Accession 

Sequence length 

Accession file for 

that organism 

Percent 

similarity to 

Refence 

Genome across 

whole sequence 

data 

Barcode_01 
LP_P4-

A_43.2 
contig_11 2276 

Pseudomonas protegens 

strain FD6 chromosome, 

complete genome 

94% 0 89.18% NZ_CP031396.1 6667995 92.4% 

Barcode_02 
LP_P2-

A_42 
contig_2 21514 

Janthinobacterium lividum 

strain EIF2 chromosome, 

complete genome 

100% 0 97.44% NZ_CP049828.1 6399352 97.4% 

Barcode_03 
LP_C3-

B-18 
contig_23 5357 

Rahnella aquatilis strain 

MEM40 chromosome, 

complete genome 

99% 0 99.83% NZ_CP036490.1 5021016 99.0% 

Barcode_04 
P_P4-A-

18 
contig_1 32709 

Pseudomonas sp. R84 

chromosome, complete 

genome 

99% 0 92.40% NZ_CP019426.1 6601805 91.3% 

Barcode_05 P_P4-A-5 contig_13 4321 

Stenotrophomonas 

maltophilia strain MER1 

chromosome, complete 

genome 

100% 0 96.07% NZ_CP049368.1 4547296 90.8% 

Barcode_07 
LP_P2-

A_25 
contig_17 9157 

Pseudomonas fluorescens 

strain JNU01 chromosome, 

complete genome 

95% 0 87.61% NZ_CP072873.1 6790443 85.1% 

Barcode_08 
LP_P2-

A_51 
contig_53 14444 

Ewingella americana strain 

B6-1 chromosome, 

complete genome 

100% 0 97.54% NZ_CP048243.1 4665173 96.1% 
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Barcode_09 
LP_P4-

A_44 
contig_8 1126 

Comamonas koreensis 

strain T50-37 chromosome, 

complete genome 

98% 0 87.65% NZ_CP043575.1 5217190 85.0% 

Barcode_10 
LP_P4-

A_13 
contig_4 15528 

Sphingobacterium sp. G1-

14 chromosome, complete 

genome 

100% 0 96.16% NZ_CP021381.1 6325678 96.3% 

Barcode_11 
LP_C3-

A_24 
contig_33 1566 

Pseudomonas sp. OE 28.3 

chromosome, complete 

genome 

100% 0 99.43% NZ_CP077082.1 6573451 96.5% 
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5.4 Discussion 

This chapter presents the anti-Bd activities of culturable cutaneous microbes of Bd-

negative L. archeyi and L. hamiltoni that may play a role in preventing chytridiomycosis 

infection in these frog species. One-hundred and forty-eight morphologically distinct isolates 

were cultivated and screened with the discovery of 59 isolates exhibiting antifungal activities 

against Bd growth in vitro. Using 16S rRNA gene amplification coupled with the NCBI 16S 

rRNA database, all of the anti-Bd bacteria identified fell under two phyla: Proteobacteria and 

Bacteroidetes. At the phylum level, 86% of the sequenced anti-Bd bacteria from L. hamiltoni 

belonged to Proteobacteria and came from two families, Comamonadaceae and Yersiniaceae, 

and three genera Janthinobacterium, Pseudomonas and Stenotrophomonas. Only two were part 

of the Bacteroidetes genera, Flavobacterium and Sphingobacterium, in addition to two fungal 

species from the Ascomycota genera (Penicillium and Coniochaeta). L. archeyi presented 57% 

of its anti-Bd isolates from phylum Proteobacteria with the following taxonomy: family 

Yersiniaceae, order Enterobacterales, and two genera Janthinobacterium and Pseudomonas. 

Only one genus Chryseobacterium represented phylum Bacteroidetes, but this had the highest 

number of isolates among bacteria from L. archeyi. At the genus level, anti-Bd bacteria from 

L. hamiltoni were dominated by Pseudomonas (36%) while L. archeyi was dominated by both 

Pseudomonas (36%) and Chryseobacterium (43%). Using whole genome sequencing 

confirmed the identity of 11 selected anti-Bd bacteria and classified most of these bacteria to 

species level.   

Next-generation sequencing can provide information on the microbial diversity present 

in an individual but to assess the antifungal properties of these microorganisms requires a 

culture-based approach (Bletz et al., 2017). Performing in vitro inhibition assays helps in 

evaluating and possibly predicting the potential role of a microorganism against 

chytridiomycosis. This approach also would be beneficial in developing probiotic techniques 

for use in in vivo applications in the future (Bell et al., 2018). But it is important to note that an 

in vitro assay does not reflect the exact activities of bacteria in the presence of Bd when on the 

animal (Bletz et al., 2017); other factors such as host, environment and diversity of microbiome 

potentially interfere in this interaction and may or may not permit the skin microbes to exhibit 

their antifungal activities. 
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5.4.1 Antifungal activities of Leiopelma skin microbes against Bd in vitro  

The diversity of anti-Bd bacteria found in the skin of two species of Leiopelma was in 

line with the results of several previous studies of other frogs that explored the contribution of 

amphibian skin bacteria in eliminating chytrid infection (Woodhams et al., 2007; Bell et al., 

2018). In R. muscosa sampled in Sixty Lake Basin and Connes in California, anti-Bd bacteria 

belonged to three phyla: Firmicutes (genus Bacillus), Proteobacteria (genera 

Chromobacterium, Serratia, Stenotrophomonas, Pseudomonas, Iodobacter, 

Janthinobacterium), and Bacteroidetes (genera Pedobacter and Chyrseobacterium) 

(Woodhams et al., 2007).  Many bacteria that can inhibit Bd commonly belong to Phylum 

Proteobacteria (Woodhams et al., 2007; Flechas et al., 2012; Becker et al., 2015). Additionally, 

genera Stenotrophomonas, Aeromonas and Pseudomonas (also in the phylum Proteobacteria) 

were among the hundreds of bacteria identified and isolated from different species of 

Panamanian frogs proven to have inhibitory metabolites against Bd (Becker et al., 2015). 

Similar findings were observed by Madison et al. (2017), where amphibians in Costa Rica host 

anti-Bd bacteria from the genera Alcaligenes, Bacillus, Chyrseobacterium, 

Enterobacteriaceae, Lysinibacillus, Microbacterium, Pseudomonas, Sphingobacterium, 

Staphylococcus, and Stenotrophomonas, all from the phyla Proteobacteria, Bacteroidetes, 

Actinobacteria, and Firmicutes.  

Hosts with skin microbiomes composed of higher proportions of anti-Bd bacteria tend 

to exhibit reduced susceptibility, if not immunity, against chytridiomycosis (Woodhams et al., 

2007). For instance, the presence of a higher number of inhibitory microorganisms resulted in 

lowered Bd infection in wild populations of the stream-dwelling Litoria species (Bell et al., 

2018). Pseudomonas and Stenotrophomonas were among the major anti-Bd bacteria found in 

these Australian Wet Tropics frogs (Bell et al., 2018). Pseudomonas and Stenotrophomonas 

were also present in the skin of Leiopelma frogs that demonstrated inhibition to Bd growth in 

this study. The resistance of the amphibian Gastrotheca excubitor to chytridiomycosis was also 

associated with having a greater proportion of anti-Bd bacteria in their skin, mainly composed 

of Sphingobacterium faecium, Pseudomonas sp., J. lividum, and Rahnella aquatillis (Burkart 

et al., 2017).  These were the same set of skin bacteria that were identified in L. hamiltoni by 

whole genome sequencing analysis of anti-Bd bacteria, particularly with respect to Rah. 

aquatillis, which was not picked up using the 16S rRNA database.  
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In mitigating the effects of Bd using microbes, most studies focus on the use of bacteria; 

however, the fungal diversity and its potential antifungal properties in amphibians have not 

been explored (Kearns et al., 2017). In our findings, Penicillium chrysogenum (isolate P2-

A_53, Figure 5.3.3.L), one of the two fungal isolates, showed complete inhibition of Bd 

growth. Numerous fungal species are capable of producing bioactive secondary metabolites 

that are known to exhibit antimicrobial activities (Deshmukh et al., 2018). Dendrobates species 

host diverse fungal taxa under the phyla Basidiomycota and Ascomycota that inhibit Bd 

(Kearns et al., 2017). In the probiotic treatment study of Midwife toads, Alytes obstetricans, 

using a fungal isolate of Pe. expansum, and bacterial isolates J. lividum and Flavobacterium 

johnsoniae showed that Pe. expansum treatment resulted in inhibition of Bd but did not 

promote host stress as compared to using the bacterial species (Kearns et al., 2017). This study 

suggested the potential effective application of Penicillium for probiotic treatment against Bd 

and concluded that fungi provide greater protection than bacteria, with fungal taxa under the 

genus Penicillium potential candidates for probiotic application in amphibians (Kearns et al., 

2017).  

 

5.4.2 Potential application of Leiopelma skin bacteria for Probiotic treatment 

It has been proven that beneficial skin bacteria have a vital role in the persistence or 

reappearance of some frog species in the presence of the potentially deadly chytrid fungus Bd 

in their environment (Bell et al., 2018). This has led to using skin bacteria for probiotic 

treatments to mitigate the lethal effects of Bd in several frog species. This process uses 

bioaugmentation, in which it is believed that increasing the abundance of inhibitory bacteria 

on the skin of susceptible individuals will hinder Bd growth and prevent chytridiomycosis 

(Harris et al., 2009). Here, we found three dominant bacterial isolates Janthinobacterium, 

Pseudomonas and Chryseobacterium that completely inhibited the growth of Bd zoospores on 

the tryptone-agar (Figure 5.3.3).   

 

5.4.2.1 Janthinobacterium  

Janthinobacterium lividum is the most well-known anti-Bd bacterium used for 

bioaugmentation treatment to mitigate chytridiomycosis (Harris et al., 2009). Probiotic 

treatment with J. lividum aids in restoring the richness of anti-Bd bacteria in Anaxyrus boreas 
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thereby alleviating the deadly effects of chytridiomycosis (Kueneman et al., 2016).  

Janthinobacterium sp. is a bacterium widely known for its antifungal properties with a distinct 

purple pigmentation composed of a secondary metabolite called violacein (Kanelli et al., 2018). 

Compounds such as violacein and prodigiosin (red pigment produced by Serratia marcescens) 

can significantly inhibit the growth of two amphibian pathogens Bd and B. salamandrivorans, 

the causative agent of chytridiomycosis in salamanders (Woodhams et al., 2018). Violacein 

induces overproduction of chitinase, an enzyme that degrades the fungal cell wall (Nunes and 

Philipps-Wiemann, 2018). The fungal cell wall has regulatory enzymes, namely chitinase and 

glucanase, responsible for sporulation, cell growth and morphogenesis; however, over-

expression of these hydrolases can lyse the fungal cell wall and may lead to cell death (Adams, 

2004).  

Here, Janthinobacterium sp. was isolated from both species: L. archeyi and L. 

hamiltoni. In Chapter 4, the skin microbiome of these two frog species in relation to the 

presence of Bd infection was described. The genus Janthinobacterium covered 0.35% and 

0.17% relative abundance in the microbiome of Bd-positive and Bd-negative L. archeyi 

respectively. In L. hamiltoni, the species in which the largest diameter of inhibition zone was 

found, Janthinobacterium was only found to have a very low relative abundance of 0.05% and 

was not found in Bd-positive individuals (Chapter 4, Section 4.3.2.1). This may indicate that 

even with low abundance, the strong inhibitory properties of Janthinobacterium may be enough 

to provide protection against an invasive pathogen. Bletz et al. (2013) suggested that a species 

will persist in the presence of Bd if its population develops herd immunity against Bd gained 

through having a keystone-probiotic species. With strong inhibition but low abundance and the 

absence of Bd-positivity for L. hamiltoni could suggest that J. lividum is a keystone-probiotic 

species. The keystone-probiotic hypothesis states that a microorganism is capable of enhancing 

the host defensive mechanism against a pathogen despite being low in abundance (Bletz et al., 

2013). However, in order to prove this hypothesis, an in vivo assay is necessary to test the 

potential role of J. lividum to inhibit Bd in Bd-infected Leiopelma individuals.  

 

5.4.2.2 Pseudomonas 

In both L. archeyi and L. hamiltoni, 36% of the anti-Bd bacteria belong to Pseudomonas 

sp.. In amphibians, it has been found to be one of the common and dominant residents of the 

skin microbiome in various frog species such as R. muscosa and R. sierra (Woodhams et al., 
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2007; Lam et al., 2010) and has exhibited antifungal activities against the amphibian chytrid 

fungus. Pseudomonas also dominated the bacterial communities of the skin of Craugastor 

fitzingeri frogs from a Bd-naïve and Bd-endemic site (Rebollar et al., 2018). Interestingly, 2, 

4-Diacetylphloroglucinol (2,4-DAPG) is produced by the Pseudomonas and exhibited 

antifungal activities against plant pathogens Pe. digitatum and Pe. italicum (Gong et al., 2016). 

Muletz-Wolz et al. (2017) recommended Pseudomonas sp. for probiotic treatments as it 

inhibits the growth of multiple Batrachochytrium strains including B. salamandrivorans (Bsal). 

Species of Pseudomonas are known to exhibit swarming motility, a form of motility that allows 

the bacterium to spread onto the surface of the agar medium in a dendritic-like pattern (Otton 

et al., 2017). This dendritic growth pattern of Pseudomonas, as shown in Appendix (Figure 

8.3.1), was the reason why some of the Pseudomonads sp. isolates were identified as only 

potentially inhibitory because it was difficult to measure the inhibition zone; Bd growth was 

inhibited but it was difficult to measure the area covered by the isolate. This swarming activity 

is important to Pseudomonas strains for their biofilm formation and attachment to different 

substrates. It is also influenced by the humidity and presence of stressors like bacteriophage 

(Otton et al., 2017; Bru et al., 2020).  

 

5.4.2.3 Chryseobacterium 

Chryseobacterium sp. was the most dominant anti-Bd isolate from the skin of L. archeyi 

covering 43% of the classified isolates. Chryseobacterium is a Gram-negative member of 

family Flavobacteriaceae that is characterised by its yellow orange pigmentation due to 

flexirubin production (Srinivasan et al., 2016). One of our anti-Bd isolates that shows strong 

inhibition to Bd has a distinct orange colour (Isolate LA1d_1, Figure 5.3.4.J) and could 

possibly belong to the same genus. Chryseobacterium was the most dominant Bd inhibitory 

bacterium on all captive boreal toads, A. boreas, but had lost a considerable abundance because 

of captivity (Kueneman et al., 2016).  Bacterial candidates for probiotic treatment in 

Panamanian golden frogs, Atelopus zeteki, included Chryseobacterium sp., Pseudomonas sp., 

and Stenotrophomonas sp. (Becker et al., 2015). Chryseobacterium trutae was one of the anti-

Bd bacteria that inhibited a wide spectrum of Bd variants (Bletz et al., 2017). Muletz-Wolz et 

al. (2017) assessed five putative inhibitory bacteria isolated from woodland salamander skin to 

inhibit the growth of six Batrachochytrium genotypes including five Bd strains from the GPL 

and one Bsal strain. Chryseobacterium sp. was moderately inhibitory to Bsal and weakly 
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inhibitory to two Bd strains. A protease was found in Chryseobacterium sp., PUPC1, that has 

a wide spectrum of antifungal activities against plant pathogenic fungi in rice (Gandhi et al., 

2009). Volatile compounds found in C. endophyticum has suppressed the growth of a rice 

pathogen Magnaporthe oryzae (Kumar et al., 2021). These may suggest mechanisms for Bd 

inhibition in frogs. 

 

5.4.3 Possibility of Herd immunity in Leiopelma frogs 

Bletz et al. (2017) proposed that if 80% of individuals in a population host at least one 

Bd-inhibitory microorganism, the population may exhibit herd immunity and will persist in the 

presence of Bd. If herd immunity is achieved, chytridiomycosis outbreak may be prevented 

(Lam et al., 2010). Here, all L. hamiltoni and L. archeyi individuals that were swabbed were 

found to have more than one inhibitory isolate and some hosted an isolate that was completely 

inhibitory to growth of Bd (Figure 5.3.4). This may also support why these individuals were 

not carrying Bd on their skin and not suffering from chytridiomycosis. To confirm the 

possibility of herd immunity in Leiopelma, more individuals would need to be sampled. But 

knowing that there are these strong anti-Bd microbes, based on these inhibition assays and next 

generation sequencing techniques, it is possible to predict the susceptibility of the native frogs 

to chytridiomycosis. To be more confident, a good recommendation is to collect swabs from 

more individuals, isolate more culturable microbes, and perform further inhibition assays to 

have a concrete baseline of the symbiotic bacteria in the skin of Leiopelma frogs. However, it 

is important to consider the limitations of the herd immunity model by Lam et al. (2010). For 

instance, this model only includes culturable microorganisms, inhibition assessment using an 

in vitro assay, and a prediction based on the GPL strain of Bd. Lastly, the positive or negative 

interactions between microorganisms have not been accounted for (Bletz et al., 2017).  

 

5.5 Conclusion and Recommendations 

The skin of L. archeyi and L. hamiltoni is home to some bacterial and fungal isolates that 

display strong inhibition against the growth of Bd in vitro.  Anti-Bd bacteria mainly belonged 

to two phyla Bacteroidetes and Proteobacteria while anti-Bd fungi belonged to phylum 

Ascomycota. The dominant genera that exhibited strong antifungal activities against Bd belong 

to Janthinobacterium, Pseudomonas and Chryseobacterium. Both Janthinobacterium and 

https://www-sciencedirect-com.ezproxy.otago.ac.nz/topics/agricultural-and-biological-sciences/magnaporthe-oryzae
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Pseudomonas were isolated from L. archeyi and L. hamiltoni while Chryseobacterium was 

isolated only from L. archeyi. Penicillium chrysogenum was one of the two fungal isolates that 

exhibited complete inhibition of Bd in vitro. The potent antifungal activities of these bacterial 

and fungal isolates could be a source of probiotic treatment in the future.  Anti-Bd microbes 

were found in all the individuals swabbed in this study. If this sample is representative of the 

Leiopelma populations, it may support the potential herd-immunity model against 

chytridiomycosis described by Bletz et al. (2017). 

Inhibition by some bacteria that show swarming motility or viscous growth are difficult to 

measure using the agar-plate method. We recommend using a different method to further assess 

the inhibitory capabilities of these microorganisms (Bell et al., 2013). For example, the 96-well 

plate approach uses a spectrophotometric assay wherein instead of the live bacteria, the 

supernatant from the microorganisms is used to evaluate the antifungal properties of secondary 

metabolites produced by the microorganisms (Bell et al., 2013). We originally planned to 

execute both the agar-plate and 96-well plate method but due to the limitation of time and 

constraints brought by the pandemic, we only utilised the agar-plate method. Also, not all 

microorganisms are culturable, and the inhibitory activities of isolated skin bacteria (e.g., R. 

muscosa) may represent only a small portion of a wider diversity of inhibitory microorganisms 

that reside on their skin (Woodhams et al., 2007). There may be more beneficial bacteria 

present in Leiopelma. In addition, there were other bacterial and fungal isolates that were not 

tested for Bd inhibition due to the limitation of time brought by COVID restrictions. A follow-

up study to identify the genes or compounds involved in anti-Bd activities of the skin microbes 

should be undertaken. We processed some isolates for whole genome sequencing but were not 

able to process the sequences for further analysis as part of this study. Using the whole genome 

sequences of the anti-Bd bacteria, it would be possible to investigate the genes potentially 

responsible for the antifungal properties found in these bacteria.  
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6 CHAPTER 6 

GENERAL DISCUSSION 

 

The main objective of my research was to provide a comprehensive description of the 

cutaneous microbiome associated with Bd within the genus Leiopelma from selected sites in 

New Zealand. This thesis aimed to assess the diversity of microbial composition of the skin of 

L. archeyi, L. hamiltoni and L. hochstetteri using next generation sequencing by first assessing 

the appropriate DNA extraction kit based on the data collected by Dr Fernanda Centeno in 

2016. The most appropriate DNA extraction kit, among the four kits that were compared, was 

used for two main purposes:  metagenomic analysis and Bd screening. I then addressed the 

current prevalence and impact of chytridiomycosis on several wild and captive populations of 

these frog species in New Zealand. In addition, I assessed the potential contribution of 

cutaneous bacteria and fungi that may play a role in mitigating the impact of chytridiomycosis 

in Bd-negative frogs. My work has updated the current understanding of prevalence and 

potential risk of chytridiomycosis for all New Zealand native frogs and addressed potential 

mitigating strategies against Bd infection for them. This thesis provides significant insights on 

the impacts of chytridiomycosis on these taxonomically distinctive frogs and addresses 

appropriate conservation efforts to mitigate the threats brought by chytridiomycosis.   

 

6.1 DNA extraction kit for metagenomic analysis of the cutaneous 

microbiome of Leiopelma spp.  

Comparing DNA extraction kits for the metagenomic analysis allowed determination 

of the best kit to describe the cutaneous microbiome of L. hochstetteri and was subsequently 

used for the metagenomic analysis of the skin microbiome of the two other Leiopelma species, 

L. hamiltoni and L. archeyi. The choice of a DNA extraction kit is an important procedure as 

the quality of metagenomic profiling relies on the efficiency and accuracy of the DNA 

extraction method (Lim et al., 2018). Results showed that both PrepMan™ Ultra Sample 

Preparation Reagent (PrepMan) and PrepGEM™ Universal DNA Extraction (PrepGEM) 
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showed favourable results and offered a straight-forward and time-efficient process as 

compared to the time-consuming Qiagen DNeasy Blood and Tissue Kit (Qiagen) and MoBio’s 

PowerSoil® DNA Isolation Kit (MolBio). Among the four kits, PrepGEM produced the 

highest PCR amplicon concentration, generated the greatest number of reads, and produced the 

highest number of ASVs. However, PrepMan detected the highest species diversity of all the 

extraction kits tested. All four kits were able to detect diverse bacteria, including the Gram-

positive bacteria which were difficult to extract due to their thick cell wall composition. 

Degradation of the cell wall has been attributed to the chemical and enzymatic lytic properties 

of the kits (Li et al., 2020).    

The microbial composition of L. hochstetteri, as shown by the beta-diversity analysis, 

was not influenced by use of different DNA extraction kits or the quadrant from where each 

swab was taken, but rather by the host individual themselves. The same findings were observed 

by Rubin et al. (2014) where the bacterial communities in ants were similar regardless of the 

DNA extraction method used. Pratte and Kellogg (2021) also found that DNA extraction 

protocol did not result in differences in the microbiome of different coral species. This work 

showed that each frog hosts a unique microbiome, and the choice of DNA extraction kit had a 

limited impact on describing the skin microbiome of L. hochstetteri. 

The microbiome of the skin of L. hochstetteri was dominated by bacterial phyla 

Verrucomicrobia, Bacteroidetes, and Proteobacteria as identified using the four extraction kits. 

Interestingly, Abarca et al. (2018b) found the same bacterial composition on the skin of Costa 

Rica cane toads where Proteobacteria, Bacteroidetes, and Actinobacteria were also found to be 

more abundant while Acidobacteria, Firmicutes, Verrucomicrobia, and Planctomycetes were 

the least abundant phyla. Four differentially abundant taxa were also found but at the class 

level. Class Bacteroidia, Bacilli, and Actinobacteria were significantly more abundant when 

PrepGEM, PrepMan, and Qiagen were used while Verrucomicrobia had significantly lower 

abundance in PrepMan as compared to MolBio.  

Since both PrepMan and PrepGEM appeared to be the most efficient kits for 

metagenomic analysis, PrepMan was chosen for the metagenomic analysis of the skin 

microbiome of L. hamiltoni and L. archeyi (Chapter 4), screening of three Leiopelma species 

for Bd (Chapter 3), and extraction of DNA from pure cultures of skin microorganisms (Chapter 

5). One reason to use PrepMan is to harmonise with the broader frog literature (Boyle et al., 

2004; Hyatt et al., 2007; Longo et al., 2013; Becker et al., 2017; Ellison et al., 2019) while 
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PrepGEM was mainly used for extracting DNA from arthropods like shrimps (Ball and 

Armstrong, 2008; Edwards et al., 2008). In addition, PrepMan-extracted DNA used for 

assessing Bd presence had also been used to describe bacterial diversity in different frog 

species such as the golden lesser treefrog (Dendropsophus minutus; Becker et al., 2017), and 

marsupial frogs Gastrotheca excubitor and G. nebulanastes (Burkart et al., 2017). Furthermore, 

PrepMan had been used to isolate DNA from pure cultures of microorganisms (Bletz et al., 

2017) utilised for Bd inhibition assays. To yield better results for metagenomic analysis, 

particularly the efficiency to extract Gram-positive bacteria as recommended by Janssen et al. 

(2021), I incorporated bead-beating in the protocol using PrepMan in extracting DNA for the 

metagenomic analysis of skin bacteria in L. hamiltoni and L. archeyi (Chapter 4). Bead-beating 

was also done in extracting Bd DNA from skin swabs as Hyatt et al. (2007) recommended to 

include homogenisation using bead-beating to lyse Bd zoospores that may be present in the 

swab.   

 

6.2 Current Bd prevalence in New Zealand native frog species  

To detect the presence of Bd DNA from skin swabs collected from select sites in New 

Zealand, I followed the TaqMan assay developed by Boyle et al. (2004) and optimised the 

reagent concentrations and qPCR conditions using Bioline SensiFast Probe Lo-Rox kit. The 

TaqMan assay yielded more conclusive, specific, and consistent results as compared to SYBR 

green-based assay as it uses a sequence-specific probe with minor groove binder (Kutyavin et 

al., 2000) together with the sequence-specific primers. This diagnostic assay yielded an overall 

PCR efficiency of 96% with the lowest detectable level of one DNA copy per µL. This equates 

to 0.1 zoospore equivalent per reaction based on the reference zoospore equivalent standard 

produced by Hyatt et al. (2007). The use of synthetic gBlock gene fragments proved to be 

efficient in quantifying the number of Bd DNA since it was more accurate and reproducible 

(Rebollar et al., 2017). Kruger (2020) highlighted that detection of Bd DNA from a frog sample 

using qPCR does not necessarily equate to infection intensity or viability of Bd to cause 

infection. No clinical symptoms were found among the Bd-positive individuals that were tested 

in this project, which does not rule out chytridiomycosis. These frogs could be Bd carriers 

without the disease; nonetheless, the presence of Bd in these frogs has caused an alarm for this 

taxonomically distinctive genus.     
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Over 20 years since the discovery of chytridiomycosis in L. archeyi in Coromandel 

(Bell et al., 2004), I found that Bd is still present in New Zealand endemic frog species (L. 

archeyi and L. hamiltoni) despite the ability of these frogs to clear the infection in laboratory 

experiments (Shaw et al., 2010). An overall 6.8% prevalence was observed on Leiopelma 

species across six locations: Maud Island, Zealandia Ecosanctuary, University of Otago, 

Auckland Zoo, Pukeokahu, and Whareorino Forest. However, there had been an increase in the 

prevalence of chytridiomycosis particularly in the wild population of L. archeyi in the 

Whareorino Forest between 2014 – 2020.  

The prevalence of Bd in the Whareorino Forest population of L. archeyi between 2005 

– 2010 was 6.0% (Shaw et al., 2013), but a slight rise in prevalence (8.5%) was observed when 

I screened the skin swabs from the same population between 2014 – 2020. This increase in Bd 

prevalence could be a sign that Bd may eventually present a greater threat to leiopelmatid frogs 

in New Zealand.  

A slightly higher prevalence was observed in the wild population (Whareorino Forest, 

8.19%, n = 232) than the captive population (6%, n = 50) but this difference was not 

significant. Among the captive and sex-identified individuals (n = 50), all Bd-positive frogs 

were males and belonged to L. hamiltoni from the University of Otago. Potential higher 

susceptibility of male versus female frogs to Bd has been documented in other frog species and 

was associated with mating, parental care, and sex hormones (Adams et al., 2017; Longo et al., 

2020). In the survey of L. archeyi in the Coromandel region by Bell et al. (2004), the authors 

only found large and female frogs during their sampling expedition. This may suggest that the 

male frogs or smaller animals might have succumbed to Bd.  

Leiopelma species are known to be k-selected species (Bell et al., 2004) which means 

that they have a low reproduction rate, exhibit parental care, and have long life-expectancy. As 

k-selected species, leiopelmatids may suffer great population loss if male frogs have a poor 

body condition and hindered reproduction. For instance, a trade-off between immunity and 

reproduction was observed in male northern cricket frogs (Acris crepitans) where pathogens 

may impact reproduction by reducing male fertility (Mccallum and Trauth, 2007). 

Furthermore, their stunted growth may have been a result of the animal dealing with the 

infection thereby investing less in reproduction (Mccallum and Trauth, 2007).  

A concern raised by this project is the presence of Bd weak-positive results from Maud 

Island. Based on the survey conducted by Bell (2010), 60 individuals of L. hamiltoni (referred 
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to as L. pakeka in his study) swabbed in 2006 and 2008 were all Bd-negative. The Bd weak-

positive detected in swabs from Maud Island was due to only one of the three replicates 

resulting in an amplification after re-running a second assay. In another study (e.g., Kruger 

2020), if one out of three replicates yields a positive result after a triplicate run was repeated, 

that one amplification was considered as a Bd-positive result. Following Kruger (2020), the Bd 

weak-positive findings I found in this study could be considered as Bd-positive results, but I 

would keep the weak-positive declaration for these samples since the two frog swabs contained 

very low Bd DNA with 22 – 24 Bd DNA copies per swab. This result was very interesting 

since strict procedures have been implemented by the Department of Conservation in areas 

where frogs are found, including sanitation and quarantine procedures required before any 

study or survey can be conducted in frog protected areas in New Zealand. This is to prevent 

the possible spread of chytridiomycosis. Despite this, Bd was still detected in the isolated 

population of L. hamiltoni on Maud Island. There is now a call based on this finding to re-

assess and swab the frogs on Maud Island to confirm the presence and to evaluate the potential 

threat of Bd in this population of L. hamiltoni.   

 

6.3 Cutaneous microbiome of new Zealand native frogs and the potential 

roles of cutaneous microbiome in preventing chytridiomycosis in 

Leiopelma species 

6.3.1 Microbiome of Leiopelma skin 

Metagenomics analysis allowed us to visualize the skin microbial composition of 

Leiopelma species associated with chytridiomycosis (Chapter 4). Chytridiomycosis had caused 

changes in the diversity and proportion of bacterial taxa in amphibians (Jani et al., 2017). 

However, in some frog species, the role of the environment, rather than Bd infection, has been 

linked to shaping the microbial structure of the host species (Belden et al., 2015; Longo et al., 

2017; Kruger, 2020). The skin microbiome of L. archeyi and L. hamiltoni was dominated by 

bacterial taxa (87.4%) and fungal taxa were a minority (12.6%). Proteobacteria, Actinobacteria, 

and Bacteroidetes were the most abundant bacterial phyla in both Bd-negative and Bd-positive 

frogs. This was in line with the findings of bacterial diversity found on other frog species by 

Bletz et al. (2017) and Kueneman et al. (2014). The fungal microbiome was predominantly 

composed of the phylum Ascomycota and Basidiomycota. These were also found on the skin 

of Dendrobates species that demonstrated inhibition to Bd (Kearns et al., 2017).  
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Chytridiomycosis has altered the skin microbiome of some frog species (e.g., pumpkin 

toadlets, Becker et al., 2019); here, I found that there was a relationship between Bd presence 

and the skin microbiome of Leiopelma species (Chapter 4). I tested for the differentially 

abundant taxa between Bd-positive and Bd-negative frogs to identify if there were taxa that 

may be associated with Bd infection. Results showed that there were differentially abundant 

and variable bacteria and fungi associated with Bd-positive frogs. I found only one bacterial 

taxon (order Bacillales) had a significantly higher abundance in Bd-positive L. hamiltoni than 

in Bd negative L. hamiltoni. While for fungi, three Taxa were differentially abundant and 

variable in Bd-positive frogs. These fungal taxa belong to the following taxa: phylum 

Ascomycota, class Microbotromycetes, and species Aspergillus flavus.  

When each frog species was considered separately, one taxon in each of the two 

terrestrial frog species was found to be differentially abundant in Bd-positive frogs. Phylum 

Ascomycota had lower abundance in Bd-positive L. hamiltoni while order Xylariales had 

higher abundance in Bd-positive L. archeyi. These findings indicate that these differentially 

abundant taxa could be indicator species that may have a positive or negative association with 

Bd. However, it is not clear whether the change in abundance was associated with Bd presence, 

or the change in the skin microbiome resulted in high affinity to Bd infection. Either direction 

shows that Bd may cause changes in the microbial community in frogs associated with 

chytridiomycosis (Kruger 2020).  

 

6.3.2 Cutaneous Bacteria found on Leiopelma spp. 

Differentially abundant bacterial taxon (order Bacillales) in Bd-positive frogs were 

found to be putatively inhibitory to Bd based on the antifungal isolates database (Woodhams 

et al., 2015). Bacillales is an order under the phylum Firmicutes which was one of the putative 

anti-Bd bacterial phyla in Leiopelma based on the antifungal isolates database (Woodhams et 

al., 2015). Phylum Proteobacteria, Actinobacteria, and Bacteroidetes also contained anti-Bd 

organisms. The same putative phyla were found by Kruger (2020) in describing the microbiota 

of various frog species that belong to the genus Lithobates, Pseudacris, and Hyla. Comparing 

the bacterial taxa found on the skin of Leiopelma frogs with the antifungal isolates database 

compiled by Woodhams et al. (2015) showed that Bd-positive L. archeyi had a higher number 

of putatively inhibitory taxa than Bd-negative L. archeyi. However, for L. hamiltoni, more 

putatively inhibitory taxa were found in Bd-negative than Bd-positive individuals. The higher 
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number of putative anti-Bd bacteria in Bd-negative frogs may show that the resident bacteria 

may have prevented the occurrence of Bd infection as was observed in Plethodon 

cinereus (Harris et al., 2009) wherein the presence of beneficial bacteria on their skin prevented 

mortality caused by chytridiomycosis. On the other hand, the higher number of inhibitory taxa 

in Bd-positive individuals may be a result of the recruitment of beneficial bacteria to help 

mitigate the impact of Bd in the infected individuals (Walke et al., 2017; Kruger, 2020). The 

presence of putatively inhibitory taxa may also maintain the low infection intensity instead of 

clearing the infection in Bd-positive individuals, thereby making them asymptomatic 

(Bresciano et al., 2015; Kruger, 2020). During our surveys, we did not observe any symptoms 

in leiopelmatid frogs that would indicate chytrid infection, which shows that Bd-positive frogs 

may be asymptomatic despite having Bd on their skin.  

The potential role of the cutaneous microbiome and the putatively inhibitory bacterial 

taxa in protecting frogs against Bd was assessed through a Bd-inhibition assay. In Chapter 5, I 

isolated bacteria and fungi from the skin of Bd-negative L. archeyi and L. hamiltoni and 

assessed the antifungal activities of these culturable microbes against Bd zoospores. Several 

bacteria in Leiopelma skin were identified as putatively inhibitory to Bd based on 16S sequence 

match with the antifungal isolate database (Woodhams et al., 2015). Among these putatively 

inhibitory bacteria, the following cultured bacteria from Leiopelma skin indeed exhibited actual 

inhibition of Bd growth in vitro after performing Bd inhibition assays: Chryseobacterium, 

Flavobacterium, Sphingobacterium, J. lividum, Pseudomonas, Stenotrophomonas, and family 

Yersinniaceae. Collectively, these bacteria belong to two major phyla: Proteobacteria (J. 

lividum, Pseudomonas, Stenotrophomonas, and family Yersinniaceae) and Bacteroidetes 

(Chryseobacterium, Flavobacterium, and Sphingobacterium). Phylum Proteobacteria and 

Bacteroidetes were also found on the skin of several amphibian species and exhibited inhibitory 

activity against Bd in vitro (Woodhams et al., 2007; Flechas et al., 2012; Becker et al., 2015). 

Among these anti-Bd bacteria, three taxa (Janthinobacterium, 

Pseudomonas, and Chryseobacterium) demonstrated strong antifungal activity against Bd by 

eliminating the growth of Bd zoospore on the entire tryptone agar plate.  

Anti-Bd bacteria produced secondary metabolites that were responsible for their 

antifungal activities (Harris et al., 2009). Janthinobacterium lividum and its antifungal 

metabolites (indole-3-carboxaldehyde and violacein) found on the skin of the red-backed 

salamander Pl. cinereus inhibited the growth of Bd in vitro (Brucker et al., 2008). The purple 

bacterium J. lividum is the most researched anti-Bd bacterium that has been used in in vivo Bd 
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inhibition assays to assess its probiotic properties (Harris et al., 2009; Kueneman et al., 2016). 

Janthinobacterium lividum has been associated with reducing the severity of chytrid infection 

if not the elimination of Bd in Andean water frogs (Rubio et al., 2018). Crude violacein 

extracted from pure cultures of J. lividum showed wide antifungal and antimicrobial activities 

against three species of Candida, Escherichia coli, and Staphylococcus aureus (Kanelli et al., 

2018).  

Several antimicrobial metabolites and compounds have been found in different 

species of Pseudomonas that were mostly antifungal to phytopathogenic fungi (Holmström and 

Kjelleberg, 1990; Kearns et al., 2017). For example, chitinase inhibited the growth of Fusarium 

oxysporum, Botrytis cineria, and Mucor rouxii (Lee et al., 1997), and phenazine-1-carboxylic 

acid was inhibitory to F. oxysporum and Rhizoctonia solani (Trung et al., 2020). Genome 

analysis of a strain Pseudomonas sp., by Ma et al. (2019) found genes for the biosynthesis of 

antifungal compounds (i.e., phenazine, pyocyanin, pyoverdine, volatile HCN, and cyclic 

lipopeptides) may be responsible for the antifungal activities against a mushroom 

pathogen Trichoderma viride.  Pseudomonas is a well-known resident bacterium on the skin 

of several frogs (R. muscosa, R. sierra, and Craugastor fitzingeri) and has exhibited inhibitory 

activities against Bd (Woodhams et al., 2007; Lam et al., 2010; Madison et al., 2017; 

Rebollar et al., 2018).  

Chyrseobacterium species emitted volatile compounds (2-Ethyl-hexanol; 1-

Hexadecene; 2- Hexyl-decanol; Heptanal; Furan-diol; and Octanal) that showed more than 

80% inhibition of mycelial growth of Magnaporthe oryzae (Kumar et al., 

2021). Chryseobacterium sp. was the predominant anti-Bd bacterium in L. archeyi, but 

interestingly, it was not found in L. hamiltoni. However, this may not be conclusive since there 

were some bacterial cultures isolated from L. hamiltoni that share similar morphology with 

Chryseobacterium sp. that were not used in the Bd inhibition assay and were not identified by 

sequencing. All these three bacteria (Janthinobacterium, Pseudomonas and Chryseobacterium) 

have been nominated for probiotic treatment since they showed inhibition not only to one 

variety of Bd but to multiple Bd genotypes (Harris et al., 2009; Muletz-Wolz et al. 2017; 

Woodhams et al., 2020) including Bsal (Muletz-Wolz et al. 2017).  

Interestingly, all the anti-Bd bacteria covered less than one percent of the cutaneous 

microbiome of Leiopelma species. The relative abundance of the genera to which the three 

strong anti-Bd bacteria belong have very low abundance on the skin of Bd-positive and Bd-
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negative Leiopelma species: Chryseobacterium (L. archeyi: 0.26% Bd-positive and 0.51% Bd-

negative; L. hamiltoni: 0.09% Bd-positive and 0.12% Bd-negative), Janthinobacterium (L. 

archeyi: 0.36% Bd-positive and 0.17% Bd-negative; L. hamiltoni: 0% Bd-positive; 0.05% Bd-

negative), and Pseudomonas (L. archeyi: 1.26% Bd-positive and 0.57% Bd-negative; L. 

hamiltoni: 0.05% Bd-positive and 0.07% Bd-negative). Jani and Briggs (2014) found the low 

abundance of the genus Janthinobacterium in the microbiome of R. sierra did not reduce the 

abundance of Bd present on the skin of R. sierra. However, the skin microbiome of an organism 

is a mixture of multiple species of bacteria, fungi, and other microorganisms. The combined 

antifungal activities of these microorganisms may provide enough protection against 

chytridiomycosis regardless of the low abundance on the skin of Leiopelma species.  

Antwis and Harrison (2018) suggested that a consortium composed of multiple 

bacterial genera (Chryseobacterium, Comamonas, Enterobacter, Staphylococcus, and 

Stenotrophomonas) resulted in greater inhibition of Bd in vitro as compared to a consortium 

composed of bacterial strains from the same genus. Loudon et al. (2014) demonstrated that 

cell-free supernatants of co-cultured bacteria Bacillus spp. and Chitinophaga 

arvensicola isolated from red-backed salamanders (Pl. cinereus) can yield greater inhibition of 

Bd; tryptophol was the metabolite produced as a result of competition during the co-cultured 

growth of these bacteria. Piovia-Scott et al. (2017) also explored the activity of six bacterial 

species in one consortium in Cascades frogs (R. cascadae) against Bd. Their findings proved 

that biofilms formed by multiple bacterial species such as Pseudoclavibacter helvolus, 

Chryseobacterium indoltheticum, C. aquaticum, Exiguobacterium sibiricum, Serratia 

fonticola, and Stenotrophomonas rhizophila were more effective in inhibiting Bd in 

vitro (Piovia-Scott et al., 2017). These published experiments show that the interactions 

between different bacterial taxa may function as one to protect against chytridiomycosis.  

 

6.3.3 Cutaneous Fungi of Leiopelma spp. 

The minority of the skin microbiome of Leiopelma belongs to fungal taxa. Most 

studies that assessed the skin microbiome on frogs focused mainly on bacteria (e.g., Harris et 

al., 2009; Jani and Briggs, 2014; Hernández-Gómez et al., 2017), and only a few analysed the 

contribution of fungi (e.g., Kueneman et al., 2017; Kearns et al., 2017) against 

chytridiomycosis. Here, I emphasised that the difference in microbial composition in Bd-

positive and Bd-negative Leiopelma species and resistance to chytridiomycosis may be 
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attributed not only to the bacterial microbiome but also to its fungal microbiome. As presented 

in Chapter 4, the Leiopelma skin microbiome is composed mainly of bacterial taxa which may 

explain why bacterial diversity was thought to be more associated with chytridiomycosis than 

fungi. The difference between Bd-positive and Bd-negative individuals was more evident after 

assessing the fungal diversity in Leiopelma. The three differentially abundant fungal taxa 

(phylum Ascomycota, class Microbotromycetes, and species Aspergillus flavus) were found in 

terrestrial Leiopelma species. Both phylum Ascomycota and genus Aspergillus, which have 

differentially lower abundance in Bd-positive individuals of Leiopelma, were found to exhibit 

inhibitory activities against Bd in vitro (Kearns et al. 2017). These three taxa were also 

differentially variable across Bd-positive frogs, which means that the changes in their 

abundance may result in an imbalance in microbial composition (dysbiosis) due to the presence 

of a disease (Das and Nair, 2019). Nearing et al. (2021) hypothesised that Bd infection could 

lead to dysbiosis which was also shown to influence susceptibility to chytridiomycosis (Jani 

and Briggs, 2014).  The change in the fungal microbiome of the skin of terrestrial Leiopelma 

species may be an indication of susceptibility to chytridiomycosis, this change however may 

be beneficial or detrimental to the frog host.   

Some fungal species were capable of eliminating the growth of Bd in vitro (Kearns et 

al. 2017). I cultured several fungal isolates from the skin of Bd-negative frogs but, 

unfortunately, due to time limitations brought by COVID restriction, only three isolates could 

be used in the Bd inhibition assay. In Chapter 5, I presented two distinct fungal isolates that 

showed weak inhibition (Coniochaeta sp.) and strong inhibition (Penicillium chrysogenum) 

against Bd in vitro. Kearns et al. (2017) found that the fungal taxon Penicillium may be used 

as a more efficient probiotic treatment as it does not induce stress or suppress antimicrobial 

peptide production in Bd-infected Midwife Toads. Penicillium chrysogenum secretes a protein 

called Penicillium antifungal protein (PAF) that gives strong inhibition against filamentous 

fungi (Kaiserer et al., 2003). In addition, a novel antifungal protein (Pc-Arctin) cloned from 

Pe. chrysogenum A096 isolated from an Arctic sediment sample exhibited antifungal activity 

to plant pathogenic fungi Paecilomyces variotii, Alternaria longipes, and Trichoderma 

viride (Chen et al., 2013).  

Kearns et al. (2017) suggested probiotic treatment using fungal 

isolate Pe. expansum offered more efficient treatment and greater protection against Bd, not 

only because it was capable of eliminating the growth of Bd on the skin of Alytes obstetricans, 

but also it did not induce stress levels and inhibited secretion antimicrobial peptide in A. 
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obstetricans as compared to bacterial isolate J. lividum. This suggests that more attention 

should also be given to the potential beneficial roles of anti-Bd fungi that may be more potent 

and efficient probiotics for treating chytridiomycosis in the wild. 

 

6.3.4 Potential application for Probiotic treatment and herd immunity in Leiopelma 

species  

The strong inhibitory activities of bacteria and fungi isolated from the skin of 

Leiopelma species could be a potential source for probiotic treatment against chytridiomycosis. 

Brucker et al. (2008) suggested that for amphibians infected with chytridiomycosis, two 

possible modes may be employed to help alleviate the negative effects of chytridiomycosis: 

addition of antifungal metabolites onto infected individuals or probiotic treatment through the 

addition of anti-Bd bacteria that already existed on the infected animals. Three bacterial 

isolates J. lividum, Pseudomonas sp., and Chryseobacterium sp., and one fungal isolate Pe. 

chrysogenum are promising candidates for probiotic treatment to control future 

chytridiomycosis outbreaks in leiopelmatid frogs. One of the main challenges in the use of 

microorganisms for probiotic application is the colonisation of the skin by probiotic bacteria 

as the introduced microorganism may alter the host’s existing microbiome (Jani and Briggs 

2018). For instance, bioaugmentation treatment was unsuccessful due to the failure of probiotic 

organisms to establish on the skin of At. zeteki to inhibit Bd in vivo (Becker et al., 2015). The 

four candidate microbes identified through my work were isolated from the skin of Leiopelma. 

It is feasible that the addition of these isolates to the skin of Leiopelma may be more likely to 

enable the establishment and expression of inhibition of Bd in vivo.  

The low prevalence of chytridiomycosis and the presence of strong anti-Bd microbes 

may indicate that Leiopelma displays herd immunity. Bletz et al. (2017) proposed herd 

immunity may be achieved if 80% of the population have at least one inhibitory bacterium on 

their skin preventing a chytridiomycosis outbreak from happening (Lam et al., 2010). Every 

single frog that was sampled for skin microbes was host to more than one inhibitory 

microorganism. In addition, if the frogs that were swabbed in this study are representative of 

the entire New Zealand native frog population, it would suggest that the risk of a 

chytridiomycosis outbreak is very unlikely. In addition, Melzer and Bishop (2010) found that 

skin secretions in genus Leiopelma exhibited inhibitory activity to Bd in vitro. Among the 

frogs, L. archeyi which at the time was documented to be susceptible to Bd, had the highest 



150 

 

amount of skin peptide secretions that also yielded the strongest inhibition to Bd zoospore 

growth (Melzer and Bishop, 2009). The combination of Bd-inhibitory skin peptides and Bd-

inhibitory microbes may provide hope that these native frogs are capable of managing Bd 

infection in the wild. However, it is important to note that the antifungal activities of the 

isolated microorganisms or the skin peptides in vitro do not reflect the actual activities on the 

animals (Bletz et al., 2017). Several factors may influence the antifungal properties of the 

microorganisms and skin peptides. Only an in vivo assay can confirm if these factors indeed 

protect Leiopelma frogs by inhibiting the growth of Bd and preventing chytridiomycosis.  

 

6.3.5 Factors that influenced the skin microbiome of Leiopelma frogs  

Several factors may have influenced the diversity of the skin microbiome in 

Leiopelma frogs. Here, I showed that the skin microbiome of the terrestrial Leiopelma species 

was influenced mainly by the host species and minimally influenced by the presence of Bd. 

Based on the beta-diversity analysis, as a measure of community structure, it showed that the 

microbial communities of Leiopelma frogs clustered together by frog species (L. hamiltoni and 

L. archeyi) and not by Bd status. Host-specificity of bacterial microbiomes has been 

demonstrated in different amphibian species (McKenzie et al., 2012; Kruger, 2020). The skin 

bacterial microbiome in Malagasy frogs (Bletz et al., 2017) and R. sierrae (Jani and Briggs, 

2018) were enriched with bacterial taxa that were found to be in low abundance in its 

environment. This shows that skin has a different microbial composition from the environment. 

In addition, frog skin is a unique ecological niche that is selective in allowing which 

microorganisms may inhabit this skin (Bletz et al., 2017). It is also important to note that the 

two Leiopelma species were sampled from two different locations: L archeyi was sampled from 

a wild population in Whareorino Forest while L. hamiltoni was sampled from a captive 

population in the University of Otago. The difference in their habitat may also influence the 

microbial composition of their skin. For instance, environment and habitat type have influenced 

the skin microbiome of plethodontid salamanders (Bird et al., 2018; Wolz et al., 2018; Ellison 

et al., 2019). The environment is a good reservoir for beneficial bacteria and factors such as 

temperature, humidity and pH may influence the microbial community in the environment 

(Loudon et al., 2014; Muletz-Wolz et al., 2019; Kruger, 2020). Amphibians in captivity like L. 

hamiltoni, are exposed to a limited diversity of microbes that are present in their enclosure 

(Becker et al., 2019). The captive Mantella frogs tend to have lower microbial diversity 
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compared to their wild counterparts, as exposure to their natural environment contributes to 

enrichment and transmission of a rich bacterial diversity only accessible to animals in the wild 

(Passos et al., 2018). Whether host specificity, environment, or both (e.g., R. sierrae, Jani and 

Briggs, 2018) shaped the skin microbiome of Leiopelma is still unclear as the influence of 

environment or abiotic factors in Leiopelma have not yet been explored. 

 

6.4 Recommendations for future studies 

Chytridiomycosis is one of the most devastating threats amphibians are facing. The 

development of strategies to mitigate chytridiomycosis is still ongoing and the contribution of 

skin microbes in eliminating Bd in vitro and in vivo has been explored. In this thesis, I have 

provided a comprehensive analysis of the cutaneous microbiome in three species of genus 

Leiopelma and explored the beneficial contribution of L. archeyi and L. hamiltoni skin 

microbiomes in inhibiting the growth of Bd zoospores in vitro. But other factors have not been 

previously considered that should be addressed in future studies.  

One major gap in this project was assessing the current prevalence of Bd in the 

Coromandel Peninsula. The first case of chytridiomycosis in native frogs in New Zealand was 

found in Coromandel Peninsula back in 2001 (Bell et al., 2004). A dead L. archeyi was found 

and the time of detection coincided with the presence of chytridiomycosis in New Zealand. 

Leiopelma hochstetteri also live in this region but were never found to be Bd-positive. The 

initial aim of my thesis was to update the prevalence of Bd in all native frogs from captive to 

wild populations all over New Zealand including the Coromandel Peninsula where the wild 

population of L. hochstetteri could be sampled. But because of permitting problems (a year-

long delay in acquiring a Department of Conservation permit), the Coromandel Peninsula could 

not be included in the sampling sites. Consequently, the Bd prevalence of the wild population 

of L. hochstetteri remains unknown, and the potential increase of Bd prevalence in L. archeyi 

on the Coromandel Peninsula could not be confirmed.  

Abiotic and temporal factors may also influence susceptibility to chytridiomycosis 

and microbial composition in leiopelmatid frogs, but this was not addressed in this project. A 

thorough investigation of the influence of Bd on reproduction, mating, social behaviour, 

feeding, and overall wellness of Leiopelma may provide better insights on other effects of 

chytridiomycosis in these native frogs. Temperature and seasonal changes may also influence 

susceptibility to chytridiomycosis. Collection of frog skin swabs during different seasons may 
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aid in assessing the effects of temperature in Bd presence and the potential impact of climate 

change in relation to Bd infection as well as susceptibility of the leiopelmatid frogs to 

chytridiomycosis. This may also be used to address the potential shift in the microbial 

composition on the skin microbiome for Leiopelma in relation to temperature, season, and Bd 

presence.  

There were several samples that were not processed due to the limitation of time for 

the project. This includes further analysis of the other Bd-associated frogs and microbial 

isolates that were not tested for Bd inhibition. Among the Bd-positive frogs that we identified, 

only five individuals were processed for the metagenomic analysis of the cutaneous 

microbiome. Some of the L. archeyi that were carrying a higher load of Bd DNA were not 

included in the metagenomic analysis. The influence of chytridiomycosis may be more evident 

in these Bd-positive individuals missed due to the limited sample size. My work provides a 

foundation for the potential roles of the skin microbiome in Leiopelma in relation to Bd 

infection, but more studies are needed to fully understand the association of Bd, skin 

microbiome, and host in Leiopelma species.  

In this project, I purified a total of 286 cultured bacteria and fungi, but only 52% (n = 

148) were challenged against Bd in an inhibition assay. Looking at the morphology of the anti-

Bd bacteria and fungi, more isolates potentially exhibit antifungal activities against Bd. These 

isolates are currently stored at the -80°C freezer at the Zoology Department, University of 

Otago, and students or researchers who would be interested to study their antimicrobial 

activities are highly encouraged to do so.  

Another aspect of my project that may be interesting for those who are working on the 

microbiome and Bd detection is the use of Copan eSwab instead of the Medwire Dry swab. 

Here, I used two swab systems: (1) Medwire Dry swab to screen for Bd presence and to 

describe the skin microbiome, and (2) Copan eSwab to culture skin microorganisms. Since 

Copan eSwab has not been yet proven to detect Bd zoospores or Bd DNA, we opted to use a 

dry swab for this purpose. Copan eSwab is a flocked swab that is more efficient in collecting 

microorganisms from different substrates and has an Amies liquid medium that preserves the 

viability of various microorganisms during transportation. It is worth exploring the potential 

use of the Copan eSwab system to perform both Bd detection and isolation of microorganisms 

in addition to extraction of DNA for microbiome analysis since the microorganisms can be 

harvested through the Amies medium.   
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Chytridiomycosis may be under control at the moment for the leiopelmatid frogs but 

for how long? Long-term monitoring is highly recommended for the wild population of 

Leiopelma species. This monitoring should incorporate the collection of frog skin swabs to 

observe potential changes in the prevalence of Bd in New Zealand frogs. This will confirm if 

the prevalence trend is indeed increasing particularly in the Whareorino population.  In 

addition, L. hamiltoni on Maud Island displayed Bd-weak-positive results and should be further 

monitored. Re-assessing Bd prevalence on L. hamiltoni on Maud Island may confirm the 

presence of Bd and the potential threat to the L. hamiltoni population may be evaluated. 

Prevalence of chytridiomycosis in introduced frog species (Ranoidea aurea, R. raniformis, and 

Litoria ewingii) should also be undertaken especially now that Bd is infecting the same frog 

genus in Australia where frog populations have been observed to decrease (Skerratt et al., 

2016). This would also be beneficial if we can explore the microbial community of the 

introduced frog species in New Zealand for they are more susceptible to chytridiomycosis 

(Melzer and Bishop, 2010; Ohmer et al., 2013). We need to address if these introduced frogs 

host any anti-Bd microbes or identify their microbial community to help us identify which anti-

Bd bacteria present in Leiopelma may be applied to the introduced species in case of a 

chytridiomycosis outbreak. 

 

6.5 Conclusion 

This is the first comprehensive metagenomic description of the cutaneous microbiome 

of the three extant species of genus Leiopelma (L. archeyi, L. hamiltoni, and L. hochstetteri) 

using next-generation sequencing that included assessment of the potential influence of Bd 

presence in Bd-positive frogs. This project has covered the major aspects of describing and 

assessing the role of the cutaneous microbiome in the genus Leiopelma in disease mitigation 

against chytridiomycosis. 

Ohmer et al. (2013) proposed that chytridiomycosis poses a low risk to Leiopelma species in 

New Zealand. Currently, with the overall low prevalence across all three Leiopelma species 

swabbed and sampled from selected New Zealand sites and the presence of a strong anti-Bd 

skin microbiome, I also suggest that at the present, chytridiomycosis may still not be a huge 

threat to New Zealand’s native frogs. In addition, an increase in Bd prevalence in the population 

of L. archeyi in Whareorino Forest was observed, from 6% between 2005 – 2010 (Shaw et al., 

2013) to 16% between 2014 – 2020 (this project). Interestingly, among the captive and sex-
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identified frogs, males tended to be more susceptible to Bd than females; all the Bd-positive 

frogs sampled from the captive populations were males and belonged to L. hamiltoni. The 

difference in the body condition between Bd-positive and Bd-negative L. hamiltoni was not 

associated to the presence of Bd but instead associated to the difference in their habitat; captive 

frogs (L. archeyi and L. hamiltoni) have significantly higher scaled mass index than their wild 

counterparts. This study has opened concerns and opportunities to conduct more research on 

the impacts of chytridiomycosis in leiopelmatid frogs. With long-term and continuous 

monitoring of the native frogs in the wild and captive population, we can track the development 

of chytrid infection in leiopelmatid frogs in the hope of preventing the possibility of a 

chytridiomycosis outbreak in New Zealand.  

The low threat of chytridiomycosis in New Zealand frogs may be attributed to the 

symbiotic microorganisms that reside on their skin. It has been widely documented that 

symbiotic bacteria play important roles in mitigating chytridiomycosis in amphibians. This 

thesis explored the skin microbiome of two terrestrial Leiopelma species (L. archeyi and L. 

hamiltoni) that were associated with Bd. Almost 90% of the Leiopelma skin microbiome was 

composed of bacterial taxa while the remaining was occupied by fungal taxa. Among the 

bacterial microbiome, Proteobacteria, Actinobacteria, and Bacteroidetes were the most 

abundant bacterial phyla while the fungal microbiome was predominantly composed of phylum 

Ascomycota and Basidiomycota. Bd-positive and Bd-negative frogs shared a common 

microbial composition that showed minimal influence of Bd on the diversity of the cutaneous 

microbiome in these Leiopelma species. There were differentially abundant microorganisms 

that were concomitant with the presence of Bd on their skin. Order Bacillales (bacteria), 

phylum Ascomycota, class Microbotromycetes, and species Aspergillus flavus (fungi) were the 

differentially abundant and variable organisms on the skin of Bd-positive Leiopelma species. 

A significant increase or decrease in the abundance of these taxa could lead to dysbiosis and 

may influence the susceptibility of Leiopelma spp. to chytridiomycosis. By comparing the skin 

microbiome to the antifungal isolates database (Woodhams et al., 2015) that contains the list 

of Bd-inhibitory bacteria, I showed that the skin microbiome of Leiopelma spp. was enriched 

with bacteria that were potentially Bd-inhibitory. Bd inhibition assay was performed to 

evaluate the antifungal properties of the skin microbiome and describe to what extent can they 

inhibit the growth of Bd zoospores in vitro. Forty percent of isolates that were used in the Bd 

inhibition assay displayed inhibition of Bd growth in vitro. These anti-Bd isolates belong to 

bacterial phyla Proteobacteria (J. lividum, Pseudomonas, Stenotrophomonas, and family 
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Yersinniaceae), Bacteroidetes (Chryseobacterium, Flavobacterium, and Sphingobacterium), 

and fungal phylum Ascomycota (Pe. chrysogenum and Coniochaeta sp.). Strong anti-Bd 

isolates belong to four taxa: J. lividum, Pseudomonas sp., and Chryseobacterium sp., and Pe. 

chrysogenum. Isolates from these taxa exhibited excellent antifungal activities against Bd that 

nearly completely inhibited the growth of Bd zoospore in vitro.  

The presence of strong anti-Bd isolates in every frog individual is a good indicator 

that the native frogs may be able to control the impact of Bd infection naturally. By knowing 

the bacterial or fungal isolates capable of inhibiting Bd, we can provide a list of microorganisms 

that will be good candidates for probiotic treatment if in the future a chytridiomycosis outbreak 

occurs in New Zealand native frogs. This is good preparation for a worst-case scenario for the 

currently Bd-immune species of Leiopelma. Taken together, my findings demonstrated that 

Leiopelma may be benefiting from protection supplied by its skin microbiome in eliminating 

Bd growth and preventing chytridiomycosis in wild and captive populations of native frog 

species. This study adds to a growing number of studies and supports the idea that anti-Bd 

microbes play an important role in the resistance of Leiopelma species to chytrid infection in 

populations that coexist with Bd.   
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8 APPENDIX 

8.1 Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence retrieved from https://www.ncbi.nlm.nih.gov/nuccore/AY598034.1?report=fasta  

>AY598034.1 Batrachochytrium dendrobatidis internal transcribed spacer 1 and 5.8S 

ribosomal RNA gene, partial sequence 

 

tgcatgatctacgtgcgtcacatgcagtacCCTTGATATAATACAGTGTGCCATATGTCACGAGTC

GAACAAAATTTATTTATTTTTTCGACAAATTAATTGGAAATTGAATAATTTAATT

GAAAAAAATTGAAAATAAATATTAAAAACAACTTTTGACAACGGATCTCTTGG

CTcactagctcagattcagtagaccgctgttg 

Green: ITS1-3 Chytr (forward primer)  
Yellow: 5.8S Chytr (reverse primer) 
Cyan:  Chytr MGB2 (probe) 
Grey: adapter sequences 

 

Full gBlock length: 206 bp 

 Figure 8.1.1. Complete sequence of Bd gBlock gene fragment prepared by IDT Asia in 

Singapore.  Synthetic gBlock was made from references to partial ITS sequence of Bd 

strain JEL 197 as described by Boyle et al. (2004).  

https://www.ncbi.nlm.nih.gov/nuccore/AY598034.1?report=fasta
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Figure 8.1.2. Optimization of Bioline SensiFAST™ SYBR® No-ROX Kit assay by increasing the annealing temperature. To 

improve the efficiency of the PCR reaction, the annealing temperature was raised to 61, 62, 63°C from 60°C. The standard 

curve showed a correlation value of R2 =
 

0.99 amplification using the four annealing temperatures. However, PCR efficiency 

differs with the highest efficiency of 82.20% at 60°C (a) followed by 81.064% at 61°C (b), 71.344% at 63°C (d), and 71.05% 

at 62°C (c). Increasing the annealing temperature did not improve efficiency of the PCR assay.  
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Figure 8.1.3. Optimization of PCR efficiency by increasing the primer concentration. To improve the efficiency of the SYBR assay, the primer concentrations were 

increased by 100 nM increments from 400 nM to 500 nM and 600 nM. The annealing temperature was set to 60°C. The standard curve showed an increased PCR 

efficiency but lower correlation values after amplification using the three primer concentrations. An efficiency of 126.52% and R2 value of 0.636 was observed using 

400 nM (a), the low R2 value may be due to pipetting error. Both 500 nM (b) and 600 nM (c) concentrations showed an increase in PCR efficiency of 103.0% and 

105.96% respectively.  However, the R2 values were 0.77 on both concentrations. Increasing the primer concentration does improve efficiency of the PCR reaction. 
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Figure 8.1.4. Optimization of DNA concentration. DNA concentration was increased by increasing the volume of the DNA per assay from 1 µL to 2 µL. Bd standard 

was diluted to 10-1, 100, 101, 102, and 103 genomes per 2 µL concentrations in a 10 µL reaction master mix. Negative control include No Template Control (NTC) 

and Blank Swab. Amplification (a) was observed on all standards but not on negative controls. The standard curve (b) showed a R2 value = 0.998 and a PCR 

efficiency of 96.176%. Formation of one peak on melting curve (c) from all the standards showed the specificity of the SYBR green and primers to Bd. Increasing 

the DNA concentration has a positive influence on the efficiency of the SYBR assay.  
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Figure 8.1.5. Amplification and generation of a standard curve using Bd gBlock as standards with Bioline SensiFAST Probe kit: 

2-step vs 3-step cycling conditions.  The standard curve was prepared by using 1x105 to 1x10-1 DNA copies/uL gBlock. Following 

the 2-step cycling conditions, amplification was observed from 1x105 to 1x102 DNA copies/uL but not less than 100 DNA 

copies/uL (a). An efficiency of 77.289% and R2 value of 0.993 was generated by the standard curve (b). Amplification of at least 

10 DNA copies/uL was observed following a 3-step cycling condition (c) with an increased PCR efficiency of 85.684% and R2 

value of 0.992. 
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Figure 8.1.6. Gradient PCR of standards using the Bioline SensiFAST Lo-Rox kit. A gradient PCR to identify if annealing temperature influences the efficiency of 

the assay using the two sets of standards: (A) Bd gBlock and (B) Bd zoospore DNA. Following the 3-step cycling condition, the annealing temperature between 58-

62°C with an increased TaqMan probe on one of the temperatures to test if increasing the TaqMan Probe will improve the efficiency. The highest efficiency for Bd 

gBlock was only 81.114% at 59°C, increasing the TaqMan concentration did not improve the efficiency. For Bd zoospore DNA, PCR efficiency was above 80% 

when the annealing temperature was at 58°C, 59°C, and 61°C. Also, increasing the TaqMan probe yield higher efficiency from 69.8% to 72.7% at 62°C. 
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Figure 8.1.7. Increasing qPCR master mix volume and increased DNA volume per reaction. The master mix volume of 10 µL and 

20 µL per reaction (a) where amplification is earlier on 10 µL reaction volume. The efficiency was equivalent to 92.05 % (R2 = 

0.998) using the 10 µL volume (b). Increasing the reaction volume to 20 µL did not improve the efficiency of the assay with a PCR 

efficiency of 86.149% (R2 = 0.999). Raising the DNA template volume to 4 µL per reaction and with an annealing temperature of 

59°C, the sensitivity of the assay has improved with the lowest concentration detection ten DNA copies/ µL. 
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Figure 8.1.8. Sequence alignment of Bd-positive samples and standards: Bd gBLock and Bd genome with Bd JEL 197 strain and an outgroup 

Pseudomonas sp. 
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Table 8.1.1 Screening of Bd presence from all frog skin swabs collected from different field sites. 

Frog ID Frog species Location Sex 

Number of 
replicates 

with 
amplification 

Mean CT 
value 

Mean 
qPCR-

generated 
DNA copy 

count  

Overall 
mean 

number of 
Bd DNA 

copies per 
swab  

Bd Status 

LP2 Leiopelma hamiltoni ** Maud Island Unknown 1 40.1 1 22.84 Weak-positive 

LP4 Leiopelma hamiltoni ** Maud Island Unknown 1 40 1.05 24.13 Weak-positive 

A221 Leiopelma archeyi Whareorino * Unknown 3 39.3 5.12 117.09 Positive 

LA22 Leiopelma archeyi Whareorino Unknown 2 39 0.62 14.23 Positive 

D74 Leiopelma archeyi Whareorino * Unknown 3 38.6 2.51 57.53 Positive 

C837 Leiopelma archeyi Whareorino * Unknown 2 38.6 3.29 75.26 Positive 

B456 Leiopelma archeyi Whareorino * Unknown 3 38.2 3.94 90.21 Positive 

D1092 Leiopelma archeyi Whareorino * Unknown 2 38.1 3.64 83.18 Positive 

B465 Leiopelma archeyi Whareorino * Unknown 3 37.99 12.81 293.14 Positive 

B495 Leiopelma archeyi Whareorino * Unknown 3 37.28 7.34 168.02 Positive 

A223 Leiopelma archeyi Whareorino * Unknown 3 36.76 12.48 285.47 Positive 

A229 Leiopelma archeyi Whareorino * Unknown 3 36.71 68.88 1575.97 Positive 

LP76 Leiopelma hamiltoni ** University of Otago Male 3 36.65 6.07 138.91 Positive 

C927 Leiopelma archeyi Whareorino * Unknown 2 36.42 11.28 258.13 Positive 

B412 Leiopelma archeyi Whareorino * Unknown 2 36.36 41.06 939.45 Positive 

C10 Leiopelma hamiltoni ** University of Otago Male 3 36.36 7.15 163.61 Positive 

LP87 Leiopelma hamiltoni ** University of Otago Male 3 35.73 5.11 116.93 Positive 

LA24 Leiopelma archeyi Whareorino Unknown 3 35.52 10.24 234.25 Positive 



199 

 

B539 Leiopelma archeyi Whareorino * Unknown 3 35.5 62.28 1425.06 Positive 

A225 Leiopelma archeyi Whareorino * Unknown 2 34.16 402.24 9203.2 Positive 

C905 Leiopelma archeyi Whareorino * Unknown 3 33.6 133.61 3057.06 Positive 

A233 Leiopelma archeyi Whareorino * Unknown 2 33.2 655 14986.39 Positive 

B540 Leiopelma archeyi Whareorino * Unknown 3 30.31 1698.61 38864.28 Positive 

A232 Leiopelma archeyi Whareorino * Unknown 3 27.92 20040.19 458519.46 Positive 

A60164 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

B30290 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

A60152 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

A60154 Leiopelma archeyi Auckland Zoo Male 0 0 0 0 Negative 

B30292 Leiopelma archeyi Auckland Zoo Male 0 0 0 0 Negative 

B50213 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B50214 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B50215 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B50216 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B50223 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B60124 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B60332 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

B60333 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

B60334 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

B60335 Leiopelma archeyi Auckland Zoo Male 0 0 0 0 Negative 

B60336 Leiopelma archeyi Auckland Zoo Male 0 0 0 0 Negative 

B60337 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B60338 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B60339 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B60340 Leiopelma archeyi Auckland Zoo Male 0 0 0 0 Negative 

B60341 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

B60342 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

B60346 Leiopelma archeyi Auckland Zoo Female 0 0 0 0 Negative 

B60347 Leiopelma archeyi Auckland Zoo Unknown 0 0 0 0 Negative 

LP12 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 
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LP17 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP1 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP11 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP13 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP14 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP16 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP3 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP5 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP6 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP8 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP9 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

LP7 Leiopelma hamiltoni ** Maud Island Unknown 0 0 0 0 Negative 

P403 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P449 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P433 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P475 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P290 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P374 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P248 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P239 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P476 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P262 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P447 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P130 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P345 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P278 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P155 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P71 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

P460 Leiopelma archeyi Pukeokahu Unknown 0 0 0 0 Negative 

LP30 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

Mi3 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 
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LP55 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

P3 Leiopelma hamiltoni ** University of Otago Male 0 0 0 0 Negative 

H1 Leiopelma hochstetteri  University of Otago Male 0 0 0 0 Negative 

H10 Leiopelma hochstetteri  University of Otago Male 0 0 0 0 Negative 

H12 Leiopelma hochstetteri  University of Otago Male 0 0 0 0 Negative 

H16 Leiopelma hochstetteri  University of Otago Male 0 0 0 0 Negative 

H17 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

H18 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

H19 Leiopelma hochstetteri  University of Otago Male 0 0 0 0 Negative 

H2 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

H20 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

H21 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

H4 Leiopelma hochstetteri  University of Otago Male 0 0 0 0 Negative 

H7 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

H8 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

H9 Leiopelma hochstetteri  University of Otago Female 0 0 0 0 Negative 

C1 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

C11 Leiopelma hamiltoni ** University of Otago Unknown 0 0 0 0 Negative 

C3 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

C5 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

C6 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

C7 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

C8 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

LP51 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

LP62 Leiopelma hamiltoni ** University of Otago Male 0 0 0 0 Negative 

LP64 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

LP79 Leiopelma hamiltoni ** University of Otago Male 0 0 0 0 Negative 

LP81 Leiopelma hamiltoni ** University of Otago Male 0 0 0 0 Negative 

LP84 Leiopelma hamiltoni ** University of Otago Male 0 0 0 0 Negative 

Mi1 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 

P2 Leiopelma hamiltoni ** University of Otago Female 0 0 0 0 Negative 
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P4 Leiopelma hamiltoni ** University of Otago Male 0 0 0 0 Negative 

LA13 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA1 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA10 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA11 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA12 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA14 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA15 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA16 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA17 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA18 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA19 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA2 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA20 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA21 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA23 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA25 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA26 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA27 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA28 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA3 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA30 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA31 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA32 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA33 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA34 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA35 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA36 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA37 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA38 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA39 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 
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LA4 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA40 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA5 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA6 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA7 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA8 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

LA9 Leiopelma archeyi Whareorino Unknown 0 0 0 0 Negative 

D121 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B592 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B537 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B565 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D561 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D956 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D18 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

873 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

883 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

62 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

200 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

872 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

884 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

885 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

802 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

886 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

81 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

265 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

421 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

130 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

631 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

258 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

74 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

76 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 
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120 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

696 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

887 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D158 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D941 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D940 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D3 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D947 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D696 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D784 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D956 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D987 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D979 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D977 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D998 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D615 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D3 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D696 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D999 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D802 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D136 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D692 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D784 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D998 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D265 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D990 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1071 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1072 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D593 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D859 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D359 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 
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D911 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1014 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1015 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1031 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1063 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1022 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D613 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1158 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1159 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1105 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D3 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

D1160 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B419 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B58 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B448 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B449 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B424 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B289 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B494 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B538 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B511 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B521 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B541 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B524 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B504 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B568 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B591 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B548 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B606 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B607 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B608 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 
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B429 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

B458 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A192 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A195 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A184 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A197 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A186 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A195 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A184 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A192 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A184 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A97 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A119 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A222 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A218 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A230 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A231 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

106 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

219 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

108 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

104 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

892 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A197 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

A249 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C458 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C807 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C879 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C63 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C694 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C953 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C954 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 
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C856 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C955 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C928 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C814 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C956 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C925 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C914 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C930 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C991 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C11 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C399 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1076 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1063 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1077 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1078 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1079 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1128 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C892 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1093 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C467 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C414 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C840 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C108 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C839 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C104 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C103 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1055 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1129 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1130 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C531 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C990 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 
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C789 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

C1117 Leiopelma archeyi Whareorino * Unknown 0 0 0 0 Negative 

LP20 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP21 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP22 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP23 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP24 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP25 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP26 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP27 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP28 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP29 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP30 Leiopelma hamiltoni ** Zealandia Female 0 0 0 0 Negative 

LP31 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP32 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP33 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP34 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP35 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP36 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP37 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP38 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP39 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP40 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP41 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP42 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP43 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP44 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP45 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP46 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP47 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP48 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 
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LP49 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 

LP50 Leiopelma hamiltoni ** Zealandia Unknown 0 0 0 0 Negative 
         

After_rinse Control  0   -   0 0 Negative 

Blank_PrepMan Control  0   -   0 0 Negative 

Blank_Swab Control  0   -   0 0 Negative 

Blank_PrepMan Control  0   -   0 0 Negative 

Clean_Rinse Control  0   -   0 0 Negative 

NTC Control  0   -   0 0 Negative 

Blank_PrepMan Control  0   -   0 0 Negative 
         

* Frog swabs collected and provided by the Department of Conservation     
  

** Formerly classified as Leiopelma pakeka     
  

 

 

 

 

 

 

 

 

 



210 

 

Table 8.1.2. List of L. archeyi frogs from Whareorino Forest that yield consistent Bd-negative 

results after being swabbed multiple times. 

 

 

Frog_ID Sample name Date of Collection 

A184 682 13/11/2014 

A184 700 27/11/2014 

A184 733 3/12/2015 

A192 680 13/11/2014 

A192 702 27/11/2014 

A195 681 13/11/2014 

A195 699 27/11/2014 

A197 697 27/11/2014 

A197 807 19/12/2019 

D3 10444 17/11/2016 

D3 10481 23/11/2017 

D3 10809 5/12/2019 

D696 10446 17/11/2016 

D696 10482 23/11/2017 

D784 10447 17/11/2016 

D784 10628 29/11/2018 

D956 10779 5/12/2019 

D956 10448 17/11/2016 

D998 10478 23/11/2017 

D998 10629 29/11/2018 
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8.2 Chapter 4 

 

 

Figure 8.2.1. Alpha diversity measure using Pielou evenness on cutaneous bacteria between 

Bd status and frog species in a) bacterial and b) fungal microbiome. 

 

 

 
Figure 8.2.2. Aggregation behaviour observed in L. hamiltoni in a tank in the Animal Facility 

when a flat landscape rock covering them was lifted.   
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8.3 Chapter 5 

 

8.3.1 Culture Media 

 

To culture and maintain Batrachochytrium dendrobatidis (Bd) isolates 

 

1% Tryptone agar (1000 mL) 

Bacteriological Tryptone     10 g   

Bacteriological Agar    10 g  

Distilled water     1000 mL 

Penicillin-Streptomycin (10,000 U/mL)  1 mL per 100 mL media  

 

1% Tryptone broth (1000 mL) 

Bacteriological Tryptone     10 g   

Distilled water     1000 mL 

Penicillin-Streptomycin (10,000 U/mL)  1 mL per 100 mL media  

 

0.1% Tryptone broth (1000 mL) 

Bacteriological Tryptone     1 g   

Distilled water     1000 mL 

Penicillin-Streptomycin (10,000 U/mL)  1 mL per 100 mL media  

 

Cryoprotectant (100 mL) 

Dimethyl sulfoxide (DMSO)   10 mL  

Foetal calf serum (FCS)    10 mL 

1% Tryptone broth with antibiotics  80 mL  

 

To culture and maintain bacterial isolates  

 

R2A Agar (1000 mL) 

R2A Agar      18.2 g 

Distilled water     1000 mL 

 

Tryptic Soy Yeast Extract (TSYE) broth (1000 mL) 

Tryptic Soy Broth     20 g   

Yeast extract      10 g   

Distilled water     1000 mL 

 

Cryoprotectant (100 mL) 

TSYE broth     60 mL  

Glycerol      40 mL 
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To culture and maintain fungal isolates  

 

Potato Dextrose Agar (1000 mL) 

Potato Dextrose Broth    24 g 

Bacteriological Agar    15 g  

Distilled water     1000 mL 

Penicillin-Streptomycin (10,000 U/mL)  1 mL per 100 mL media  

 

Potato Dextrose Broth (1000 mL) 

Potato Dextrose Broth    24 g 

Distilled water     1000 mL 

Penicillin-Streptomycin (10,000 U/mL)  1 mL per 100 mL media  

 

Cryoprotectant (100 mL) 

Potato Dextrose Broth    60 mL  

Glycerol      40 mL 
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Table 8.3.1. Morphological characteristics of each unique and distinct bacterial (A) and fungal (B) colonies isolated from the skin of Leiopelma 

frogs. 

A. Growth on R2A medium (Bacteria)       
Morphotype 
no.  

Color Shape Size Margin Opacity Elevation Surface Consistency Other characteristics 

1 Orange  Round Medium (3-5 mm) Entire Opaque Raised  Glistening   
2 Cream white  Round Medium (3-5 mm) Entire Opaque Raised  Glistening   
3 Cream white  Round Medium (3-5 mm) Entire Opaque Flat  Dull   
4 Creamy yellow Round Medium (3-5 mm) Entire Opaque Raised  Glistening  Transparent margin 

5 Yellow Round Medium (3-5 mm) Entire Opaque Raised  Glistening   
6 Cream white  Round Medium (3-5 mm) Entire Translucent  Flat  Dull   
7 Yellow Round Medium (3-5 mm) Curled Translucent Raised  Smooth    

8 Yellow orange  Round Small (1-2 mm) Undulate  Opaque Convex Rugose Brittle  
With inhibition to Isolate 
#14 

9 Pinkish Round Small (1-2 mm) Entire Opaque Raised  Glistening   
10 White Round Medium (3-5 mm) Entire Translucent  Flat  Dull   
11 White Round Small (1-2 mm) Undulate  Opaque Raised  Rugose Dry  
14 Yellow  Irregular Large (>5mm) Entire Transparent Flat Smooth Mucoid Spreader 

15 Yellow orange Round Very small (<1mm) Entire Opaque Convex Dull   
16 Yellow Round Very small (<1mm) Entire Opaque Raised Glistening   
17 Yellow Round Small (1-2 mm) Entire Opaque Flat  Glistening   
18 Cream white  Irregular Large (>5 mm) Entire Opaque Convex Glistening Mucoid  
20 White Round Large (>5 mm) Curled Opaque Flat  Dull   
21 Slight peach Round Medium (3-5 mm) Entire Opaque Raised  Smooth    

22 Cream white Round Small (1-2 mm) Entire Translucent Raised  Smooth   

With depression at the 
center  

23 Cream white Round Small (1-2 mm) Entire Opaque Raised  Glistening  

With dot at the center on 
a black background  

25 Cream white  Irregular Medium (3-5 mm) Undulate  Opaque Flat  Smooth    

27 Cream white Round Medium (3-5 mm) Lobate Opaque Raised  Glistening  

Round center with 
radiating arms around  

28 Cream white  Irregular Medium (3-5 mm) Entire Opaque Flat  Dull   
29 Cream white  Round Medium (3-5 mm) Entire Opaque Convex Rugose   
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30 Yellow green Irregular Large (>5mm) Entire Transparent Flat Dull  

Yellow green on a black 
background  

31 Cream white Round Large (>5 mm) Entire Opaque Raised Smooth   

32 Pale white/gray Irregular Large (>5 mm) Entire Translucent Flat Dull   
33 Cream white Irregular Small (1-2 mm) Curled Opaque Raised Rugose   
34 Cream yellow Round Medium (3-5 mm) Entire Opaque Flat Dull   
35 Orange  Round Small (1-2 mm) Entire Opaque Umbonate Glistening   
36 White Round Small (1-2 mm) Entire Opaque Umbonate Glistening   
37         same as 25 

38 Yellowish  Irregular Small (1-2 mm) Undulate  Opaque Raised Dull   
39 Dark Orange  Round Medium (3-5 mm) Entire Opaque Raised  Glistening   
40 White Round Small (1-2 mm) Entire Opaque Raised Glistening   
50 White Round Small (1-2 mm) Entire Opaque Crateriform Glistening   
51 Cream white Irregular Large (>5 mm) Entire Opaque Umbonate Smosoth   
52 Cream white Round Large (>5 mm) Entire Opaque Umbonate Dull     
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B. Growth on PDA (Fungi)        

Morphotype 
no.   Color Shape Size Margin Opacity Elevation Surface Consistency Other characteristics 

1 Cream white Round Large (>5 mm) Entire Opaque Flat Glistening  

Flat but slightly concave 
on the center 

2 Cream white Round Large (>5 mm) Entire Opaque Raised Dull   
3 White Round Medium (3-5 mm) Filiform Opaque Raised Rough   
4 Orange Round Small (1-2 mm) Entire Opaque Convex Glistening   
5 Yellow Round Small (1-2 mm) Entire Opaque Raised Glistening   
6 Cream Round Large (>5 mm) Entire Opaque Convex Glistening Mucoid  
7          
8 Cream Irregular Large (>5 mm) Entire Opaque Umbonate Dull  Spreader 

9 Cream Round Large (>5 mm) Filiform Opaque Umbonate Rugose  

Filamentous, hairy, 
cottony 

10 Yellowish Irregular Large (>5 mm) Entire Translucent Raised Dull Mucoid Spreader 

11          
12 Cream white Round Medium (3-5 mm) Entire Opaque Convex Glistening   
13 Creamy yellow Round Small (1-2 mm) Entire Opaque Raised Glistening   
14          
15 Pinkish peach Irregular Large (>5 mm) Entire Opaque Convex Glistening  Spreader 

16 Pale yellow Round Large (>5 mm) Entire Opaque   Dull  Flat with concave center 

17 
Tricolor (White, 
brown, beige) Round Large (>5 mm) Filiform Opaque Umbonate Dull   

18 Brown Round Large (>5 mm) Filiform Opaque Convex Dull  Hairy 

19 Yellowish  Irregular Medium (3-5 mm) Entire Opaque Convex Glistening Mucoid 

Yellowish center with 
transparent border; 
spreader 

20 Cream white Irregular Small (1-2 mm) Curled Opaque Raised Rugose   

21 
Bright sunny 
yellow Round Large (>5 mm) Entire Opaque Raised Glistening Mucoid Spreader 

22 Orange peach Round Medium (3-5 mm) Entire Opaque Raised Glistening Mucoid  
23 Orange peach Round Large (>5 mm) Filiform Opaque Flat Dull  Hairy 

24 Cream white Irregular Large (>5 mm) Curled Opaque Umbonate Dull  Flat but convex center 
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25 Cream white Irregular Large (>5 mm) Curled Translucent Umbonate Glistening  Flat but convex center 

26 White Irregular Small (1-2 mm) Curled Opaque Umbonate Dull   
27 Cream white Irregular Medium (3-5 mm) Curled Translucent Raised Dull   
28          

29          

30 Reddish orange Round Medium (3-5 mm) Entire Opaque Convex Glistening   
31 Peach Round Medium (3-5 mm) Curled Opaque Umbonate Smooth   
32 Peach Round Medium (3-5 mm) Entire Opaque Raised Glistening   
33 Peach Round Medium (3-5 mm) Entire Opaque Flat Smooth   
34 Cream white Irregular Large (>5 mm) Entire Opaque Convex Glistening Mucoid Spreader 

35          
36          

37 
Tricolor (Pink, 
white, green) Round Large (>5 mm) Filiform Opaque Raised Rough  Hairy 

38 Cream white Round Medium (3-5 mm) Entire Opaque Raised Dull   
39 Cream white Irregular Large (>5 mm) Entire Translucent Raised Glistening Mucoid Spreader 

40 
White with 
peach center Round Large (>5 mm) Filiform Opaque Umbonate Rough   

41 Bright white Round Large (>5 mm) Filiform Opaque Crateriform Rough   
42 Cream white Round Medium (3-5 mm) Entire Opaque Flat Glistening   
43 Cream yellow Round Large (>5 mm) Entire Opaque Flat Dull  Flat but convex center 

44 Cream white Round Large (>5 mm) Entire Opaque Flat Glistening   
45 Pale red Round Small (1-2 mm) Entire Opaque Raised Glistening   
46 Cream white Round Medium (3-5 mm) Entire Opaque Raised Glistening   
47 Cream white Round Large (>5 mm) Entire Opaque Umbonate Glistening   
48 Creamy yellow Round Small (1-2 mm) Entire Opaque Umbonate Glistening   
49 Cream white Round Medium (3-5 mm) Entire Opaque Umbonate Glistening   Formerly labeled as 44 
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Table 8.3.2. Cutaneous microbes isolated from the skin of Leiopelma frogs that were challenged against Bd zoospores in vitro. 

Code Media Frog ID Frog Species Inhibitory 
Mean 
Diameter 
(mm) 

Taxonomy Notes 

LP_P4-A_16_R2A R2A P4 L.  hamiltoni Yes 0 

Bacteria; Proteobacteria; 
Betaproteobacteria; 
Burkholderiales; 
Comamonadaceae; 
Limnohabitans 

Cannot be measured; Overlapping 
inhibition zones 

LP_P4-A_18_R2A R2A P4 L.  hamiltoni Yes 0 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas Strong INHIBITORY but spreader 

LP_P4-A_5_PDA PDA P4 L.  hamiltoni Yes 0 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Xanthomonadales; 
Xanthomonadaceae; 
Stenotrophomonas 

Cannot be measured; Overlapping 
inhibition zones 

LP_P4-A_23_PDA PDA P4 L.  hamiltoni Yes 0  

Cannot be measured; Overlapping 
inhibition zones 

LP_P4-A_24_PDA PDA P4 L.  hamiltoni Yes 0 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas Strong INHIBITORY but spreader 

LP_P4-A_25_PDA PDA P4 L.  hamiltoni Yes 47.1 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Xanthomonadales; 
Xanthomonadaceae; 
Stenotrophomonas  

LP_P4-A_13_PDA PDA P4 L.  hamiltoni Yes 0 

Bacteria; Bacteroidetes; 
Sphingobacteriia; 
Sphingobacteriales; 

Cannot be measured; Overlapping 
inhibition zones 
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Sphingobacteriaceae; 
Sphingobacterium 

LP_C3-A_24_PDA PDA C3 L.  hamiltoni Yes 0 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas 

Cannot be measured; overlapping 
inhibition zone and spreader 

LP_P2-A_42_R2A R2A P2 L.  hamiltoni Yes 64.7 

Bacteria; Proteobacteria; 
Betaproteobacteria; 
Burkholderiales; 
Oxalobacteraceae; 
Janthinobacterium  

LP_P2-A_25_PDA PDA P2 L.  hamiltoni Yes 0 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas 

Cannot be measured; Overlapping 
inhibition zones 

LP_P2-A_51_PDA PDA P2 L.  hamiltoni Yes 4.9 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Enterobacterales; Yersiniaceae  

LP_C3-B_18.1_R2A  R2A C3 L.  hamiltoni Yes 0 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Enterobacterales; Yersiniaceae 

lessens the growth the growth of Bd 
but the inhibition was not clear but 
faded 

LP_C3-B_18.2_R2A R2A C3 L.  hamiltoni Yes 37.7 

Bacteria; Bacteroidetes; 
Flavobacteriia; Flavobacteriales; 
Flavobacteriaceae; 
Flavobacterium  

LP_P4-A_43.2_PDA PDA P4 L.  hamiltoni Yes 50.8 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas  
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LP_P2-A_43_R2A  R2A P2 L.  hamiltoni Yes 6.5 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Enterobacterales; Yersiniaceae  

LP_P2-A_23_PDA  
PDA with 
PenStrep P2 L.  hamiltoni Yes 5.8 

Eukaryota; Fungi; Dikarya; 
Ascomycota; Pezizomycotina; 
Sordariomycetes; 
Sordariomycetidae; 
Coniochaetales; Coniochaetaceae; 
Coniochaeta  

LP_P2-A_53_PDA 
PDA with 
PenStrep P2 L.  hamiltoni Yes 27.9 

Eukaryota; Fungi; Dikarya; 
Ascomycota; Pezizomycotina; 
Eurotiomycetes; 
Eurotiomycetidae; Eurotiales; 
Aspergillaceae; Penicillium; 
Penicillium chrysogenum species 
complex  

LA1v_1_R2A R2A LA1 L.  archeyi Yes 5.1   
LA1v_4_R2A R2A LA1 L.  archeyi Yes 4.1   
LA1d_1_R2A R2A LA1 L.  archeyi Yes 62.1   

LA1d_18_R2A R2A LA1 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA1d_28_R2A R2A LA1 L.  archeyi Yes 2.9   
LA1d_35_R2A R2A LA1 L.  archeyi Yes 9.4   

LA1d_22_R2A R2A LA1 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA2v_1_R2A R2A LA2 L.  archeyi Yes 7.1   

LA2v_4_R2A R2A LA2 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA2d_1_R2A R2A LA2 L.  archeyi Yes 17.7 

Bacteria; Bacteroidetes; 
Flavobacteriia; Flavobacteriales; 
Weeksellaceae; 
Chryseobacterium group; 
Chryseobacterium  

LA2d_2_R2A R2A LA2 L.  archeyi Yes 0  strong inhibitory but doesn't look pure 
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LA3v_35_R2A R2A LA3 L.  archeyi Yes 10.7 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas  

LA3v_38_R2A R2A LA3 L.  archeyi Yes 34.0 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas  

LA3v_14_R2A R2A LA3 L.  archeyi Yes 23.3   
LA3v_43_R2A R2A LA3 L.  archeyi Yes 6.5   
LA3d_18_R2A R2A LA3 L.  archeyi Yes 2.6   

LA3d_31_R2A R2A LA3 L.  archeyi Yes 58.8 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Enterobacterales; Yersiniaceae  

LA3d_35_R2A R2A LA3 L.  archeyi Yes 3.6   

LA3d_38_R2A R2A LA3 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA3d_42_R2A R2A LA3 L.  archeyi Yes 14.3 

Bacteria; Proteobacteria; 
Betaproteobacteria; 
Burkholderiales; 
Oxalobacteraceae; 
Janthinobacterium  

LA3d_43_R2A R2A LA3 L.  archeyi Yes 31.3 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas  

LA3d_10_R2A R2A LA3 L.  archeyi Yes 28.5 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas  
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LA4v_2_R2A R2A LA4 L.  archeyi Yes 31.3 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Enterobacterales; Yersiniaceae  

LA4v_16_R2A R2A LA4 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA4v_31_R2A R2A LA4 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA4v_43_R2A R2A LA4 L.  archeyi Yes 48.6 

Bacteria; Proteobacteria; 
Gammaproteobacteria; 
Pseudomonadales; 
Pseudomonadaceae; 
Pseudomonas  

LA4v_10_R2A R2A LA4 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA4v_17_R2A R2A LA4 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA4d_25_R2A R2A LA4 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA4d_31_R2A R2A LA4 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone 

LA5v_1_R2A R2A LA5 L.  archeyi Yes 16.3   
LA5v_14_R2A R2A LA5 L.  archeyi Yes 21.3   

LA5v_15_R2A R2A LA5 L.  archeyi Yes 0 

Bacteria; Bacteroidetes; 
Flavobacteriia; Flavobacteriales; 
Weeksellaceae; 
Chryseobacterium group; 
Chryseobacterium 

strong inhibitory but spreader; hard to 
measure the inhibition 

LA5v_31_R2A R2A LA5 L.  archeyi Yes 16.5   

LA5d_1_R2A R2A LA5 L.  archeyi Yes 0 

Bacteria; Bacteroidetes; 
Flavobacteriia; Flavobacteriales; 
Weeksellaceae; 
Chryseobacterium group; 
Chryseobacterium 

Cannot be measured; overlapping 
inhibition zone 
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LA5d_14_R2A R2A LA5 L.  archeyi Yes 0 

Bacteria; Bacteroidetes; 
Flavobacteriia; Flavobacteriales; 
Weeksellaceae; 
Chryseobacterium group; 
Chryseobacterium 

Cannot be measured; overlapping 
inhibition zone 

LA6v_35_R2A R2A LA6 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone and spreader 

LA6v_43_R2A R2A LA6 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone and spreader 

LA7v_43_R2A R2A LA7 L.  archeyi Yes 18.4   

LA7d_43_R2A R2A LA7 L.  archeyi Yes 0  

Cannot be measured; overlapping 
inhibition zone and spreader 

LA8d_1_R2A R2A LA8 L.  archeyi Yes 35.9 

Bacteria; Bacteroidetes; 
Flavobacteriia; Flavobacteriales; 
Weeksellaceae; 
Chryseobacterium group; 
Chryseobacterium  

LA8d_4_R2A R2A LA8 L.  archeyi Yes 4.8   
LP_P4-A_1_R2A R2A P4 L.  hamiltoni No 0   

LP_P4-A_23_R2A R2A P4 L.  hamiltoni No 0  

Growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LP_P4-A_25_R2A R2A P4 L.  hamiltoni No 0   
LP_P4-A_44_PDA PDA P4 L.  hamiltoni No 0   
LP_C3-B_1_R2A R2A C3 L.  hamiltoni No 0   

LP_P2-A_1_R2A R2A P2 L.  hamiltoni No 0  

lessen the growth of Bd not no clear 
inhibition ;  

LP_P2-A_2_R2A R2A P2 L.  hamiltoni No 0  

lessen the growth of Bd not no clear 
inhibition ;  

LP_P2-A_4_R2A R2A P2 L.  hamiltoni No 0   
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LP_P2-A_10_R2A R2A P2 L.  hamiltoni No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LP_P2-A_22_R2A R2A P2 L.  hamiltoni No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LP_P2-A_25_R2A R2A P2 L.  hamiltoni No 0   
LP_P2-A_39_R2A R2A P2 L.  hamiltoni No 0   
LP_P2-A_40_R2A R2A P2 L.  hamiltoni No 0   
LP_P2-A_41_R2A R2A P2 L.  hamiltoni No 0   
LP_P2-A_2_PDA PDA P2 L.  hamiltoni No 0   

LP_P2-A_5_PDA PDA P2 L.  hamiltoni No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LP_P2-A_6_PDA PDA P2 L.  hamiltoni No 0   
LP_P2-A_24_PDA PDA P2 L.  hamiltoni No 0   
LP_P2-A_50_PDA PDA P2 L.  hamiltoni No 0   
LP_P2-A_12_PDA PDA P2 L.  hamiltoni No 0   
LP_P2-A_52_PDA PDA P2 L.  hamiltoni No 0   
LP_C3-A_50_PDA PDA C3 L.  hamiltoni No 0   
LP_P2-A_34_PDA PDA P2 L.  hamiltoni No 0   
LP_P4-A_3_PDA PDA P4 L.  hamiltoni No 0   
LP_P4-A_9_PDA PDA P4 L.  hamiltoni No 0   

LP_P4-A_20_PDA PDA P4 L.  hamiltoni No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LP_P4-
A_20_PDA_PensStrep 

PDA with 
PenStrep P4 L.  hamiltoni No 0   

LA1v_2_R2A R2A LA1 L.  archeyi No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 
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LA1v_25_R2A R2A LA1 L.  archeyi No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LA1v_31_R2A R2A LA1 L.  archeyi No 0  spreader but Bd grew on the plate 

LA1v_43_R2A R2A LA1 L.  archeyi No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LA1d_2_R2A R2A LA1 L.  archeyi No 0   
LA1d_14_R2A R2A LA1 L.  archeyi No 0   
LA1d_31_R2A R2A LA1 L.  archeyi No 0   
LA1d_43_R2A R2A LA1 L.  archeyi No 0   
LA1d_45_R2A R2A LA1 L.  archeyi No 0   
LA1d_4_R2A R2A LA1 L.  archeyi No 0   
LA1d_6_R2A R2A LA1 L.  archeyi No 0   
LA1d_10_R2A R2A LA1 L.  archeyi No 0   
LA1d_30_R2A R2A LA1 L.  archeyi No 0   
LA1d_47_R2A R2A LA1 L.  archeyi No 0   
LA2v_25_R2A R2A LA2 L.  archeyi No 0   
LA2v_45_R2A R2A LA2 L.  archeyi No 0   
LA2v_60_R2A R2A LA2 L.  archeyi No 0   
LA2v_2_R2A R2A LA2 L.  archeyi No 0   
LA2v_47_R2A R2A LA2 L.  archeyi No 0   
LA2d_4_R2A R2A LA2 L.  archeyi No 0   
LA2d_9_R2A R2A LA2 L.  archeyi No 0   
LA2d_10_R2A R2A LA2 L.  archeyi No 0   
LA2d_18_R2A R2A LA2 L.  archeyi No 0   
LA2d_25_R2A R2A LA2 L.  archeyi No 0   
LA2d_43_R2A R2A LA2 L.  archeyi No 0   
LA2d_60_R2A R2A LA2 L.  archeyi No 0   
LA3v_60_R2A R2A LA3 L.  archeyi No 0   



226 

 

LA3v_45_R2A R2A LA3 L.  archeyi No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LA3v_63_R2A R2A LA3 L.  archeyi No 0   
LA3d_11_R2A R2A LA3 L.  archeyi No 0   
LA3d_22_R2A R2A LA3 L.  archeyi No 0   

LA3d_2_R2A R2A LA3 L.  archeyi No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LA3d_4_R2A R2A LA3 L.  archeyi No 0  

growth was inhibited by Bd or not 
enough inoculum was addded to the 
assay 

LA3d_47_R2A R2A LA3 L.  archeyi No 0   
LA5v_4_R2A R2A LA5 L.  archeyi No 0   
LA5v_7_R2A R2A LA5 L.  archeyi No 0   
LA5v_17_R2A R2A LA5 L.  archeyi No 0   

LA5v_16_R2A R2A LA5 L.  archeyi No 0 

Bacteria; Bacteroidetes; 
Flavobacteriia; Flavobacteriales; 
Weeksellaceae; 
Chryseobacterium group; 
Chryseobacterium  

LA5v_25_R2A R2A LA5 L.  archeyi No 0   
LA5v_47_R2A R2A LA5 L.  archeyi No 0   
LA5d_2_R2A R2A LA5 L.  archeyi No 0   
LA5d_4_R2A R2A LA5 L.  archeyi No 0   
LA5d_31_R2A R2A LA5 L.  archeyi No 0   
LA6v_4_R2A R2A LA6 L.  archeyi No 0   
LA6v_9_R2A R2A LA6 L.  archeyi No 0   
LA6v_14_R2A R2A LA6 L.  archeyi No 0   
LA6v_42_R2A R2A LA6 L.  archeyi No 0   
LA6d_14_R2A R2A LA6 L.  archeyi No 0   
LA6d_22_R2A R2A LA6 L.  archeyi No 0   
LA6d_42_R2A R2A LA6 L.  archeyi No 0   
LA6d_43_R2A R2A LA6 L.  archeyi No 0   
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LA6d_45_R2A R2A LA6 L.  archeyi No 0   
LA6d_61_R2A R2A LA6 L.  archeyi No 0   
LA7v_4_R2A R2A LA7 L.  archeyi No 0   
LA7v_63_R2A R2A LA7 L.  archeyi No 0   
LA7d_63_R2A R2A LA7 L.  archeyi No 0   
LA7d_4_R2A R2A LA7 L.  archeyi No 0   

LA2v_18_R2A R2A LA2 L.  archeyi Maybe 0  might be inhibitroy BUT a spreader  

LA4d_10_R2A R2A LA4 L.  archeyi Maybe 0  might be inhibitroy BUT a spreader  

LA5d_9_R2A R2A LA5 L.  archeyi Maybe 0  might be inhibitroy BUT a spreader  

LA6v_25_R2A R2A LA6 L.  archeyi Maybe 0  might be inhibitroy BUT not pure 

LA8R_42_R2A R2A LA8 L.  archeyi Maybe 0  might be inhibitroy BUT a spreader  

LP_P2-C_1_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_2_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_4_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_7_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_22_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_25_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_30_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_34_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_43_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_44_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_45_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_46_R2A R2A P2 L.  hamiltoni Not measured    
LP_P2-C_40_R2A R2A P2 L.  hamiltoni Not measured    
LP_C3-C_4_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_7_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_10_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_30_R2A R2A C3 L.  hamiltoni Not measured    
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LP_C3-C_43_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_44_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_45_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_47_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_46_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_41_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_1_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-C_2_R2A R2A C3 L.  hamiltoni Not measured    
LP_P4-C_1_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_2_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_3_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_4_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_7_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_9_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_14_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_41_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_43_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_45_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_46_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-C_47_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_2_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_3_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_7_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_11_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_20_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_4_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_17_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-A_47_PDA PDA P4 L.  hamiltoni Not measured    
LP_P4-A_38_PDA PDA P4 L.  hamiltoni Not measured    
LP_P4-A_34_PDA PDA P4 L.  hamiltoni Not measured    
LP_P4-A_43_PDA PDA P4 L.  hamiltoni Not measured    
LP_P4-A_48_PDA PDA P4 L.  hamiltoni Not measured    
LP_C3-A_15_PDA PDA C3 L.  hamiltoni Not measured    
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LP_C3-A_2_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_9_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_23_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_25_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_36_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_44_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_45_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_46_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_13_PDA PDA C3 L.  hamiltoni Not measured    
LP_C3-A_34_PDA PDA C3 L.  hamiltoni Not measured    
LP_P4-B_1_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_2_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_3_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_4_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_10_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_16_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_17_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_18_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_36_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_23_R2A R2A P4 L.  hamiltoni Not measured    
LP_P4-B_37_R2A R2A P4 L.  hamiltoni Not measured    
LP_C3-B_2_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_4_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_6_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_5_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_35_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_38_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_36_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_40_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_39_R2A R2A C3 L.  hamiltoni Not measured    
LP_C3-B_33_R2A R2A C3 L.  hamiltoni Not measured    
LP_P2-A_46_PDA PDA P2 L.  hamiltoni Not measured    
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LP_C3-
A_44_PDA_PenStrep 

PDA with 
PenStrep C3 L.  hamiltoni Not measured    

LP_C3-
A_38_PDA_PenStrep 

PDA with 
PenStrep C3 L.  hamiltoni Not measured    

LP_C3-
A_50_PDA_PenStrep 

PDA with 
PenStrep C3 L.  hamiltoni Not measured    

LP_P2-
A_1_PDA_PenStrep 

PDA with 
PenStrep P2 L.  hamiltoni Not measured    

LP_P2-
A_3_PDA_PenStrep 

PDA with 
PenStrep P2 L.  hamiltoni Not measured    

LP_P2-
A_34_PDA_PenStrep 

PDA with 
PenStrep P2 L.  hamiltoni Not measured    

LP_P2-
A_38_PDA_PenStrep 

PDA with 
PenStrep P2 L.  hamiltoni Not measured    

LP_P2-
A_50_PDA_PenStrep 

PDA with 
PenStrep P2 L.  hamiltoni Not measured    

LP_P2-
A_44_PDA_PenStrep 

PDA with 
PenStrep P2 L.  hamiltoni Not measured    

LP_P4-
A_1_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_3_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_9_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_13_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_23_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_25_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_32_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_34_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_42_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    
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LP_P4-
A_50_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_53_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LP_P4-
A_54_PDA_PenStrep 

PDA with 
PenStrep P4 L.  hamiltoni Not measured    

LA1v_45_R2A R2A LA1 L.  archeyi Not measured    
LA3v_4_R2A R2A LA3 L.  archeyi Not measured    
LA3v_22_R2A R2A LA3 L.  archeyi Not measured    
LA3v_29_R2A R2A LA3 L.  archeyi Not measured    
LA4v_15_R2A R2A LA4 L.  archeyi Not measured    
LA4d_2_R2A R2A LA4 L.  archeyi Not measured    
LA5v_10_R2A R2A LA5 L.  archeyi Not measured    
LA5d_25_R2A R2A LA5 L.  archeyi Not measured    
LA6v_2_R2A R2A LA6 L.  archeyi Not measured    
LA6v_22_R2A R2A LA6 L.  archeyi Not measured    
LA6v_61_R2A R2A LA6 L.  archeyi Not measured    
LA6d_6_R2A R2A LA6 L.  archeyi Not measured    
LA6d_10_R2A R2A LA6 L.  archeyi Not measured    
LA6d_35_R2A R2A LA6 L.  archeyi Not measured    
LA7v_60_R2A R2A LA7 L.  archeyi Not measured    
LA8v_1_R2A R2A LA8 L.  archeyi Not measured    
LA8v_2_R2A R2A LA8 L.  archeyi Not measured    
LA8v_4_R2A R2A LA8 L.  archeyi Not measured    
LA8v_6_R2A R2A LA8 L.  archeyi Not measured    
LA8v_9_R2A R2A LA8 L.  archeyi Not measured    
LA8v_41_R2A R2A LA8 L.  archeyi Not measured    
LA8v_42_R2A R2A LA8 L.  archeyi Not measured    
LA8v_45_R2A R2A LA8 L.  archeyi Not measured    
LA8v_23_R2A R2A LA8 L.  archeyi Not measured    
LA8v_31_R2A R2A LA8 L.  archeyi Not measured    
LA8d_2_R2A R2A LA8 L.  archeyi Not measured    
LA8d_10_R2A R2A LA8 L.  archeyi Not measured    
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LA8d_18_R2A R2A LA8 L.  archeyi Not measured    
LA8d_25_R2A R2A LA8 L.  archeyi Not measured    
LA8d_31_R2A R2A LA8 L.  archeyi Not measured    
LA8d_42_R2A R2A LA8 L.  archeyi Not measured    
LA8d_43_R2A R2A LA8 L.  archeyi Not measured    
LA8d_45_R2A R2A LA8 L.  archeyi Not measured    
LA8d_6_R2A R2A LA8 L.  archeyi Not measured    
LA8d_16_R2A R2A LA8 L.  archeyi Not measured       
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Figure 8.3.1. Dendritic growth pattern of Pseudomonas sp. isolates that showed potential 

inhibition of Bd growth. 

 

 


