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“Whatever you do will be insignificant, but it is very important that you do it.”
Mahatma Gandhi
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Abstract
Devastating amphibian population declines have been observed globally for the last
40 years. These declines have become the interest of several conservationists and researchers, as amphibians form a valuable part of global biodiversity. Researchers
identified the causative agent of many of these declines to be the chytrid fungus
Batrachochytrium dendrobatidis (Bd). It is clear that Bd is partially responsible for several local extinctions and multiple species extinctions in a variety of anurans (i.e.
frogs and toads). Recently, a related chytrid (Batrachochytrium salamandrivorans) has
caused similar declines in urodeles (i.e. salamanders and newts). Many studies have
been conducted into the evolution and outbreak of Bd, along with its mechanism of
disease and methods of halting its progress or curing sick frogs. Two genome sequences were released for the chytrid in the mid 2000s, and nearly all subsequent
genetic studies have utilised these assemblies for all their analyses. These assemblies
indicated that the organism is probably a diploid that likely is imperfect (i.e. doesn’t
undergo sexual reproduction). Many heterozygous positions were identified within
these diploid genome assemblies, though a major limitation of these assemblies was
that they failed to resolve the "phase" of the heterozygosities. Additionally, these
genome assemblies are significantly fragmented, and contain gaps within their genomic scaffolds, particularly around repetitive regions of the genome. This makes
many analyses potentially error prone and means that genetic information that may
aid in the understanding of the pathogen’s genetic history is not available.
In this project, a higher quality genome assembly of Batrachochytrium dendrobatidis strain RTP6 was produced using PacBio long read technology coupled with Illumina short read technology. Using this updated genome assembly it was possible
to infer a significant amount of genetic information about the chytrid that was previously unknown, including the structure of its telomeres, the probable centromeric
region, and clarification of its mitochondrial genome structure. The long reads also
permitted the resolution of the haplotypes for heterozygous regions of the genome.
In addition to these discoveries, insights into the phylogenetic structure of the organism were clarified, for both the globally distributed pandemic lineage (BdGPL)
and for the other Bd lineages. This improved genome assembly, and the subsequent
evolutionary insights, have significant implications for our understanding of Bd and
other fungal pathogens.
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Chapter 1

Introduction
1.1

Batrachochytrium dendrobatidis

Dramatic amphibian population declines have been observed across the globe since
the late 1970s (Barinaga, 1990; Cooke, 1972; Phillips, 1990). These declines were
attributed to several potential causes, including climate change, habitat loss and
possibly an unknown disease-causing agent. The declines were so apparent that,
in 1989, the first World Congress on Herpetology took place in Canterbury, England (WCH1|World Congress of Herpetology) in an effort to determine the severity of
these declines on a global scale. Herpetologists discussed their findings and found
that these declines had been occurring on a global scale and required significant
research in order to be understood, with the hopes of saving amphibians worldwide. In the mid 1990s, upon performing histological examination of diseased frog
skin, researchers identified what appeared to be fungi of the Chytridiomycota phylum (i.e. chytrid fungi) growing within the frogs’ keratinised skin cells (Berger et
al., 2016). These fungi were later confirmed by Lee Berger et al., in 1997, to be the
causative agents of amphibian mortality in regions of Australia and Central America (Berger et al., 1998). The extremely similar features of these two geographically
isolated specimens suggested a global pathogen was emerging that infected many
unrelated amphibian species. The disease was termed chytridiomycosis as it was
directly associated with growth of chytrid fungi within diseased amphibian skin.
Importantly, these researchers realised that this fungus was the first known member
of the Chytridiomycota phylum to infect vertebrates (Berger et al., 1998).
Contemporaneously to Berger’s studies, amphibian deaths were being noted at
several isolated sites in North America, including the Washington D.C. National Zoological Park (Nichols, Pessier, and Longcore, 1998). Joyce Longcore, of the University of Maine, developed upon the work of Berger, using these North American diseased frogs, to produce a more thorough examination of the fungus. Her expertise
in chytrid fungi enabled her to confirm that this fungus was indeed a novel organism, and hence she named the fungus Batrachochytrium dendrobatidis (Bd) (Longcore,
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Pessier, and Nichols, 1999). The fungus was originally placed in the Chytridiales
order of the Chytridiomycetes class in the Chytridiomycota phylum, it was later
reclassified to a new order, the Rhizophydiales (Letcher et al., 2006). Since its identification, Bd has been isolated from diseased amphibians on every amphibian inhabited continent (Lips, 2016). Over 700 species have been shown to be infected by Bd
and up to 100 species may have become extinct due to infection with this pathogenic
fungus (Lips, 2016). It is one of two chytrid species known to infect vertebrates, the
other being Batrachochytrium salamandrivorans, which was recently identified and
appears to only infect salamanders (Martel et al., 2014).

F IGURE 1.1: Map indicating predicted current global distribution of Bd.
Occurrence probability indicates how likely it is for Bd to exist at that
location. Figure adapted from Xie, Olson, and Blaustein, 2016.

The predicted global distribution of Bd, based on likely habitable climates, is
shown in Figure 1.1 (Xie, Olson, and Blaustein, 2016). As indicated in this figure,
New Zealand is a highly probable location for Bd to exist based purely on its climate. Though Bd is a global pathogen, New Zealand is a natural focus of this study,
and therefore will be kept in the forefront of the analyses shown throughout. Bd
was first identified in New Zealand in the summer of 1999/2000 when a marked decrease in the number of southern bell frogs at a pond in Christchurch was observed
(Waldman et al., 2001). Subsequent analysis of deceased amphibians found at this
location identified Bd within the frog skin. It has been claimed (by Waldman et al.)
that the New Zealand outbreak strain was more closely related to the South American samples held by Berger et al., 1998, than to samples from Australia. Analyses
carried out in this study, however, do not appear to support this theory of a South
American origin for Bd in New Zealand (elaborated on in the Discussion). Since
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its discovery, Bd has spread throughout New Zealand and has been isolated from
the far north of the North Island right through to the far south of the South Island
(Shaw et al., 2008). Important work has been done on conservation of the four New
Zealand native frog species. These belong to the ancient Leiopelma genus and share
similarities with 200 million year old frog fossils and as such may prove extremely
useful in understanding the phylogeny and evolution of frog species (Green et al.,
1989). An example of a frog species within this genus that must be carefully protected is the famous Archey’s Frog (Leiopelma archeyi) (Bell, 2004). It is considered
to be the most evolutionary distinct and globally endangered (EDGE) amphibian
species in the world (Archey’s Frog|Leiopelma archeyi) and has been significantly affected by chytridiomycosis. In addition to the threat of chytridiomycosis, habitat
loss via deforestation and pollution are also contributing to the significant decline
in numbers of these extremely unique frog species.

1.1.1

Chytridiomycota

The Chytridiomycota is a basal fungal division (phylum) thought to have diverged
early in the evolution of fungal species (Barr, 2001). It is split into three classes:
the Chytridiomycetes, containing 10 orders, Monoblepharidomycetes, containing 2
orders and the Hyaloraphidiomycetes, containing a single order. It was originally
thought to be part of the Protista kingdom, primarily due to its unicellular nature
and the rapid movement of uniflagellate zoospores when observed under the microscope, which was previously unreported in Fungi (Corliss, 1984). Most chytrid
species are water dwelling saprobes feeding off decaying organic tissue, digesting
chitin and keratin for nutrients (Barr, 2001). The genus Batrachochytrium is unique
amongst chytrids for its infection of vertebrate hosts. Chytrids do however all share
interesting characteristics, such as uniflagellate zoospores, that make them unique
to study. Their genetics are relatively poorly understood, and as such there is a significant need for further genetic studies in these peculiar organisms. The location of
the phylum within the fungal kingdom is shown in Figure 1.2 (Kingdom Fungi). Note
that the more familiar fungal species, such as yeasts, belong within the Ascomycota
and Basidiomycota, widely separated from the Chytridiomycota.

1.1.2

Mycology of Bd

Bd has a growth cycle of approximately 4-5 days, varying slightly between isolates
(Berger et al., 2005). An individual fungal cell begins as a motile zoospore with a
single flagellum (tail-like projection) at its pole. In vivo, the zoospore penetrates
the superficial epidermal layer of its amphibian host, reaching a keratinised epithelial cell. It then proceeds to encyst by retracting its flagellum and forming a
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F IGURE 1.2: Cladogram indicating the phylogenetic location of the
Chytridiomycota (red box) within the fungal kingdom. Figure adapted
from Kingdom Fungi.

thallus (fungal body). The thallus develops into a mature zoosporangium which
will house the developing zoospore progeny. The zoosporangia exhibit interesting colonial behaviour and multiple sporangia can form within a single thallus.
The cellular contents of the sporangium divide and generate large quantities of
zoospores within each zoosporangium. As the zoosporangium develops it proceeds
towards the edge of the amphibian epidermis and eventually releases its fully developed zoospores through tube-like projections known as discharge papillae. Once
released, the zoospores exhibit rapid motility and may proceed to reinfect the same
organism or find a new host. Examples of Bd growing within an amphibian epidermis are shown in Figure 1.3 (Longcore, Pessier, and Nichols, 1999). Note that the
skin surface is at the top of the image, with younger developing zoosporangia at the
bottom and more developed zoosporangia near the surface.
Although it is a well adapted pathogen, able to grow in an intracellular environment, it is nevertheless also capable of growth on a relatively simple medium.
It’s growth cycle is similar in both conditions, however the zoospore will encyst on
the agar surface rather than penetrating it. The developing thallus also sometimes
produces small cytoplasmic projections known as rhizoids which are responsible
for aiding the organisms uptake of nutrients, it is unclear if these are formed in the
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F IGURE 1.3: Bd growing within epidermis of blue poison dart frog.
Sample is stained with eosin and haemotoxylin. Arrow indicates open
sporangium and arrowheads indicate colonial sporangia. Figure from
Longcore, Pessier, and Nichols, 1999.

amphibian host.
The cellular organisation of Bd zoospores has been used as a means of identification and characterisation for the chytrid species. Longcore et al. used this feature
in order to classify Bd as a unique chytrid species (Longcore, Pessier, and Nichols,
1999). The major difference between Bd and other chytrids is related to the origin
of the microtubule root for the flagellum and its direction, extended from a unique
site towards the ribosomal mass, which is unusual for chytrid species and unique
to this particular genus. Figure 1.4 (Longcore, Pessier, and Nichols, 1999) displays a
schematic of the internal structure of a Bd zoospore; the main area of variation, and
thus classification, is highlighted in the red circle.

1.1.3

Chytridiomycosis

Chytridiomycosis is considered an emerging infectious disease that has devastated
amphibian populations globally (James et al., 2009). It is caused by advanced Bd
infection within the keratinised skin cells of affected species. Researchers observe a
marked thickening of the superficial epidermal layer (stratum corneum) from 5 µm
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F IGURE 1.4: Schematic of the internal structure of a Bd zoospore, indicating the genus classification region in a red circle. Abbreviations
used: ce, cytoplasmic extension; ER, endoplasmic reticulum; G, Golgi
apparatus; K, kinetosome; L, lipid globule; M, mitochondrion; mb, microbody; nfc, non-flagellated centriole; N, nucleus; P, prop; R, ribosomal mass; Va, vacuole. Figure adapted from Longcore, Pessier, and
Nichols, 1999

to close to 60 µm (Berger, Speare, and Kent, 1999). The presence of Bd within these
cells can lead to processes known as hyperkeratosis and hyperplasia. Hyperkeratosis is the thickening of keratinised skin cells resulting in decreased permeability and
increased rigidity in the skin of affected amphibians. Hyperplasia is an increase in
the number of cells and may result from an immune response to infection with Bd.
Amphibians are unique amongst most vertebrates as they use their skin for nutrient uptake and water balance. The disease can therefore lead to death in infected
individuals, with symptoms including loss of righting reflex and skin sloughing
(shedding). As of yet, the mechanisms for infection remain unclear; one theory suggests that secreted proteases may enable the fungus to degrade and encyst within
amphibian epidermal cells while also breaking down keratin and other proteins for
nutrients (Joneson et al., 2011).
Amphibian die-offs have been noticed simultaneously throughout many regions
of the globe since the late 1970s (Berger et al., 2016). The origin and subsequent temporal distribution of Bd is unclear, for many die-offs have been poorly documented.
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Re-examination of long deceased amphibian specimens from museums, for which
the cause of death was previously unknown, also identified the chytrid fungus in
several cases. One such example of this occurred in a study of museum specimens in
Illinois, USA (Talley et al., 2015). These researchers identified Bd in samples dating
back to 1888, possibly suggesting Bd had been existing in this region for far longer
than it was previously thought.
Research has been undertaken in combating the disease and curing diseased
frogs, including bathing diseased frogs in itraconazole, a known anti-fungal drug
(Garner et al., 2009). This has been shown to be effective, though one of the biggest
issues with curing diseased populations is the persistence of the fungus in the environment. Bd is able to survive on several frog species which are otherwise unaffected by the disease and so can act as reservoirs for the chytrid fungus (Schloegel
et al., 2012). This means that curing a frog and subsequently returning it to its native habitat is often futile due to the high likelihood of reinfection with the fungus.
Removing the fungus from the environment is very unlikely to be successful and as
such, some species must be kept in captivity in order to ensure the survival of their
species.
The severity of the disease depends on a balance between several different factors (Lips, 2016). The first is the pathogenicity of the specific strain of Bd that is
infecting the host; some strains have been found to have significantly lower virulence levels, particularly those that are part of genetic lineages separate from that of
the hyper-virulent global pandemic lineage (Farrer et al., 2011). The second factor
is the susceptibility of the host; some hosts experience rapid morbidity while other
hosts appear to be completely unaffected by the presence of Bd in their skin cells.
This may be due to inherent properties of the host’s skin or immune response. The
composition of the microbes on the skin of amphibians has been found to have a
significant effect on resistance to chytridiomycosis, both increasing and decreasing
resistance in different cases (Myers et al., 2012; Flechas et al., 2012). This may be
due to competition for resources or perhaps some secreted antifungal compounds
that cause Bd to be unable to establish itself in the individual organism. The final
factor is the environment that the infection is taking place in. The optimal temperature range for Bd growth has been found to be around 22 ◦C and the host immune
response and skin microbiota may vary with temperature also. In addition to temperature, the host may be more aquatic or more terrestrial and thus be more or less
in contact with Bd in its preferred aquatic environment.
A recent publication identified an intriguing phenomenon in which some populations of particular species of amphibian which had previously been decimated by
Bd have been found to be recovering in the wild (Voyles et al., 2018). This group postulated that this may have been due to pathogen attenuation, however the evidence
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was much more suggestive of an acquired host resistance, though the mechanism of
this resistance remains unclear.
One of the major theories for spread of Bd is via the bullfrog trade (Daszak et
al., 2004; Schloegel et al., 2012). The American bullfrog (Lithobates catesbeianus) is a
widely sought after amphibian, it is farmed for its legs which are traded around the
globe as food; it is also occasionally kept as a pet. The bullfrog also exhibits very
few clinical symptoms when exposed to Bd. The ability for the amphibian species
to harbour Bd without dying, combined with the global trade of these frogs and
their legs leads to a dangerous reservoir of Bd gaining access to many previously
inaccessible locations. This could explain a significant portion of the global spread
of Bd, and offers insight into the mechanisms for diseases gaining access to highly
varied locations.
Chytridiomycosis, when caused by Batrachochytrium salamandrivorans, exhibits
significantly different symptoms including severe ulceration of the skin (Martel et
al., 2014). This suggests that the two species have fairly different mechanisms of
infection and pathogenicity.

1.2

Genetics of Bd

Early genetic analyses of Bd involved targeted sequencing of its ribosomal DNA
internal transcribed spacer sequence (Annis et al., 2004). This sequence enabled
the phylogeny of the chytrid species to be established in relation to other species.
This phylogenetic analysis firmly placed Bd within the Chytridiomycota phylum,
although it appeared to be genetically distinct when compared to other known
chytrid species. The internal transcribed spacer sequence was sufficiently different when compared to other genera to justify classification of Bd within the unique
Batrachochytrium genus.
The first Bd genome assembly was submitted to GenBank in 2006 by the Broad
Institute (Batrachochytrium Genome Project | Broad Institute) and the second was subsequently submitted by the Joint Genome Institute (JGI) in 2009 (Info - Batrachochytrium
dendrobatidis JAM81 v1.0). These genome assemblies suggested the haploid genome
size was approximately 24 Mb. Remapping of these reads to their respective assemblies identified the presence of several approximately 50% frequency heterozygous
sites, which was indicative of the organism exhibiting diploidy. Also, due to the
nearly identical genetic make-up between the two geographically distinct isolates
used to produce these assemblies, it was suggested that the organism is a clonally
reproducing (asexual) organism.
Since Bd was originally sequenced it has become apparent that there are several clonal lineages including the hyper-virulent BdGPL (global panzootic lineage),
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which is the causative agent of chytridiomycosis around the globe (Farrer et al.,
2011). Other lineages appear to be isolated to specific regions of the globe and exhibit much less virulence, including the Swiss lineage BdCH and the South African
lineage BdCAPE (Farrer et al., 2011). BdCAPE has also been isolated once from a
European site and this suggests that it may have been transported there via animal
trade. A Brazilian lineage known as BdBrazil has been found in the Atlantic Forest of Brazil (Goka et al., 2009). Goka et al. also identified identical isolates to the
Brazilian lineage in Japan, indicating the dangers of globalisation and animal trade,
as Bd had not previously been isolated in Japan (Goka et al., 2009). There may also
be endemic Asian lineages of Bd (Bataille et al., 2013) and it is also likely there are
other, as of yet undiscovered, lineages existing in nature around the globe.
All BdGPL isolates appear to be clonal diploids, with a significant amount of
genome plasticity existing within each strain (Farrer et al., 2013). Other Bd lineages
have not been explicitly classed as asexual clades and further research is required to
confirm this classification. Individual chromosomes in Bd can exhibit copy number
variation ranging from a single haploid copy to as many as seven copies of a single
chromosome (Farrer et al., 2013). This aneuploidy suggests that the organism is able
to withstand significant gene dosage alterations associated with chromosome copy
number changes. In addition to copy number variation, the length of each chromosome, and therefore predicted gene content, also appears to exhibit variation.
Morehouse et al. found that the lengths of chromosomes were significantly varied
between strains using a contour-clamped homogeneous electric field electrophoresis technique (Morehouse et al., 2003).
Bd has been identified in several regions of Brazil since its initial discovery (Queiroz
Carnaval et al., 2006). In 2013, researchers identified a putative hybrid Bd strain
(CLFT024-02), isolated from a specimen collected north of the Atlantic forest in
Brazil (Schloegel et al., 2012; Rosenblum et al., 2013). This strain appeared to be
a hybrid between the globally distributed BdGPL and the endemic BdBrazil. The
existence of this hybrid provided proof that Bd is capable of sexual reproduction
which previously had been undocumented. As the chytrid doesn’t appear to produce sexually reproducing resting spores, like its other chytrid counterparts, it is
unclear how this sexual reproduction occurs. It most likely is unable to sexually
reproduce within each lineage and as such requires the interaction of distinct clonal
lineages in order to allow sexual reproduction to occur. Other examples of hybridisation likely exist in nature however they may not have been identified due to the
statistically low likelihood of finding them with current Bd isolation methodology.
Most researchers only isolate Bd from diseased frogs and as hybrids may exhibit
significantly lower virulence they may not be identified in this same way, as may be
occurring in less virulent lineages.
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Mitotic Recombination

It is vital that species have a method of introducing and distributing variation amongst
their populations in order to enable evolution of their genomes to occur. In sexually
reproducing polyploid organisms, genetic variation is redistributed throughout the
population via meiotic crossing over (Grelon, 2016). This form of genetic recombination occurs during prophase I, while the homologous chromosomes are aligned
due to synapsis. The close proximity of the homologous chromosome arms results
in crossing over events that trade genetic information from one chromosome to the
other. Clonal diploid organisms are unable to do this in the same way, but can carry
out a similar process during mitosis. This genetic phenomenon is known as mitotic
recombination/crossing over (Symington, Rothstein, and Lisby, 2014). This process,
similar to meiotic crossing over, involves a crossing over of homologous chromosomes, though in this case they cross over during mitosis rather than meiosis. There
is some controversy to the specific mechanism behind mitotic crossing over, but the
most commonly agreed upon source of mitotic recombination is double strand break
(DSB) repair. When a DSB is introduced into a chromosome, the cell will, in most
cases, be unable to reproduce unless it repairs the break. The mechanisms for DSB
repair are highly complex and several theories exist for describing the phenomenon.
The general consensus involves the use of the homologous chromosome for guided
repair of the DSB. During this process, a Holliday junction is formed which can be
resolved as either a gene conversion event or a mitotic crossing over event (Diogo
et al., 2009).
The effect of a single mitotic crossing over event, in a clonal polyploid, is to cause
some of the progeny to exhibit a loss of heterozygosity (LOH) between the crossover
point and the end of the chromosome (i.e. the telomere) (Symington, Rothstein,
and Lisby, 2014). Because the organism is clonal, this loss of heterozygosity will
be inherited, and will persist in the offspring as there is no meiotic recombination
occurring to reintroduce heterozygous locations. Some heterozygous sites will be
generated due to genetic drift within the LOH regions, though these sites will be
rare. A simplified diagram of this phenomenon is shown in Figure 1.5.
Gene conversion is another distinct mechanism in clonal diploid organisms that
generates LOH regions, however these are usually much smaller regions than that
of the mitotic recombination events mentioned previously (Symington, Rothstein,
and Lisby, 2014). One theory for its mechanism is the DNA polymerase molecule
jumping strands to that of the homologous chromosome and then back during replication. Another, perhaps more likely theory, involves the formation of a Holliday
junction during homologous DSB repair and subsequent slippage of the junction,
followed by resolution of the internal region. The LOH regions for gene conversion
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F IGURE 1.5: Simplified diagram of the generation of LOH regions via
mitotic recombination. Heterozygous alleles are represented by either
black or white squares. Centromeres are indicated by black diamonds.
(a) shows the mitotic replication of a pair of homologous chromosomes
and the subsequent mitotic crossover event on a pair of these copied
chromosomes (marked as an X). Potential arrangement of the chromosomes is shown in (b) followed by the possible outcomes of these chromosomes upon segregation (c). Note that an LOH event only occurs in
2 (shown top) of the possible 4 offspring. Figure from Mandegar and
Otto, 2007

are distinct from that of mitotic crossing over as they occur with regions of heterozygosity on both sides, as opposed to that of mitotic crossing over that occurs from a
single crossover site until the end of the chromosome. An exception to this can occur
relatively rarely in which two mitotic crossover events occur simultaneously and a
large LOH region forms between the two crossover sites.

1.2.2

Meselson Effect

The Meselson effect refers to the independent evolution of homologous chromosomes in clonally reproducing diploid eukaryotes (Ceplitis, 2003). This can cause
rapid evolution of gene families, due to a lack of meiotic recombination and independent assortment of alleles. Gene evolution in most organisms relies on point mutations, and often requires a gene duplication to produce significantly new traits in
the organism (Zhang, 2003). Clonal diploid organisms essentially have a duplicated
haploid genome, that is capable of divergent evolution without the same correction
mechanisms as sexual organisms. In theory, this should be occurring within Bd if it
is a truly asexual diploid. As such, it should provide a useful measure of the degree
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of asexuality exhibited by Bd. A search through the current Bd literature could not
identify research into this phenomenon.

1.2.3

Protease Gene Family Expansion

An interesting insight into the evolution of the pathogenicity of Bd is the observation of a significant increase in the frequency and expression of protease genes
within its genome (Rosenblum et al., 2008). Researchers observed the copy number of certain genes in closely related chytrid species and then compared those to
that of Bd in order to determine whether gene families had expanded since the two
species diverged. Several of these research groups have identified an increase in
copy number and variety of several types of proteases, including metallopeptidases
and serine and threonine proteases (Abramyan and Stajich, 2012; Moss, Carty, and
San Francisco, 2010; Rosenblum et al., 2012). These proteases have been implicated
as a potential mechanism for virulence in Bd due to the organism requiring both a
mechanism of invasion and a method of breaking down keratin for sustenance.

1.3

Genome Assembly

Genome assemblies provide a plethora of information on a species of interest and,
with the advent of next-generation sequencing, have become a very simple and effective tool for understanding an organism’s genetics. The vast majority of genome
assemblies in global databases were produced using reads from relatively shortread sequencing technologies such as Sanger or Illumina. These genome assemblies
often contain a significant amount of contigs (unbroken strings of DNA sequence)
connected together by a series of N’s (unknown base calls i.e. gaps) in order to form
genomic scaffolds. These genomic scaffolds are then assumed to represent chromosomes, or parts of chromosomes and are used for further genetic analyses. The issue
with these assemblies is the loss of genetic information caused by the gaps. In particular, these gaps are often formed over repetitive regions of the genome and thus
the exact sequences of these repeats are lost in these assemblies. Long-read sequencing technology such as PacBio or Oxford Nanopore can be used to produce far more
contiguous (i.e. larger contigs) genome assemblies. These improved assemblies can
then be used to provide a more complete understanding of an organisms genetics.
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Previous Assemblies

There have been two independent attempts at sequencing and assembling the whole
Bd genome using a whole genome shotgun sequencing approach, as mentioned previously (Info - Batrachochytrium dendrobatidis JAM81 v1.0; Batrachochytrium Genome
Project | Broad Institute). Both genomes were assembled from paired end reads generated from genomic clones sequenced using Sanger chain-termination sequencing
technology (Sanger, Nicklen, and Coulson, 1977). This sequencing technique relies
on many rounds of DNA chain extension and termination in order to determine the
base at each site in a sequence. It is a very costly and slow method for DNA sequencing, though it was the first method and was a precursor to the advanced techniques
used in this project. The N50 metric described below refers to the length of the contig/scaffold for which 50% of the entire assembly is contained in contigs/scaffolds
larger than stated contig/scaffold.
Broad Institute Assembly
The Broad Institute sequenced a Bd sample, isolated from a diseased lemur leaf frog
(Hylomantis lemur; previously Phyllomedusa lemur) in Panama, Central America (Batrachochytrium Genome Project | Broad Institute). The Bd strain was named JEL423
after Joyce E. Longcore from the University of Maine. Arachne software was used
to assemble the paired end reads from plasmid clones with 4 kb and 10 kb insert
sizes, alongside Fosmid clones with 40 kb insert sizes. The assembly consists of 348
nuclear contigs within 69 supercontigs (scaffolds) and one mitochondrial supercontig consisting of 3 contigs. The total length of the assembly is 23.7 Mb with a contig
N50 of 221 kb and a scaffold N50 of 1.71 Mb, representing about 7.4x coverage. Importantly, the assembly contains a total of 320 kb in gaps, representing 1.4% of the
total genome size.
The mitochondrial supercontig contained within this assembly represents the
entirety of the mitochondrial DNA (mtDNA) as a 175 kb sequence with two gaps,
one of which is 1 kb long and the other 169 bp long. The sequence was not resolved
into either a circular or linear structure.
Joint Genome Institute Assembly
Joint Genome Institute (JGI) sequenced a Bd sample, isolated from a diseased Sierra
Nevada yellow-legged frog (Rana sierrae) in Sierra Nevada, California, USA (Info Batrachochytrium dendrobatidis JAM81 v1.0). This Bd strain was named JAM81/JAM081
after Jess A. Morgan from Moorooka Animal Research Institute, Australia. The
paired-end whole genome shotgun reads from this strain were also assembled using Arachne. The assembly consists of 510 nuclear contigs within 127 scaffolds and
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one mitochondrial scaffold consisting of 3 contigs. The total length of the assembly
is 24.5 Mb with a contig N50 of 318 kb and a scaffold N50 of 1.48 Mb, representing
about 8.74x coverage. This assembly contains 185 kb of gaps, representing 0.76% of
the genome size.
The mitochondrial scaffold for this assembly is 166 kb long and contains two
gaps, one at 201 bp and one at 100 bp. The sequence contains many differences to the
Broad assembled mtDNA, however the majority of the DNA sequence is identical.

1.3.2

PacBio SMRT Sequencing

SMRT or Single Molecule Real Time sequencing is a third-generation sequencing
technique developed by Pacific Biotechnologies (PacBio) founder Jonas Kerlach (SMRT
Sequencing - PacBio). The technique involves the use of several tiny wells (20 zeptolitres (zL) or 20 x 10−21 L in volume) known as Zero Mode Waveguides (ZMWs),
in a plate known as a SMRT cell. A single DNA polymerase molecule is covalently
attached to the bottom of each ZMW. Light illuminates the base of the ZMW and,
due to the ZMW’s small diameter, is only able to illuminate the volume occupied by
the DNA polymerase molecule. DNA library molecules are then washed over the
SMRT cell and each molecule interacts with a single polymerase molecule in a ZMW.
Fluorescently labelled nucleotides are then passed over the SMRT cell and as each
nucleotide is incorporated into the replicating DNA strand the attached fluorophore
produces a measurable emission. The emission wavelengths are specific to each base
and as such the sequence of the replicating DNA molecule can be monitored in real
time using a camera, hence the name Single Molecule Real Time (SMRT). This monitoring enables the sequence of the replicating DNA molecule to be recorded in each
ZMW in parallel. Figure 1.6 (Rhoads and Au, 2015) provides a graphical representation of the technique. Note the length and intensity of the signals in comparison
to the background signal strengths, the approximate length of time for a real signal
is around a 1000-fold increase on background signals.
This technique is capable of producing reads as long as the DNA molecules that
are provided, and as such can generate reads that are orders of magnitude larger
than other sequencing technologies (averaging approximately 10 kb vs. 50 bp - 1 kb
for other sequencing technologies) (Goodwin, McPherson, and McCombie, 2016).
Because these reads rely on a native polymerase molecule for sequencing, there is
a relatively low per base accuracy of around 84%. These errors are mostly random,
though they often exist next to homopolymer repeats (such as AAAA or CCCC).
This is due to the non-uniform length of time for each nucleotide being incorporated into the replicating DNA molecule, meaning that the signal length may not
always accurately enable the length of the repeat to be correctly estimated. The 16%
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F IGURE 1.6: Graphical representation of the SMRT technique indicating the DNA polymerase molecule bound to the base of the ZMW (A)
and also displaying the signal detection in the growing the nucleotide
chain (B). Note the light only penetrating the very base of the ZMW
containing the bound DNA polymerase (A). Also note the different
coloured fluorophores and their specific signal emitted during the time
they are in contact with the DNA polymerase molecule (B). Figure from
Rhoads and Au, 2015.

error rate consists of, on average, 11.5% insertions, 3.4% deletions and 1.4% miscalls
(Koren et al., 2012, Supplementary Information). As the errors are mostly random,
the long reads are capable of generating incredibly contiguous and high accuracy
genome assemblies when a consensus is generated. This relies on sufficiently high
molecular weight DNA, and sufficient coverage of the genome, being used in the
library preparation. The long reads are also capable of spanning repetitive content
which previous read technologies would be unable to assemble correctly.
DNA samples are prepared for sequencing using SMRTbell template library preparation techniques (SMRT Sequencing: Single-Molecule Resolution - PacBio); these exist
in 10 kb and 20 kb insert varieties. Library preparation using SMRTbell technology
involves the following steps: DNA is first prepared and purified at as high molecular weight as possible. 45 bp long hairpin adapter sequences are then ligated onto
the ends of each DNA molecule. The addition of these adapter sequences results in
a library of molecules that are structurally linear when double stranded but circular when single stranded (Figure 1.7 (SMRT Sequencing: Single-Molecule Resolution PacBio)). The library is filtered using size selection criteria dependent on whether
the 10 kb or 20 kb SMRTbell library preparation was chosen. The hairpin adapters
provide a sequence that enables the immobilised DNA polymerase molecules in
each ZMW to recognise, bind and replicate each DNA molecule.
The direct read outputs of the PacBio sequencing platform are known as polymerase reads (Pacific Biosciences Terminology). These reads contain both the adapter
sequence and often multiple copies of the DNA sequence. The multiple copies are
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F IGURE 1.7: Graphical representation of a SMRTbell library construct
and the subsequent production of polymerase reads, subreads and circular consensus sequence following SMRT sequencing of the construct.
Figure from SMRT Sequencing: Single-Molecule Resolution - PacBio.

produced due to the circular structure of the SMRTbell library constructs when single stranded. The polymerase can replicate past its original site of replication and
will continue to do so until it becomes non-functional or at the end of a sequencing run (depending on the movie length setting on the sequencer). These reads
with multiple copies of the original DNA molecule within their sequence can be
used to generate highly accurate consensus reads known as circular consensus sequence (CCS) reads (Pacific Biosciences Terminology). During computational filtering
of polymerase reads, the adapter sequences are removed and the remaining DNA
sequences are known as subreads. These subreads can be sequences of identical
DNA molecules if they were sourced from CCS reads. Subreads which don’t have
multiple identically sequenced copies are known as continuous long read (CLR) sequences.
A known issue with PacBio reads is the presence of chimeric reads, created from
multiple DNA fragments becoming adjoined during the library construction phase
(Fichot and Norman, 2013). The process of joining the DNA molecules to adapters
involves blunt end ligation and as such can result in chimeric fragments in which
two DNA molecules ligate to one another instead of the adapter molecule. In addition to this, CCS subreads can make chimeric reads appear more common than
in reality and as such assembly programs will be more likely to assemble contigs
incorrectly due to the chimeric junction. This can be avoided if CCS sequences are
generated, and incorporated into the read set, prior to assembly. These contigs are
relatively common and often require manual curation to correct. Some chimeric read
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detection software has been developed by PacBio known as Bridgemapper, which
carries out split alignments for chimera detection (Bridgemapper PacificBiosciences/
Bioinformatics-Training Wiki Github).

1.3.3

Illumina Sequencing

Illumina sequencing refers to the short-read next-generation sequencing platform
that is capable of achieving very high depths of coverage and high accuracy sequence reads at a relatively low cost and effort (Schuster, 2007). One type of library
preparation for the Illumina sequencing technique is performed as follows: first,
purified DNA is randomly fragmented into small pieces using enzymes known as
transposomes. These fragmented DNA pieces have adapter sequences ligated at
each of the cut sites and any fragments that don’t have adapters are washed away.
The adapter sequences contain several distinct sections including primer binding
sites, indices, adapters and terminal sequences. These modified DNA molecules are
then added to a specialised flow cell with millions of short oligonucleotides bound
to the cell. The adapter sequences recognise these oligonucleotides and complementarily bind the modified DNA molecules to the base of the flow cell. Each attached
piece of DNA is then amplified into small clusters which are all attached to the base
of the flow cell. This amplification occurs by repeatedly bridging DNA fragments
between oligomers, then replicating the fragment, resulting in two copies of the
DNA fragment ligated to the base of the flow cell. The reverse strands of all DNA
molecules are removed from the flow cell leaving only the forward strands bound
to the oligonucleotides. A mixture of fluorescently labelled nucleotides and primers
are then added to the flow cell and are incorporated on the reverse strand of each
DNA molecule. Due to the presence of 3’ blockers on each of the nucleotides they
are attached one at a time, after the primers, during which time a camera records
the wavelength of the emitted fluorescence signal and thus records the incorporated
base. The 3’ blockers are then removed and the process is repeated until a certain
amount of each molecule has been sequenced. The length of the sequenced section
of each DNA molecule depends on the Illumina technology being utilised, ranging
from 50 bp to 300 bp. Different Illumina sequencing platforms can produce varied
total amounts of DNA sequence ranging from 1 Gb in the original Genome Analyser
platform to 1 Tb in the Hiseq 2500 platform with dual flow cells. Illumina sequencing technology can generate reads with accuracy of around 99.9% depending on a
variety of factors including the age of the sequencing machine and the quality of the
DNA library.
Illumina sequencing technology can also be used to generate paired end reads.
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In these situations the DNA molecules are sequenced from both ends and, depending on the length of the sequenced portions and the overall length of the DNA,
this enables higher structural accuracy or per-base accuracy with consensus generation. In addition to this paired end sequencing, Illumina offers mate pair sequencing also. The mate-pairing library preparation involves the formation of a cyclic
DNA molecule by attachment of adapter sequence to each end and ligation of these
adapters. The region immediately adjacent to the adapter sequence is sequenced
and this enables long range information to be obtained, effectively sequencing both
ends of a long DNA molecule. This can be used as a highly effective scaffolding
technique for building more robust genome assemblies.

1.3.4

Hybrid Assembly

Hybrid assembly refers to the process of using reads from multiple sequencing platforms in order to produce a more contiguous, higher accuracy genome than either
of the sequencing reads on their own can produce (Utturkar et al., 2014). One of
the latest, and most successful hybrid assembly methods involves using a long read
sequencing platform to produce a highly contiguous genome assembly with some
minor base errors. This is subsequently corrected using a higher per-base accuracy short read technology, to produce a highly contiguous, high accuracy genome
assembly. This relies heavily on the original long read assembly algorithm being
catered to the particular long read technology of interest. As current long read technologies such as PacBio have highly unique error portfolios they require very distinct algorithms that cater to these particular error types. Two such assembly programs exist that are commonly used for PacBio reads: Hierarchical Genome Assembly Process (HGAP) (Chin et al., 2013) and the more recent Canu assembler (Koren
et al., 2017). Both HGAP and Canu can be used for de novo assembly, provided there
is enough PacBio read sequencing coverage.
The HGAP algorithm works as follows: a specified amount of reads are selected
based on their length and apparent accuracy and used as so-called seed reads. These
seed reads are then improved in accuracy using a consensus of multiple shorter
reads from the remaining read set. By aligning other PacBio reads on to the seed
read, it becomes possible to deduce the most likely base at each particular site and
hence the quality of the read sequence can be improved. These corrected seed reads
can then be used to produce an overlap assembly which relies on depth of sequencing coverage in order to increase its accuracy. The overlap assembly will generate
impressively long contigs and as such provides a useful backbone for further correction, such as that with Illumina reads in a hybrid assembly approach.
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The Canu assembly pipeline also involves a hierarchical genome assembly process however it uses three steps in its assembly approach to produce a more accurate
assembly in a fraction of the time: read error correction, read trimming and final assembly. These can be used either separately or in combination with one another
depending on the research needs. The following descriptions of the Canu pipeline
are taken from a paper published by Sergey Koren and his colleagues in 2017 (Koren
et al., 2017).
The first step involves error correction of reads using an overlap consensus of
raw PacBio reads. These overlaps are carefully determined to be unique or potentially repetitive and by doing so the reads are more accurately corrected. Older read
correction algorithms would often mask regions with a higher than normal k-mer
count (i.e. the short k-mer sequence was present above a certain threshold in all
repetitive reads). For reference, a k-mer is a sequence of nucleotides of a set length k
that can be used to determine if two reads are likely to be from the same location in
the genome. Canu, however, uses a statistical modelling approach to determine the
likelihood that an overlap is due to a repeat element or due to a real overlap of two
reads from the same location in the genome. This means that the corrected reads are
less fragmented than those of previous raw read correction algorithms.
The second step, read trimming, determines whether stretches of bases within
reads can be confidently confirmed to exist next to one another based on newly
calculated read overlaps. If stretches cannot be confirmed to exist adjacent to one
another then the reads are cleaved into smaller reads which more accurately represent genomic regions. This is a very effective method of removing putative chimeric
reads from the dataset, though this does not remove all chimeric reads.
The third and final step is the actual assembly of the corrected and trimmed
reads. Overlaps are recalculated from the updated read set and initial contigs are
constructed from non-branching edges. For reference, assembly algorithms use
graphs that contain k-mers represented by nodes connected by edges to one another
in order to determine the correct order of reads in a contig. These initial contigs are
then further analysed to determine whether they exist due to repeats or are in fact
unique genomic sequence. By reiterating this process the contigs can be generated
with as high accuracy as possible, potentially sacrificing some contiguity to ensure
the structural accuracy of the assembly.
Assemblies produced using the Canu pipeline or sometimes using the HGAP assembler can be stand-alone de novo assemblies at reference quality. To ensure complete accuracy, hybrid approaches are sometimes used, as even with the advances in
genome assembly shown by the Canu assembler, there will still be room for manual
curation of the assembly and error correction of more persistent PacBio read based
errors.

Chapter 1. Introduction

1.4

20

Project Aims

The original aim of this project was to utilise a combination of PacBio SMRT long
read sequencing technology and Illumina short read sequencing technology to produce a higher accuracy, higher contiguity genome assembly for Bd. It was hypothesised that this improved assembly could help infer the genetic evolution and origin
of several global strains of Bd and also establish a higher quality reference genome
for other groups to use in their Bd genetic analyses.
The aim was to use the PacBio reads for improving the contiguity of the existing
Broad genome assembly, in addition to a de novo assembly based approach. This
de novo approach relied on generation of chromosome level structural information
purely from the set of PacBio reads. The assembled contigs could be assessed for
completeness based on presence of telomeres at either end and a centromere within
the sequence, both of which required characterisation.
In addition to the nuclear genome, a fully assembled mitochondrial genome was
aimed for, in the hopes that a more complete mitochondrial genome, including SNP
analysis, could enable stronger phylogenetic understanding of Bd, in particular the
BdGPL.
With a more complete genome assembly, the next goal was to determine which
method of phylogenetic analysis was more accurate for intra-lineage and inter-lineage
phylogenetics. Comparison of nuclear and mitochondrial SNPs between strains has
been used in the past and has provided fairly strong evidence for phylogenetically
placing individual strains (Rosenblum et al., 2013; Farrer et al., 2011).
Finally, the last aim of this project was to determine the extent of clonality that
Bd exhibits. In particular, the goal was to establish, for certain, whether Bd is strictly
asexual, and for how long Bd has been an asexual organism.
The overarching goal of this research was to provide an improved accuracy reference genome for future genetic analyses of Bd. In addition, this study aimed to
provide unique insight into the genetic characteristics of this clonal diploid.
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Chapter 2

Materials and Methods
2.1
2.1.1

Materials
Batrachochytrium dendrobatidis strains

Bd samples were isolated previously from diseased amphibians around New Zealand
between 2008 and 2012. These samples, along with imported Bd strains, were stored
at -80 ◦C in cryogenic storage medium (10% foetal calf serum, 10% dimethyl sulfoxide (DMSO) and 80% mTGhL (described in the next subsection). These samples
were frozen in cryogenic tubes in a "Mr Frosty" freezing container prior to storage at
-80 ◦C. The importance of this freezing method is to slowly reduce the temperature
of the sample as to produce small crystals which do not rupture the cells. These
samples were stored using this method until early 2016, at which point samples of
strains RTP5, RTP6, JAM081 and JEL197 (Table 2.1) were moved into a 4 ◦C fridge
for further analyses.
TABLE 2.1: Information on collection of Bd strains, grown from frozen
samples for these analyses. Each strain is characterised based on the
protocol outlined by Berger et al. (Berger et al., 1998).

Strain
RTP5
RTP6
JAM081
JEL197

2.1.2

Collection Site
New Zealand, Otago Peninsula
New Zealand, Orokonui Ecosanctuary
USA, California Sierra Nevada
Australia, Melbourne

Amphibian Host
Litoria ewingii
Litoria ewingii
Rana sierrae
Dendrobates azureus

Year
2009
2012
2004
1998

Collector
RTP
RTP
JAM
JEL

Growth media and analysis

Bd was cultured on a modified agar (mTGhL), prepared as follows (per 1000 mL):
8 g tryptone, 2 g gelatin hydrosylate, 4 g lactose, 10 g agar. For liquid medium
growth the recipe was identical, however without the addition of agar. This medium
resulted in optimal Bd growth as determined by Joyce E. Longcore (Longcore et al.,
1999). Growth of Bd was analysed using an Olympus SZ4045TR stereoscopic optical
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microscope at varying magnifications. Images used in figures were taken using a
2013 Samsung Ace 3 cell phone camera aimed down the lens of the microscope.

2.1.3

DNA preparation and analysis

During early DNA extraction attempts, a Roche MagNA lyser machine was utilised
along with MagNA Lyser Green Beads tubes. The MagNA lyser has a vibrating action to rapidly oscillate the ceramic beads within the tube and thus lyse the cellular
membrane of most cell suspensions added to the tube. PacBio sequencing requires
high molecular weight DNA, and this MagNA lyser based technique resulted in
highly sheared DNA which was unsuitable for these analyses.
DNA samples were run on agarose gels using a Shandon SAE 2525 electrophoresis apparatus at 100 mA. Gels were imaged using a Geldoc with settings optimised
for ethidium bromide detection. DNA solutions were also analysed using a Nanodrop spectrophotometer in order to assess DNA quality and quantity. The spectrophotometer works by measuring the absorbance of the sample over a range of
wavelengths and determining the ratio between absorbance values at different wavelengths in order to assess the quality of the DNA sample. It also measures the intensity of the peak at 230 nm, 260 nm and 280 nm and determines the ratio between
these intensities. The 260 nm absorbance value gives an estimate of how much DNA
is present in the sample and the 260/230 and 260/280 absorbance ratios provide an
estimate for the purity of the DNA sample. A pure DNA sample should have a
260/280 ratio of approximately 1.8 and a 260/230 ratio of approximately 2.0 - 2.2.

2.1.4

Buffers and reagents

The following buffers were used for all DNA extraction and cleanup:
• Sorbitol buffer, consisting of 0.1 M ethylenediaminetetraacetic acid (EDTA), 1
M Sorbitol at pH 7.
• Tris buffer, consisting of 0.05 M EDTA, 0.05 M Tris at pH 8.
• 10X TE buffer stock, consisting of 10 mM Tris, 1 mM EDTA at pH 8.
• 50X TAE buffer stock, consisting of 2 M Tris, 1 M acetic acid and 50 mM EDTA
at pH 8.
• RNase buffer, consisting of 10 mM Tris, 0.1 mM EDTA, 0.15 M NaCl at pH 8.
In addition to these buffers, the following reagents were also used:
• 10% SDS.
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• Chloroform:isoamyl alcohol 24:1.
• Cold isopropanol.
• 70% ethanol.
• Blue gel loading dye: 15% Ficoll, 0.25% Bromophenol and 0.25% Xylenecyanol.

2.1.5

Bioinformatic Analysis Software

The majority of bioinformatic analyses were done using Geneious software (version
10.2.3) under a student personal R10 license. Geneious software is a graphical user
interface (GUI) bioinformatics software suite, created in 2005 by bioinformatics company Biomatters (Kearse et al., 2012). It caters to diverse bioinformatic analyses, including many molecular biology needs and next-generation sequencing (NGS) software. It offers capabilities for several plug-ins as well as offering software designed
specifically by Geneious such as their read mapping software, which was used extensively in this study. It also provides a unique graphical interface to visualise and
alter sequences and alignments. The combination of these useful features means
that it can be used by a more diverse group of bioinformaticians and thus can enable
analyses that may not have been as successful if researchers were limited to codebased analyses. It is able to import and export resulting files from such code-based
software in order to provide more usability and compatibility when attempting to
reproduce previous research or utilise similar techniques. Graphical visualisation of
sequences and alignments along with other genetic information enables researchers
to develop new and more rapid pipelines for discovery and correction of errors in
sequences among many other uses.
The National Centre for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) was used for comparing the newly generated contigs
with contigs/scaffolds from the two previous Bd assemblies available in the Genbank database, using the blastn setting. It was also used to aid in gene annotation
by comparing ORFs in the newly generated contigs with other genes of known function from closely related species. This was done using a combination of blastp and
tblastn settings, along with exclusion or inclusion of genetic content from specific
species.
Graphing of SNP frequencies was done using RStudio software, specifically using the ggplot2 package for creation of several figures and analyses.
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Illumina read datasets

Global chytrid Illumina read sequences were obtained from NCBI’s short read archive
(SRA). Australian and New Zealand Illumina read sequences were obtained from
archives on the University of Otago Biochemistry Department’s server, sequenced
originally as part of another project. Table 2.2 indicates the 24 strains of Bd used
for global strain analyses along with various details about their collection, as outlined by Berger et al. in 1998. The lineage and the average read coverage (based
on a 24 Mb genome size) for each strain are shown in Table 2.3. Strains in both of
these tables are ordered with New Zealand/Australian strains, then global BdGPL
strains in alphabetical order followed by example strains for each other lineage and
the putative hybrid.
TABLE 2.2: Information on global Bd strains with Illumina read sets
used for these analyses. Each strain is characterised based on the protocol outlined by Berger et al. (Berger et al., 1998).

Strain
RTP5
Aus1
Aus2
Aus3
Aus4
Aus5
Aus6
Aus8
Aus9
JEL253
AP15
AUL
BEW2
ETH4
JEL423
MAD
MG4
MODS28
SFBC014
SP10
TF5a1
ACON
UM142
CLFT024-02

Collection Site
New Zealand, Otago Peninsula
Australia, Mt. Misery, QLD
Australia, Victorian Alps, VIC
Australia, Abercrombie River, NSW
Australia, Couta Rocks, TAS
Australia, Tully, QLD
Australia, Townsville, QLD
Australia, Paluma, QLD
Australia, Tully, QLD
Australia, Melbourne, VIC
Sardinia, Affluente Pisharoni
France, Lac d’Aule
Switzerland, Waltisberg
Ethiopia, Telilia stream near Rira
Panama, Guabal
France, Madamette
South Africa, SilverMine, KZN
Sardinia, Monte Olia
England, Cumbria
Sardinia, Scuponi
Mallorca, Torrent des Ferrerets
Switzerland, Gamlikon
USA, Ypsilanti (Market)
Brazil, Estrada da Graciosa

Amphibian Host
L. ewingii
L. rheocola
L. lesueuri
L. booroolongensis
L. peronii
N. dayi
L. caerulea
L. genimaculata
L. rheocola
L. dumerilii
D. sardus
A. obstetricans
A. obstetricans
Leptopelis sp.
H. lemur
A. obstetricans
A. fuscigula
D. sardus
E. calamita
D. sardus
A. muletensis
A. obstetricans
L. catesbeianus
H. cardosoi

Year
2009
2005
2000
2009
2000
1998
2005
2010
2006
1998
2010
2010
2010
2011
2004
2010
2010
2010
2010
2010
2007
2007
2010
2010

Collector
RTP
LB
LB
LB
LB
LB
LB
LB
LB
JEL
TG
MF
RF
DG
JEL
MF
MF
TG
PM
TG
MF
TG
MF
CL
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TABLE 2.3: Additional information on Illumina read sets for global Bd
strains. Each strain’s lineage along with their average unaligned read
coverage for the 24 Mb genome are displayed.

Strain
RTP5
Aus1
Aus2
Aus3
Aus4
Aus5
Aus6
Aus8
Aus9
JEL253
AP15
AUL
BEW2
ETH4
JEL423
MAD
MG4
MODS28
SFBC014
SP10
TF5a1
ACON
UM142
CLFT024-02

2.2
2.2.1

Lineage
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdGPL
BdCAPE
BdCH
BdBrazil
Hybrid

Coverage
85.44
59.79
78.40
36.49
47.34
48.43
53.20
45.48
78.65
60.18
127.83
130.30
105.10
113.47
39.96
91.59
89.08
109.39
75.06
95.56
106.16
101.12
82.84
577.93

Methods
Culturing Batrachochytrium dendrobatidis

Samples of Bd strain RTP5, RTP6, JAM081 and JEL197 (Table 2.1) were streaked on
two mTGhL plates per strain, then incubated at 22 ◦C. Plates were sealed using
parafilm and stored in sealed plastic bags. The cultures were monitored to establish
growth rates (observation of motile zoospores indicated the beginning of a growth
cycle). Five colonies were chosen randomly from both plates of Bd strain RTP6, then
subcultured onto mTGhL plates (total 10 plates) by spreading with a sterile glass
spreader along with 100 µL of distilled water. After one growth cycle (approximately 4 days), plates had 100 µL of distilled water pipetted onto them, then the
fungi were spread using a sterile glass spreader. A growth cycle later, plates were
subcultured onto several more plates; this subculturing process was continued for
all future experiments. Plates were also monitored for contamination every day.
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Extracting DNA

Final DNA extractions were performed as follows: chytrid plates were flooded with
0.5 mL Sorbitol buffer each, then plates were scraped using glass spreaders into a
50 mL falcon tube (approximately 5 plates per tube). Tubes were then centrifuged
for 10 min at 4000 x g and the supernatant was discarded prior to storing the pellet
at -80 ◦C overnight. Pellets were resuspended in 2 mL Tris buffer then rapidly centrifuged to bring the suspension to the bottom of the tube. A mixture of 2 mL Tris
buffer and 80 µL 10% SDS was added, followed by gentle shaking of the tubes to
mix the contents then incubation at room temperature for 1 hour. The suspension
was split into 8 x 0.5 mL aliquots, then 0.5 mL of 24:1 chloroform:isoamyl alcohol
was added to each tube. Tubes were gently shaken, then centrifuged for 2 min at
13000 x g. Approximately 0.5 mL of the liquid layer above the organic component
was transferred into a new Eppendorf tube, being cautious to avoid disturbing the
inter-layer pellet. This chloroform step was performed twice, then an equal volume
(0.5 mL) of cold isopropanol was added to each tube. Tubes were incubated on ice
for approximately 20 min then centrifuged for 10 min at 13000 x g in a 4 ◦C room.
The supernatant was discarded, then the pellet was washed with 300 µL of 70 %
ethanol (i.e. ethanol was added then removed) before a rapid centrifuge and further
removal of ethanol near the pellet. Tubes were left to air dry for 1 hour, then each
pellet was dissolved in 20 µL ddH2 O and amalgamated into a 1.5 mL Eppendorf
tube (160 µL total volume). All DNA samples were stored in a 4 ◦C fridge until
needed. For longer term storage, DNA pellets were transferred to 100 µL of TE
buffer (made from a 1 in 10 dilution of 10X TE buffer stock).
The initial DNA extraction protocol involved a cell lysis step in which cells were
physically ruptured using small ceramic beads in a Roche MagNA Lyser. The protocol was as follows: 1 mL of Sorbitol buffer was pipetted onto each plate in order
to flood the zoosporangia. Sporangia were then scraped off using a sterile glass
spreader into MagNA Lyser Green Beads tubes, to then be added into the Roche
MagNA Lyser. Cells were lysed twice for 45 s at 4500 rpm, with a 5 min gap in between. Following this, 0.5 mL of lysed cells were transferred into 1.5 mL Eppendorf
tubes, then a mixture of 0.5 mL Tris buffer and 20 µL of 10 % SDS was added to
each Eppendorf tube. After shaking, tubes were incubated for 5 min at room temperature, then each tube was split into two 0.5 mL aliquots. The remainder of the
extraction protocol is identical to that described above.
The most important aspect of the isolation of DNA for PacBio sequencing is that
the DNA needs to be of high molecular weight. For this reason, any mixing and
shaking of samples during DNA extraction and subsequent sample clean up needed
to be performed gently as to avoid shearing the DNA.
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Removal of RNA contamination

Upon successfully extracting sufficient high molecular weight DNA, the next step
was to purify the DNA from the nucleic acid mixture. The final RNA removal protocol involved the use of Illumina Sample Purification Beads. These beads contain
DNA binding silica around a magnetic iron core, enabling nucleic acid molecules to
be bound and pulled out of solution using a strong rare earth magnet. The protocol
was as follows: DNA samples were split into 50 µL aliquots, then 2 µL of RNase
A was added, in RNase buffer (a relatively high salt buffer), and the samples were
incubated for 20 min at 37 ◦C. Subsequently, 50 µL of Illumina Sample Purification Beads were added (1:1 ratio) to the RNase treated DNA samples, prior to 5
min incubation at room temperature. The principle of this step involves the preferential binding of negatively charged large DNA molecules to the also negatively
charged Silica beads via interactive domains of both molecules. The exact chemistry of this process is controversial, though one theory is that hydrophobic regions
of both macromolecules interact with one another, along with the DNA phosphate
groups interacting with silanol groups on the silica surface (Shi et al., 2015). The
DNA/silica bead mixtures were placed next to a rare earth magnet for 5 minutes,
until the solutions became clear and the supernatant was then removed. A wash
step was then performed as follows: 400 µL of 80% ethanol was added to the beads,
then removed after 30 s, all while the solutions were kept adjacent to the magnet,
this was repeated once. Following this, 50 µL of elution buffer (10 mM Tris at pH
8.5) was added to the beads in order to elute the DNA off the beads and back into
solution. The solutions were then removed from the magnet and mixed, prior to
being incubated at room temperature for 15 min. The tubes were then returned to
the magnet for 5 min and the final DNA solutions (the supernatants) were removed
to a new set of 1.5 mL Eppendorf tubes for further analyses.
This clean-up process was originally attempted using spin filters, specifically
the spin filter section of the Mo Bio Laboratories Inc. UltraClean Microbial DNA
Isolation Kit. The protocol was as follows: 50 µL of solution MD2 (precipitates
non-DNA organic and inorganic material) was added to 150 µL of DNA. This was
carefully mixed, then incubated at 4 ◦C for 5 min prior to 1 min of centrifugation at
10,000 x g. The supernatant was transferred to a 2 mL collection tube and 450 µL
of shaken solution MD3 (high salt solution) was added to the supernatant, prior to
careful mixing. The mixture was then added to a spin filter and centrifuged for 30
s at 10,000 x g. After discarding the flow-through, 300 µL of solution MD4 (ethanol
based wash solution) was added to the spin filter and the spin filter was centrifuged
into a collection tube for another 30 s at 10,000 x g. After discarding the flow-through
once again, the filter was centrifuged at 10,000 x g for 1 min further. Subsequently,
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50 µL of solution MD5 (elution buffer) was added to the centre of the white filter
membrane, followed by 30 s centrifugation at 5,000 x g, then another 30 s at 10,000
x g. The spin filter was discarded and the final DNA was contained within the
collection tube. This method was rejected, in favour of the iron-silica beads, as spin
filters appeared to retain too much of the high molecular weight DNA. This issue
was possibly due to the large size of the DNA and therefore large affinity to the spin
filter membrane.

2.2.4

Analysis of DNA quality

The quality of the DNA samples was tested by running each sample on a 0.8%
agarose gel, alongside a DNA ladder of known sizes. The gel was prepared as follows: 5 mL of 50x TAE buffer stock was added to 200 mL of filtered water, then 10
µL of 1% ethidium bromide was added to the resulting solution. A 50 mL aliquot
of this salt buffer, along with 400 mg of agarose, was then added to a 100 mL conical flask. The flask was heated in the microwave for 1 min in order to dissolve the
agarose, then cooled under a cold tap until it was bearable to touch. The contents
were finally poured into a gel frame and allowed to set.
DNA samples were prepared by combining 4 µL of blue loading dye with 10 µL
of DNA. For the DNA marker lane, 3 µL of Lambda/HindIII molecular marker was
prepared with 4 µL of blue loading dye. Gels were run at 100 mA for 1 h. Gel images
were taken using a Geldoc under UV irradiation on the ethidium bromide setting.
Additionally, 1 µL of each DNA sample was also analysed using a Nanodrop
spectrophotometer.

2.2.5

Initial Bioinformatic Analyses

An amalgamated 85 µL of purified high molecular-weight DNA (approximately 14
µg) from Bd strain RTP6 was sent to Macrogen, Inc. in South Korea, for sequencing with the PacBio RSII sequencing platform. Early analysis of the PacBio reads
involved the use of Geneious software and its mapping programs. The first use for
the PacBio reads was to attempt manual fixing of the internal scaffold gaps in the
original Broad Institute genome assembly. In order to achieve this, all reads under
5 kb were removed from the PacBio read set. The >5 kb PacBio read set was then
mapped to the particular supercontig of interest. Once mapped, reads were identified that overlapped gaps in the supercontig (represented by a series of N’s). These
reads were then extracted for consensus calling using the MUSCLE aligner plugin
for Geneious. Illumina reads were then mapped to the PacBio read consensus, then
the improved accuracy consensus was manually called.
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The same process was attempted for bridging scaffolds together, however it was
found to be difficult to form a strong consensus due to the presence of repetitive
content at scaffold edges.

2.2.6

Canu Assembly

After attempting manual correction of the original Broad assembly, a de novo PacBio
assembly method was attempted. Reads were assembled using the Canu assembler, taking approximately 3 hours to assemble (running on a server with 72 hyperthreaded cores). The estimated assembly size was set to 24 Mb and the rest of the
settings were left as default.
Following evaluation of contiguity and other metrics, manual fusion of the contigs was performed, as to further improve the contiguity of the assembly. NCBI
BLAST analysis of the contigs suggested that certain contigs should be able to be
fused, based on their position within the scaffolds of the original assemblies. Contigs were fused, based on these BLAST results, followed by verification of the new
fused contig using a combination of PacBio reads and Sanger paired end (PE) reads,
with 40 kb insert sizes, from the original Broad assembly. The repetitive content
around the junctions was also calculated using Illumina read-depth of the RTP5 Illumina reads, with the read mapping algorithm set to map reads with multiple best
matches to all mapped locations. A basal coverage was determined, and regions
with over 1.5x the basal coverage were annotated as repetitive regions. In order to
confirm the junction of two contigs, both the Sanger 40 kb PE reads and the PacBio
reads needed to stretch from unique sequence to unique sequence (i.e. across repetitive regions with >1.5x the base coverage) on either side of the fusion site, for at
least two unrelated reads each.
A second round of contig fusion was performed later, this utilised the chromosome copy number patterns for 20 global BdGPL strains (Table 2.2), estimated using
the basal coverage of their Illumina read sets. If a chromosome copy number variation (CCNV) pattern was unique to one or more contigs, it was determined that
those contigs likely belong to the same chromosome. If the Broad assembly and/or
JGI assembly also agreed with their fusion, then they were manually fused. Contigs were also fused if they contained at least 10 kb of non-repetitive overlapping
sequence at >99% identity.

2.2.7

Repetitive content analysis

Repetitive content was detected using a repeat finder plugin for Geneious. ORFs
within these repeats were then analysed using BLAST in order to identify any homology with other genes. This was specifically done using tBLASTn, comparing the
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amino acid sequence of each gene with all translated DNA within the nr database.
In addition to this, read-depth was used to determine repetitive regions, and ORFs
within these regions were also analysed, in order to detect putative transposable elements. To determine internally repetitive regions, the Geneious dot plot feature was
used as a tool to identify tandem/inverted repeat structures using a self alignment
algorithm.

2.2.8

Telomere Analysis

Analysis of the PacBio read based assembled contigs identified highly repetitive
sequences at their termini. By comparing these repeats to others in the literature,
these repeats were determined to be telomeres. After discovering telomeric repeats
on the end of seven contigs, the next step was to identify the rest of the unique
telomere set, knowing that there should be approximately 32 total unique telomeres/subtelomeres (based on 2 per each of the approximately 16 chromosomes).
PacBio reads that mapped to a telomeric contig, and contained a telomeric repeat
at their end, were extracted and analysed using NCBI BLAST. They were compared
to contigs from the original assemblies in order to characterise the reads into families belonging to unique telomeric regions. In addition to this method, reads which
mapped to a telomeric contig and contained telomeres, but appeared to misalign
from a certain conserved point, were extracted in groups and a consensus was generated for these reads. These read groups were also analysed using NCBI BLAST
and compared to the 7 known telomeric contigs to determine if they represented
pre-existing telomeric contigs, or represented a new pattern of repeats. The general pattern of repeats for all subtelomeres was compared to the ends of contigs
which had not extended to telomeres. This aided in determining whether they were
in subtelomeric regions and possibly which specific subtelomere/telomeric contig
they belonged to.

2.2.9

Centromere Analysis

In order to identify the structure of the centromere, LOH patterns were observed
across the lengths of all the final contigs greater than 100 kb. As the mechanism
for mitotic recombination indicates that the LOH always proceeds from a crossover
point towards the telomere on the same chromosome arm, it could be used as a
means to narrow down the position of the centromere. In theory, each chromosome should have a semi-conserved centromere and, using this logic, regions were
identified between mitotic crossover sites that were similar between contigs. After identifying putative centromeric regions, NCBI BLAST was used to determine
which other contigs in the PacBio-based dataset contained the same regions with

Chapter 2. Materials and Methods

31

relatively high similarity. As an additional confirmation method, the depth of coverage for Illumina reads mapped to the putative centromere was compared to that
of the telomeres. As there are two telomeres per centromere, it should have exactly
half the read depth compared to the telomeres. This was done using several different strains as, in theory, the ratio should be identical between strains.

2.2.10

Mitochondrial Genome Reassembly

The original Canu assembly produced five contigs that appeared to contain mitochondrial DNA, based on similarity to the Broad and JGI mitochondrial genome
assemblies. These five contigs appeared to contain all of the genetic material of
the Broad and JGI mtDNA scaffolds, however there were significant structural rearrangements. In order to more accurately determine the actual mitochondrial genome
structure, all PacBio reads were mapped to every apparent nuclear contig and the
unused reads saved. The unused reads, the majority of which should represent
the mtDNA, were then reassembled, using the Canu assembler, with an expected
genome size of 200 kb. The resulting contigs could then be analysed to aid in understanding the underlying structure of the mtDNA.

2.2.11

LOH Analysis and Phasing

For analysis of mitotic recombination crossover sites, and the resulting LOH regions,
paired end Illumina reads of 20 Bd strains from the BdGPL lineage (Table 2.2) were
mapped to each of the ten largest final contigs. The basal coverage was determined
for each strain based on non-repetitive regions, and all regions with coverage greater
than 1.5x the basal coverage for strain RTP5 were annotated. Variants were annotated onto each contig using the Geneious SNP calling software, with high coverage
regions excluded from the annotations. Every SNP was treated separately for this
analysis in order to produce a more accurate variant frequency distribution graph
(i.e. indels were not treated as a single variant but rather one per each base in the
indel). The resulting list of SNPs for each strain was extracted, then the frequency
of each SNP was graphed against its location within the contig. These graphs were
generated using RStudio with the ggplot2 package, modified with a density calculation, in order to see where the SNP frequencies were clustering.
The largest 10 contigs were phased across regions for which at least one of the
global BdGPL strains had a LOH event. This optimised phasing method was performed as follows: Illumina reads of a strain with a known LOH region were mapped
to the contig of interest. Heterozygous regions from reference strain RTP6 which
overlapped with these LOH regions were then observed. All sites with a 100% frequency SNP were then corrected for that SNP in order to phase the region. This

Chapter 2. Materials and Methods

32

resulted in these contigs representing either of the homologous chromosomes far
more accurately. As the reference strain already contained LOH regions, the phase
of the majority of the reference contig was used preferentially over the alternate
phase.
After determining LOH regions for all Final Contigs, a pervasive region of LOH
was found on Final Contig 2 for all BdGPL isolates. This was used for a further
analysis of de novo SNPs in order to determine whether a molecular clock could
be established for Bd. In addition to a molecular clock, this region was perused to
determine whether it could establish a more robust phylogeny for the BdGPL.

2.2.12

Chromosome Copy Number Analysis

Paired-end Illumina reads, for each strain, were aligned to the largest final contig for each of the 16 apparent chromosomes. The basal, non-repetitive coverage
was established for each strain across each contig by taking an average read depth
from regions without obvious peaks in coverage. The basal coverage was compared
within each strain across the 16 contigs and using this, the expected copy number of
each chromosome for each strain was analysed. In addition to this coverage based
method, the SNP frequency graphs that were generated for the LOH analysis were
also analysed. If the SNP frequencies clustered at 50% for the strain and contig of
interest, it was determined to exhibit a ploidy that was divisible by 2 (i.e. 2, 4 or 6
copies). If the frequencies clustered at 33% or 66% then the strain was determined
to have a ploidy that was divisible by 3 (i.e. 3 or 6 copies) for the contig of interest.
Some strains clustered at 40% or 60% SNP frequencies and these were determined
to be 5 copy chromosomes in the strain of interest. By combining the coverage ratios between each contig with the clustering of the SNP frequencies, it was possible
to accurately determine the likely copy number for that particular chromosome in
each strain. An example of this analysis is illustrated in the Results section.

2.2.13

Inter-lineage Comparison

The four clonal Bd lineages of interest within this study were BdGPL, BdCH, BdCAPE
and BdBrazil. Heterozygous sites within strain RTP5 (BdGPL) were compared in
the other lineages to determine the presence or absence of the same heterozygous
position. This analysis aimed to determine the likelihood of either lineage being
more closely related to one another based on the number of shared heterozygosities.
Three hundred 50% SNPs from strain RTP5 were recorded from a total of twelve different sites in three different phased contigs. These were then compared to the same
sites in strains ACON (BdCH), TF5a1 (BdCAPE) and UM142 (BdBrazil) in order to
determine the relationship between lineages.
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In addition to these analyses, the putative hybridisation between a BdGPL isolate and an isolate of the BdBrazil lineage was investigated. Specific SNP frequencies in an example of each parent lineage and the putative hybrid were observed.
A total of one hundred SNPs, from four different sites on Final Contig 1, were observed to determine their frequencies in strains RTP5 (BdGPL), UM142 (BdBrazil)
and CLFT024-02 (putative hybrid).

2.2.14

Meselson Effect

In order to determine whether there was evidence for the Meselson effect taking
place in Bd, an analysis of SNPs present in open reading frames (ORFs) was performed on phased contigs. Approximately 200 SNPs, from 30 ORFs located throughout the genome, were analysed. The ratio of non-synonymous to synonymous variants (dN/dS) for different ORFs was used as a measure of how variable ORFs were
on either homolog. If it was apparent that ORFs tended to have a higher dN/dS
ratio than would be expected for a non-independently evolving ORF, it suggested
that the two homologs most likely are evolving independently and exhibiting the
Meselson effect. This could be used as a indication for the extent of clonality that Bd
exhibits, and in theory could help determine if it had been an asexual organism for
an extended period of time.
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Chapter 3

Results
3.1

Optimising Bd growth

Samples of the four Bd strains RTP5, RTP6, JEL197 and JAM081 were grown, as described in the methods. Strain RTP6 was then selected for further culturing and
analysis, this choice of strain is discussed later. It quickly became apparent that the
Bd growth protocol would need to be optimised in order to maintain viability of the
samples. The protocol was adapted to provide a large quantity of Bd, as the PacBio
system requires a relatively large quantity (approximately 8 µg) of pure, high molecular weight DNA. Bd is a relatively slow growing organism, with a single growth
cycle taking approximately 4 days, and therefore it was necessary for precautions
to be taken as to avoid contamination. The petri dish cultures were sealed away
from any airborne contaminants, using a combination of parafilm and plastic bags
as described in the methods. The samples were subcultured as they reached the end
of their second full growth cycle; this was marked by observation of the second release of motile zoospores. Contamination by foreign microbes was monitored every
1 - 2 days by visual inspection, in addition to microscopy with a binocular microscope of the unopened petri dishes. Fast overall growth rates were achieved, which
proved particularly useful when trying to produce large amounts of DNA. To further aid the growth of these organisms, ddH2 O was added to the media at the end
of the first growth cycle (after 4 days) and the fungi were spread using a sterile glass
spreader. This allowed the zoospores to encyst in multiple distant areas of the agar
plate and achieve greater overall density. At various points samples were stored at
4 ◦C in order to have backup samples should contamination occur.
Figure 3.1 shows Bd strain RTP6 growing on solid mTGhL media. Note the sporangia clustering into groups, and additionally the film of water surrounding the
sporangial masses. This liquid may aid zoospores in achieving motility and finding
new target sites for encysting. The surrounding water will be completely clear if
there is no contamination, the presence of which will result in a cloudy film in this
liquid. In order to produce sufficient Bd, approximately 50 total plates of culture
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were harvested for each experiment. This required copious amounts of subculturing and took a significant amount of time and effort to achieve.

F IGURE 3.1: Bd strain RTP6 under the microscope. Spherical zoosporangium is indicated by the black arrow. Inset shows zoomed in region
with motile zoospores in fluid surrounding zoosporangia. Scale bar =
60 µm.

To explore the relative success of liquid culture, the solid agar media was substituted with liquid media as a growth medium alternative, with the hopes it would
produce larger quantities of Bd. These liquid media cultures were grown in 250
mL conical flasks on a shaker held at 22 ◦C. This proved to be highly successful
at enhancing the rate of growth for the organism, possibly due to the abundance
of resources available. The samples were, however, much more prone to contamination, as determined by the clarity of the solution, a cloudy or off-colour solution
indicating contamination. This was due to the relative difficulty of detection of contaminants in combination with the fact that if any contamination occurred, the entire experimental volume of Bd culture would need to be discarded. In solid media
cultures, detection of contaminants was far easier, and the infected plates could be
excluded with no major ramifications on the overall experiment.

3.2

Optimising DNA extraction

The initial MagNA lyser based DNA extraction method was designed for analyses
that can utilise DNA of any size, such as Illumina sequencing. PacBio sequencing requires high molecular weight DNA for a successful sequencing run, as DNA length
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is the limiting factor in achieving long read length. The MagNA lyser protocol is
highly effective at achieving cell lysis, but also results in highly sheared DNA, and
as such could not be utilised for a successful PacBio sequencing run (comparison
of these DNA extracts will be detailed later in this section). A simple reduction in
the length of time that the cells underwent lysis was attempted, however this still
resulted in a significant amount of shearing. During this process, a complete lack
of lysis with the MagNA Lyser was tested, and it was found that sufficient DNA
could be obtained using 10% SDS alone as a surfactant for cell lysis. SDS works
by disorganising the lipid bilayer of the cell membrane, along with the membranes
of intracellular organelles such as the nucleus and mitochondria, thus releasing the
cellular contents, including DNA, into the surrounding solution. By increasing the
amount of time cells spent in SDS, the amount of cell lysis was found to be sufficient to generate sufficient high-molecular weight DNA for further isolation and
analyses. Early DNA extraction attempts are shown in Figure 3.2a and display the
large amount of DNA shearing and RNA contamination associated with the MagNA
Lyser based cell lysis. Later attempts are shown in Figure 3.2b, with evidence for increasingly high molecular weight DNA being produced in larger quantities. Note
that sample 2(S) in 3.2b was obtained from the supernatant of the chytrid cultures
rather than the pellet as a method of testing whether more DNA could be obtained
from lysing zoospores (in the supernatant) than from lysing zoosporangia (in the
pellet). Clearly, a much larger amount of DNA was obtained from the pellet and
thus pellets were used for all further DNA extractions.
The rest of the DNA extraction protocol involved isolating DNA from the cellular debris, ideally without it becoming sheared or allowing RNA to contaminate
the samples. Chloroform:isoamyl alcohol in a 24:1 ratio was used for separating nucleic acids (and some salts and contaminants) from the mixture of cellular content.
An emulsion was formed upon addition of the organic mixture to the aqueous solution of cellular contents. After centrifugation, two distinct layers formed. As the
aqueous phase is less dense than the organic phase, it separated out on top of the
organic phase. Nucleic acids are insoluble in the organic chloroform:isoamyl alcohol, and as such they were contained within the aqueous phase above, meanwhile
lipids remained in the organic phase. Proteins become denatured in the chloroform
mixture and as such would aggregate and form a pellet at the interface of the two
phases. This enabled purification of nucleic acids from the cell lysates and was repeated once to further remove cellular debris. As a secondary isolation technique,
cold isopropanol was added to the dissolved mixture of nucleic acids and other
salts and contaminants. As nucleic acids are insoluble in this organic solvent, they
aggregated and formed a distinct pellet upon centrifugation that could then be resuspended in water. This enabled further purification of nucleic acids from a mixed
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( A ) Early DNA extraction.

( B ) Later DNA extraction.
F IGURE 3.2: Agarose gel images showing 8 early DNA extraction attempts (A) compared to a later DNA extraction attempt (B). Note that
sample 2(S) was obtained from the supernatant of the chytrid sample
instead of the pellet. See section 2.2.4 for description of methods.
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sample containing small molecular weight contaminants.
As a final DNA cleanup step, RNase was used to cleave the RNA contamination
into small fragments. Illumina Sample Purification Beads, containing a magnetic
iron core and a silica outer surface, enabled the largest nucleic acids in solution to
be preferentially bound. This resulted in the large DNA molecules binding to the
iron-silica beads and thus, upon magnetisation to pull the beads out of solution and
subsequent ethanol washes, the DNA was able to be eluted off the iron-silica beads
using a high salt elution buffer. The final result was a highly pure solution of DNA,
without contamination of any other cellular constituents, as shown in Figure 3.3a
(pre clean-up) and Figure 3.3b (post clean-up).
Final DNA preparations are shown in Figure 3.3b, with clear evidence for a large
quantity of high molecular weight, pure DNA samples in each of the five lanes. A
small amount of DNA degradation can be noted on Figure 3.3b though this was
determined to be negligible relative to the intensity of the major bands. These five
samples were amalgamated into one pure 85 µL DNA sample and sent to Macrogen
for PacBio sequencing (approximately 14 µg total). The estimates for the quantity of
DNA were produced using data obtained from the Nanodrop spectrophotometer,
these results for the final DNA are shown in Table 3.1. Nucleic acids absorb light at
260 nm and so the 260 nm peak represents the quantity of DNA and RNA within
the sample. This is used to calculate the concentration of the sample, which can
then be used to calculate the amount of DNA in the sample by multiplying by the
sample volume. The total amount of DNA in the samples was 14 µg. As this value
represents the total amount of DNA and RNA it is important to determine the purity
of the DNA sample, this can also be estimated from these results. The 260/280 value
refers to the ratio of the absorbance peaks at 260 nm and 280 nm. For a pure DNA
sample this should be around 1.8 whereas a pure RNA sample should be around
2.0. Presence of some contaminants such as protein or phenol will result in a much
lower 260/280 ratio. The samples all exhibited 260/280 ratios of around 1.8, which
indicated they were reasonably pure DNA samples. Sample E had a slightly higher
260/280 ratio of 2.02 however this was determined to be within a reasonable error
range and there did not appear to be RNA contamination when observed on an
agarose gel (Figure 3.3b).
Approximately 2 weeks after sending the DNA to Macrogen, a quality control
(QC) report was received for the DNA sample. This report indicated that sufficient DNA had been provided for sequencing (9.485 µg). At the time of sequencing,
Macrogen recommended >8 µg for 20kb SMRTbell template library preparation, this
requirement has since doubled to >16 µg. This DNA concentration was measured
by Macrogen using a fluorescent probe based method (performed using a Bioanalyser) that specifically binds to double stranded DNA. Because of this, it provides
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( A ) Pre-cleanup final DNA extraction.

( B ) Post-cleanup final DNA extraction.
F IGURE 3.3: Agarose gel images showing final DNA extraction before
RNA removal (A) compared to final DNA extraction after RNA removal (B). Samples A-E represent 5 parallel DNA extractions and subsequent cleanups from Bd strain RTP6. See section 2.2.4 for description
of methods.
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TABLE 3.1: Results for Nanodrop analysis of 5 final DNA samples.
Total DNA amount is obtained from average of two repeats (both in
ng µl−1 ) multiplied by 85 µL of sample.

Sample
A
B
C
D
E

Repeat 1
38
31
31
20
21

Repeat 2
55
32
33
28
30

Average 260/280
1.76
1.83
1.86
1.83
2.02

Total DNA in 85 µL
4.34 µg
2.72 µg
2.75 µg
2.04 µg
2.15 µg

a more accurate and often lower DNA concentration value than that of UV based
methods, such as the Nanodrop spectrophotometer.

F IGURE 3.4: Bioanalyser trace for PacBio SMRTbell library preparation
as supplied by Macrogen Inc. Y-axis units are fluoresence units (FU)
and x-axis units are base-pairs (bp).

After another 2 weeks, a second QC report was received, this time for the 20kb
SMRTbell template library preparation. This report indicated that the DNA library
had been successfully prepared, at a concentration of 28.82 ng µl−1 . This was almost
double Macrogen’s recommended concentration of >15 ng µl−1 . Sequencing results
were received approximately a month later, these are described in the next section.
Figure 3.4 displays the lengths of the DNA library in the form of a Bioanalyser trace.
This indicates that the average length of DNA library constructs was over 17 kb,
suggesting a highly successful library prep. Note the peak at 50 bp is the positive
control.
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Initial Bioinformatics
PacBio read analysis

A document was received outlining the quality of the PacBio sequencing run from
Macrogen, upon successful completion of the sequencing. The statistics for the polymerase reads are shown in Table 3.2 and shown graphically in Figure 3.5. The filter
removed reads smaller than 50 bp and with a lower quality score than 0.75. The
quality score is calculated by the sequencing machine for each sequenced base, with
a quality score of 1.0 meaning that the machine had 100% confidence in assigning
that base call to that site in the read. The quality score for each read was an average of all base call quality scores within each individual read. See section 1.3.1
for description of N50 metric. These statistics suggested that the run had been very
successful, and suggested that sufficient high quality DNA had been produced for
a successful PacBio sequencing run. Importantly, these reads do not represent the
final reads for assembly, as they contain adapter sequences and also potentially multiple passes around a circular template.
TABLE 3.2: Polymerase read statistics for PacBio sequencing of Bd
strain RTP6. Avg. = Average, Qual. = Quality.

Cell Name
Bd RTP6 Pre-filter
Bd RTP6 Post-filter

Total Bases Total Reads
1,256,047,196
150,292
1,217,228,454
96,741

Read N50
18,055
18,191

Avg. Length
8,357
12,582

Avg. Qual.
0.562
0.846

F IGURE 3.5: Graph showing the number of polymerase reads at each
read quality (blue bars) and the total number of bases represented at a
higher quality than the indicated quality (black line). Figure courtesy
of Macrogen, Inc.
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The polymerase reads were converted into subreads by removal of adapter sequences, resulting in a read set with statistics shown in Table 3.3 and shown graphically in Figure 3.6. This read set represented the final reads which were used for all
further analyses, including assembly and gap fixing. The total of 1,214,209,288 bp of
sequence in these subreads corresponded to approximately 50-fold average depth of
coverage for the 24 Mb Bd genome. This was on the lower end of recommended coverages for high quality de novo PacBio assembly using the HGAP assembler alone.
As it was planned to use a hybrid assembly approach, it was determined that this
coverage would be enough to improve on the existing assemblies, and hopefully
achieve chromosome level contigs. It was also later identified that the Canu assembler, according to its programmers (Koren et al., 2017), reaches its highest level of
contiguity at around 50x genome coverage, suggesting sufficient read depth had
been achieved in the subread set.
TABLE 3.3: Subread statistics for PacBio sequencing of Bd strain RTP6.

Cell Name
Bd RTP6

Total Bases
1,214,209,288

Total Reads
161,546

Average Length
7,516

Read N50
12,056

F IGURE 3.6: Graph showing the number of subreads at each read
length (green bars; left y-axis) and the total number of bases (in Mb)
represented in reads of a greater length than the indicated read length
(black line; right y-axis). Figure courtesy of Macrogen, Inc.
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Manual gap fixing of Broad Assembly

Manual gap fixing of the Broad assembly scaffolds required generation of a consensus of several PacBio reads overlapping the scaffold gap of interest. While some
small gaps (<1 kb) were easily stretched with the PacBio reads, larger gaps (>10 kb)
were not and proved difficult to resolve. This was because only a small number
of reads would have sufficient overlap with the two adjacent contigs. The problem
was further complicated by the presence of frequent repetitive content at the gaps of
interest. The consensus would ideally include unique sequence from both sides of
the gap, and therefore result in an adjoined contig. This would result in an overall
improved quality for the Broad assembly and would also improve genetic information, such as gene annotations. Manual gap fixing was very useful for establishing
manual contig extension techniques, while also developing a stronger understanding of the error profile for PacBio reads in general. Supercontig 17 from the Broad
assembly was chosen as a starting point, as it was short enough, at 243 kb, to not
require too much time (i.e. more than 24 hours) for PacBio read mapping, using the
original, unoptimised read mapping approach. The three gaps in this supercontig,
estimated by Broad to be 1,274 bp, 372 bp and 1,047 bp respectively, could all be
spanned using PacBio reads, and consensus sequences of varying quality, usually
around 95% accuracy, were produced. These consensus sequences were generated
using the MUSCLE alignment algorithm. This algorithm was limited to forming a
consensus of approximately 5 reads maximum, which would therefore mean that
high quality consensus sequences were difficult to obtain. The consensus accuracy
was determined based on the percent identity in BLAST, when compared to the
edges of the contigs that it was fusing. An accuracy of only 95% was determined to
not be high enough in order to be confident in this technique, as the previous assemblies achieved accuracies of over 99%. The process also took a significant amount
of time, and having only achieved closure of three gaps, it became apparent that
the entirety of the genome (>300 scaffold gaps) would take too long to correct. This
method was therefore rejected, in favour of a de novo PacBio assembly based approach.

3.3.3

Read-mapping and consensus optimisation

Read mapping and consensus generation required significant optimisation in order to achieve alignments of either PacBio or Illumina reads in a relatively efficient
manner. Early in this project, mapping of PacBio reads occurred at a very slow
rate, mainly due to poor optimisation of the read mapping algorithm settings in
Geneious. Initially, these settings utilised a word size of 12 and an indexed word
size of 11. The word size setting meant that, in order for a read to be mapped, a
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series of 12 bp had to match exactly to the reference sequence, prior to extension of
the matched region and mapping of the read onto the reference. The indexed word
size referred to the length of sequences which the algorithm indexed, for ease of access when mapping other reads to the same site. Increasing these settings decreased
the time for alignment, at the risk of a slight reduction in alignment quality. Both
of these settings were increased by 1 bp at a time and tested on a 100 kb reference
sequence. The speed of the alignment improved significantly, while still resulting
in near equal amounts of total reads mapping, with a very similar quality of alignment. These optimisation analyses determined that a word length of 16 and an
indexed word length of 15 generated a near identical quality alignment at speeds
approximately 10 times faster than that of the previous settings. Ono et al. previously identified a word length of 15 bp as optimal for efficiency and accuracy of
PacBio read mapping (Ono, Asai, and Hamada, 2012), similar to the outcome of this
analysis.
While optimising the mapping of reads, it became apparent that there was more
alignment software options available, each claiming to be superior at mapping either PacBio or Illumina reads in an efficient and accurate manner. For PacBio reads,
two commonly used algorithms are BLASR and BWA-MEM (using specific settings
for PacBio reads); these were tested and found to produce an alignment that, in
some ways, was superior to the Geneious read mapper (i.e. accuracy of alignment).
It was, however, determined that the Geneious read mapping software was superior. The main reason for this decision was that Geneious would not trim sections of
the reads which didn’t map correctly, instead it would simply map the entire read,
including the misaligned region. This slightly reduced accuracy of alignment did
not significantly affect the overall results of these analyses, which primarily were
focused on whether reads mapped at all to the region of interest. Perhaps the most
useful feature of the Geneious read mapper was the ability for mapped reads to
be extracted and analysed with BLAST. This feature was used to determine where
the incorrectly mapped sections should be mapped and this assisted greatly when
correcting contigs. In several cases this provided evidence for insertions/deletions,
including some heterozygous retrotransposons that were later found to be useful for
phylogenetic analyses. Graphmap was also tested as an alignment software, however it was found to be extremely slow (taking days to complete an alignment) and
also produced a relatively low quality alignment, as indicated by more mismatches
than was produced by other read-mappers. For these reasons, it was immediately
discarded as an alignment method.
Error correction of PacBio based contigs, using PacBio reads, was tested to determine if it was capable of efficiently correcting contigs, to a high degree of accuracy.
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Two programs were tested: Racon, in combination with BWA-MEM alignment software and Quiver, a correction algorithm designed by PacBio, which utilises BLASR
and is available in the SMRT Link software suite. Racon was found to be effective
for non-repetitive regions but was let down by poor alignment in repetitive regions
due to BWA-MEM not being optimised for mapping to repeat regions. Quiver was
shown to be effective in most regards, though when repeat regions were involved
it would often produce highly erroneous changes which reduced the overall quality
of the assembly. Because both of these correction methods produced less accurate
repetitive regions than the Canu assembler did originally, other methods such as
Illumina correction were prioritised for error correction.
BWA-MEM was also tested for Illumina read mapping (using default settings)
and found to be highly effective at efficiently mapping the reads to contigs of interest. It did not, however, appear to produce a significant difference in alignment
quality to that of the Geneious read mapper, which had the benefit of being available within the Geneious software suite. One of the major benefits of this feature
of the Geneious mapper was that associated files did not need to be moved to a
new location for alignment; it is also easy to use and has an aesthetically pleasing graphical user interface. BWA-MEM did have superiority over Geneious in one
regard however, being that it was available on a server which also had contig correction algorithms present, it could be utilised to efficiently pipe the reads through
an alignment and contig correction stage, massively improving the speed of later
optimisation tests. The main contig correction software tested in these analyses was
Pilon, a Java-based software that uses an alignment file of Illumina reads mapped
to a reference sequence in order to correct any errors. This was especially useful
for correction of the PacBio de novo assembly, though it was found to cause errors
when correcting repeat regions and therefore a manual correction process was used
for final error correction of contigs. This manual error correction process involved
mapping RTP5 Illumina reads to the contig of interest using the Geneious read mapper, iterating the mapping process twice for increased accuracy. The Geneious SNP
caller could then be used to annotate all SNPs at a frequency higher than 50%, excluding regions with a coverage of >1.5x the basal coverage (probable repetitive
regions). By ordering the SNPs according to frequency (starting at 100%), the errors could be easily corrected in an efficient manner. It is important to remember
that this organism is a polyploid and as such there are heterozygosities present in
the sequence. These heterozygous sites were arbitrarily called as either of the two
haplotypes in the original Broad and JGI assemblies. The methods employed in this
work maintained heterozygosities by not altering the original calls from the PacBiobased assembly at these heterozygous sites, thus saving work on phasing later. In
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some cases, heterozygous positions would result in errors due to the mapping algorithm misaligning reads. These errors would still persist at around 50% frequency,
however the overall accuracy improvement was significantly better than with error
correction software which attempted to correct repeat regions.

3.4
3.4.1

Canu Assembly
Assembly Analysis

The initial Canu assembly consisted of 106 contigs, with a total assembly length
of 24,656,172 bp and a contig N50 of 653 kb. This was a significant improvement
over previous assemblies (Table 3.4). As shown in the same table, the metrics for
the manually curated Canu assembly achieved even higher quality scores. A final
contig N50 was achieved which was equivalent to the scaffold N50 metrics from
original assemblies. The total contig count is also lower than the number of scaffolds
for both original assemblies, under half that of the JGI assembly. The process used to
achieve this high quality assembly is described in this section, including the reasons
for the fusion and correction of certain contigs. The similar total assembly length
for this independent assembly immediately suggested the original assemblies were
fairly accurate, also suggesting their total gap size was fairly close to the actual
lengths of the gaps.
TABLE 3.4: Assembly statistics comparison. Numbers in parentheses
indicate number of nuclear contigs + mitochondrial contigs. N50 column shows contig N50 + scaffold N50.

Assembly Name
Broad Assembly
JGI Assembly
Canu (original)
Canu (chimera removal)
Canu (contig fusion)
Canu (final)

No. of Contigs
351 (348 + 3)
513 (510 + 3)
106 (101 + 5)
110 (105 + 5)
85 (82 + 3)
62 (59 + 3)

No. of Scaffolds
70 (69 + 1)
128 (127 + 1)
N/A
N/A
N/A
N/A

Total Length (Mb)
N50 (kb)
23.897
221 + 1707
24.482
318 + 1484
24.656
653 + N/A
24.542
640 + N/A
24.500
998 + N/A
24.084
1511 + N/A

NCBI BLAST analysis of the Canu assembly, when compared to the Broad and
JGI assemblies, identified the presence of several misassemblies, likely caused by
chimeric PacBio reads. Many of these involved nuclear contigs from the previous
assemblies joined directly to mitochondrial contigs, at seemingly random points.
These likely were due to the many copies of the mtDNA causing chimeric reads
to form fairly commonly. Overall, up to 5% of reads appeared to be chimeric, significantly more than expected. The chimeric contigs were confirmed by mapping
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PacBio reads across the putative chimeric junction, then determining whether subreads from multiple polymerase reads agreed with the structure. If there was only
one polymerase read group agreeing with the structure, then this suggested the
junction was chimeric, and these were quickly corrected by cleaving the chimeric
portion of the contig. In many cases this chimeric region was less than 10 kb, and
belonged to non-repetitive regions of the chromosome (as determined by the level
of Illumina coverage) which were already present in another contig. In these cases,
the small chimeric contigs were discarded. The resulting assembly, after removal
of chimeric regions, and splitting contigs with clear chimeric junctions, is shown in
Table 3.4.
The first round of Canu contig fusion, as described in the methods, resulted in
a total of 21 fusions and increased the N50 to 1 Mb (Table 3.4). One of the major
changes included the production of a near complete chromosome of 4.5 Mb, corresponding to the complete Supercontig/Scaffold 1 from the Broad/JGI assemblies,
with some additional extensions towards the telomeres. The second and final round
of contig extension/fusion, using the CCNV patterns for each chromosome, in combination with the BLAST analyses and LOH patterns, resulted in an even more contiguous and accurate assembly. Another 23 fusions were performed, to achieve a
final N50 of 1.5 Mb and only 62 contigs in the final set, including 3 mitochondrial
genome contigs (Table 3.4).
The ten largest Final Contigs from the Canu assembly represent approximately
73% of the 24 Mb genome. Their lengths, and other metrics, are shown in Table 3.5,
alongside metrics for the next ten largest Final Contigs. In addition to this, a visual
representation of the 26 total Final Contigs, all of which contained DNA that was
identical to non-repetitive regions of the Broad Supercontigs, is shown in Figure
3.7. Final Contigs are named based on their relationship with the Broad Supercontigs, as indicated by the first number in their name. If multiple Broad Supercontigs
were associated with a single Final Contig then a hyphen was used to connect the
two Supercontigs. Conversely, if a Broad Supercontig was split into multiple Final
Contigs then these contigs were named with an additional number as a decimal,
in the order of their relative lengths (i.e. Final Contig 7.1, 7.2 and 7.3 for the three
largest Final Contigs corresponding to Broad Supercontig 7). The basal coverage for
RTP5 and the corresponding copy number for each chromosome became useful in
later analyses of chromosome copy number variation and intra-lineage phylogeny.
The repetitive content of each chromosome also provides interesting insight into the
repetitive nature of the genome; clearly it is a relatively non-repetitive genome compared to many other species. For example, the human genome is estimated to consist of between 60 and 69% repetitive content. The repetitive nature of the chytrid
genome has likely been underestimated in this metric, however, as a large portion
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of repetitive content exists immediately adjacent to the ends of the chromosomes,
in the subtelomeric regions, and also within the many-copied rDNA array. These
regions are under-represented in these contigs, due to their largely repetitive nature
and thus difficulty in being completely assembled. The proportion of each contig
that exhibits LOH can be distorted by mitotic crossover events occurring closer to
the centromere, which will cause the entirety of the chromosome arm to exhibit
LOH. The metric is instead designed to show how often these LOH events occur in
each contig, for strain RTP5 in particular. Later, this will be extended to show LOH
patterns in every strain.
TABLE 3.5: Detailed analysis of the 20 largest final contigs, all of which
are above 100 kb, showing their length, basal coverage with RTP5 Illumina reads, % repetitive and % exhibiting LOH in strain RTP5.

Contig Name
Final Contig 1
Final Contig 2
Final Contig 3
Final Contig 4.1
Final Contig 5
Final Contig 6
Final Contig 9
Final Contig 8-19
Final Contig 10
Final Contig 7.1
Final Contig 11
Final Contig 12
Final Contig 15-17
Final Contig 16.1
Final Contig 13.1-21
Final Contig 13.2
Final Contig 7.2
Final Contig 14.1
Final Contig 14.2
Final Contig 7.3

Length [bp]
4,481,159
2,279,409
1,827,747
1,715,795
1,698,668
1,511,364
1,025,613
1,021,036
976,851
962,107
944,055
920,703
807,663
495,657
478,504
395,901
361,838
325,317
171,872
103,703

Basal Coverage (Ploidy)
70 (2)
105 (3)
105 (3)
70 (2)
70 (2)
70 (2)
70 (2)
105 (3)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)
70 (2)

% Repetitive
7.19
13.34
18.95
11.85
13.53
20.11
10.70
20.77
13.97
14.99
15.36
25.89
15.68
26.10
23.52
5.17
31.10
18.21
48.07
34.40

% LOH
66.52
100.00
83.33
32.07
47.06
73.33
39.02
55.49
25.61
64.45
37.08
0
0
0
0
0
100
0
0
100

All contigs were analysed using NCBI BLAST versus contigs from the two previous assemblies (Table 3.6). It was discovered that >71% of all gaps in the previous assemblies had been corrected immediately by utilising the de novo assembly
pipeline. This was highly satisfying after the relative difficulty and time taken for
manual gap correction, as attempted earlier in this project. It also proved the usefulness of de novo PacBio assemblies in multiple capacities. Additionally, several new
contigs appeared to have structural rearrangements not present in previous assemblies (e.g. on Final Contig 13.1-21 (Figure 3.8)). This figure shows an example in
which the Broad assembly lacked a 40 kb contig (between 30 kb and 70 kb on Figure
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F IGURE 3.7: Graphical representation of all 26 final contigs displaying
their lengths relative to each other. Produced using Geneious software.

3.8), partially present on Supercontig 21, and the JGI assembly inverted a 70 kb region (between 40 kb and 110 kb on Figure 3.8), and introduced additional erroneous
contigs. The new assembly reconciled disagreements between the two original assemblies and appears to offer the most accurate representation of the Bd genome to
date.

F IGURE 3.8: Graphical display of a misassembled region of both original assemblies, now reconciled by this improved assembly, in the first
140 kb of Final Contig 13.1-21. Blue arrows represent Broad contigs and
orange arrows represent JGI contigs. Created using Geneious software.

3.4.2

Repetitive content analysis

Two complete rDNA repeat units were found within Canu Contig 649 of the original
Canu assembly. These repeat units were 31 kb in length, and appeared to only represent a small subset of an otherwise significantly repeated DNA sequence. Figure
3.9 shows the dotplot of Canu Contig 649 when aligned to itself and the repeat units
can be clearly identified. Note that the rDNA genes are located between 9 kb and 14
kb and between 40 kb and 45 kb. The exact location of the functional rDNA repeat
units within the genome is not clear, with some evidence for it existing within the
original Broad Supercontig 14 as suggested by Broad in their assembly.
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TABLE 3.6: Comparison of the 26 final contigs to the original assemblies, showing their corresponding supercontigs/scaffolds and extent
of similarity to JGI/Broad assemblies. % identity refers to the average
% identity of the top 5 NCBI BLAST matches for each contig (or maximum available). % structural ID refers to the proportion of the original
assembly scaffold(s) present in the final contig. *Contains significant
structural rearrangements.

Contig Name
Final Contig 1
Final Contig 2
Final Contig 3
Final Contig 4.1
Final Contig 5
Final Contig 6
Final Contig 9
Final Contig 8-19
Final Contig 10
Final Contig 7.1
Final Contig 11
Final Contig 12
Final Contig 15-17
Final Contig 16.1
Final Contig 13.1-21
Final Contig 13.2
Final Contig 7.2
Final Contig 14.1
Final Contig 14.2
Final Contig 7.3
Final Contig 4.2
Final Contig 14.3
Final Contig 14.4
Final Contig 16.2
Final Contig 13.3
Final Contig 16.3

Corresponding Broad Supercontig
Corresponding JGI Scaffold
(% Structural ID at % Identity)
(% Structural ID at % Identity)
1 (100 at 99)
1 (100 at 99)
2 (99 at 99)
4 (98 at 99) and 14 (99 at 99)
3 (99 at 99)
7 (99 at 99) and 18 (99 at 99)
4 (95 at 99)
2 (93 at 99)
5 (99 at 99)
3 (99 at 99)
6 (99 at 99)
6 (99 at 99)
9 (99 at 99)
8 (80 at 99)
8 (96 at 99) and 19 (94 at 99)
9 (94 at 99)
10 (98 at 99)
14 (98 at 99) and 20 (99 at 99)
7 (69 at 99)
5 (60 at 99)
11 (96 at 99)
10 (95 at 99)
12 (96* at 99)
8 (13 at 99) and 12 (99 at 99)
15 (99* at 99) and 17 (99 at 99)
19 (89 at 99) and 16 (99 at 99)
16 (99 at 99)
17 (88 at 99)
13 (49* at 99) and 21 (99* at 99)
11 (50 at 99)
13 (45* at 99)
11 (47* at 99)
7 (25 at 99)
5 (23* at 99)
14 (38 at 99)
15 (51 at 99)
14 (20* at 99)
15 (27 at 99)
7 (7 at 99)
5 (6 at 99) and 55 (62 at 99)
4 (5 at 99)
2 (5 at 99)
14 (8* at 99)
15 (11 at 98)
14 (6* at 99)
15 (8* at 97)
16 (7* at 99)
17 (6 at 99)
13 (3* at 99)
11 (3* at 99)
16 (5* at 99)
17 (5* at 99)

Importantly, the read depth across the length of these rDNA repeats was found
to be highly variable (Figure 3.10). This can be attributed to the presence of truncated rDNA repeats contained within the subtelomeric regions of most, if not all,
chromosomes. The actual copy number of the fully functional rDNA repeats, in
strain RTP5, can therefore only be estimated from the read depth across the region
of rDNA that is not present in the truncated subtelomeric versions. This sequence
depth suggests that there are only 16 copies of this repeat present within the genome
of strain RTP5. As the repeat length is 31 kb long, this represents approximately 500
kb of sequence, a significant region of the 24 Mb genome. Comparison of this to
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F IGURE 3.9: Dotplot of rDNA repeats in Canu Contig 649. Red lines indicate perfect homology and blue lines indicate near perfect homology.
Generated using Geneious software.

F IGURE 3.10: Variable coverage trace of RTP5 Illumina reads over Canu
Contig 649 containing two copies of the rDNA repeat (genes shown as
red arrows). Produced using Geneious software.
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other Fungi provides interesting insights; in a strain of yeast, the rDNA subunit has
been transposed to telomeric regions (Naito, Matsuura, and Ishikawa, 1998). This
suggests that the presence of rDNA in telomeric regions is not unique to Bd, but
may provide further evidence for its ability to transpose itself readily throughout
the genome.
A preliminary study of transposable elements (TEs) present within the new genome
assembly identified several different types of TEs. At one particular site on Final
Contig 16.1 (Figure 3.11), it was apparent that a putatively active retrotransposon
had replicated itself into the genome of strain RTP6; this element was not present at
this location in previous assemblies. The retrotransposon on Final Contig 16.1 belongs to the Ty1-Copia family, as indicated by its gene order and conserved motifs.
It did not appear to be complete however, as it was missing a reverse transcriptase
gene and thus must not be completely autonomous. It did appear to have replicated
itself relatively recently, due to its presence only in the BdGPL and thus it likely can
utilise the reverse transcriptase encoded in an active retrotransposon elsewhere in
the genome. Both gag and pol genes were present in a single ORF, though the rest
of the ORFs within the retrotransposon had no functional homologs identified using BLAST. The gag and pol genes were used to identify retrotransposons at other
sites within the genome, using a tBLASTn search of the rest of the genome. Using
this method, 20 other Ty1 retrotransposons were identified with varying levels of
homology, appearing to fall into several subfamilies of retrotransposon.

F IGURE 3.11: Graphical representation for Ty1-Copia type retrotransposon on the last 10 kb of Final Contig 16.1 (gold annotation). Orange
annotations indicate JGI contigs and blue annotations indicate Broad
contigs. Produced using Geneious software.

These 20 retrotransposons were analysed to determine their completeness and
potential activity, and while doing so, a complete Ty1 retrotransposon was located
on Final Contig 4.1. The entirety of the gene content for this retrotransposon was
located within a single ORF and all conserved domains were present, suggesting
it remained active. By performing a BLAST search for similar regions within the
genome, using this retrotransposon as a query, several new sites were identified in
which partial or complete retrotransposons had been replicated. Interestingly, several sites contained the second half of the ORF at around 99% identity. This provided
a very intriguing situation for study, as these partial retrotransposons must have a
mechanism for being replicated incompletely.
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Perhaps the most useful feature of these repetitive elements is the observation
that many appeared to exist in only one of the two previous assemblies. This immediately suggested they may provide a strong phylogenetic marker for study. Further
inspection of reads bordering these sites indicated that these strains were actually
heterozygous for the presence of these TEs. The assemblies were of the alternate
phase and thus did not contain the retrotransposon of interest. The presence of the
retrotransposons were tested within the 20 BdGPL strains and within the other lineages. All BdGPL strains tested contained a copy of the retrotransposons on one
of their two chromosomes. Interestingly, all other lineages did not contain these
retrotransposons at either Final Contig 4.1 or 16.1.
A retrotransposon on Final Contig 7.2 (Figure 3.12) contained an ORF which corresponded to a metallopeptidase gene (at 43% BLAST identity), one of the putative virulence factors present within Bd. By fully characterising repetitive elements
within Bd it may be possible to track the evolutionary changes which resulted in
enhanced virulence for the organism.

F IGURE 3.12: Graphical representation for Ty1-Copia type retrotransposon on a 12 kb extraction from Final Contig 7.2 (gold annotation).
Orange annotations indicate JGI contigs and blue annotations indicate
Broad contigs. Cyan annotation indicates metallopeptidase gene. Produced using Geneious software.

3.4.3

Telomeres

A common telomeric sequence found in eukaryotes is (TTAGGG)n , usually present
in multiple copies at the ends of chromosomes. This exact sequence was found on
the end of seven Canu contigs, including two of the ten largest Final Contigs and
five small, approximately 25 kb, contigs. The number of repeats on each contig was
between 30 and 40 copies, for a total length of approximately 200 bp.
The region immediately adjacent to the telomeres, also known as the subtelomere, provided an interesting aspect to research. These regions consisted of large
amounts of repetitive content, which made assembly of telomeres onto full sized
contigs difficult. Interestingly, the subtelomeres were nearly identical across large
stretches (>20 kb) for all of the 7 assembled subtelomeric structures. Though they
all contained the same content, there were significant rearrangements, which meant
they were all distinct from one another. Using the patterns of Broad/JGI annotations in these regions, it was possible to match the subtelomere specific repeats to
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repeats on the ends of contigs which had not been resolved in their entirety. This led
to the discovery of >10 more apparent subtelomeric regions, suggesting that many
of the assembled contigs were near complete. As a further proof for these contigs
nearing telomeres, PacBio reads were mapped to putative subtelomeric contig ends,
and if the aligned reads contained telomeres at their ends then it provided more evidence that the contig end was subtelomeric. The coverage of both PacBio reads and
Illumina reads, compared to the basal non-repeat coverage, was used to provide
an estimate of total chromosomes within the organism. The read depth across the
telomeric region was approximately 1,300 reads. Based on the known basal diploid
coverage of 70 for strain RTP5 Illumina reads, and factoring in the three known
triploid chromosomes, it was possible to suggest a total number of chromosomes of
between 15 and 17.

F IGURE 3.13: RTP6 PacBio reads mapped to telomeric sequence on the
end of Final Contig 3. Note the red jagged lines indicating omitted
bases from within the reads, this was done to make the figure less cluttered.

PacBio reads with telomeres at their terminals were extracted, and a BLAST
comparison to the Broad/JGI contigs was used to help determine which subclass
of telomere/subtelomere they belonged to. In addition to this, by characterising
breakpoints in multiple PacBio reads mapped to the subtelomeres it was possible
to extract groups of telomeric reads. Unfortunately, due to the random error rates
within PacBio reads, trying to piece together unique subtelomeres proved difficult.
This was made especially difficult when the similarity between subtelomeric repeats
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was considered, and as such this method was unable to confidently resolve any new
subtelomere sequences when compared to the seven Canu telomeric contigs. PacBio
reads mapped to the telomere of Final Contig 3 are shown in Figure 3.13. Note the
error rate of the PacBio reads as shown by the gaps and omitted bases, also note that
the TAACCC sequence is the complementary sequence of TTAGGG.
Knowing the location of the telomeres proved useful in later LOH analyses, as
they represented the end of the chromosome. This clarified the directionality of the
LOH regions, as in theory, the two telomeres should always be at the termini of the
fully assembled chromosomes.
Interestingly, the repeat structure of all assembled subtelomeres contained a variably truncated version of the rDNA repeat (Figure 3.14). Two truncation sites occur
within all of the seven telomeric contigs, both are truncated at slightly different sites
approximately 800 bp apart on the large (28S) rDNA subunit.

F IGURE 3.14: Graphical representation of truncated rDNA genes contained adjacent to the telomere. rDNA genes are shown as red arrow
annotations. Telomere indicated by gold annotation. Produced using
Geneious software.

3.4.4

Centromeres

Observation of the LOH patterns on each of the apparent chromosomal contigs led
to the identification of several putative centromeric regions. The mechanism for
formation of LOH, via mitotic crossing over, involves the repair and subsequent
crossing over of two homologous chromosome arms, followed by directional LOH
towards the telomere of the corresponding arm. This means that the LOH regions
generated by this mechanism will always lie between the centromere and the telomere of the affected chromosome arm. Using this knowledge it was possible to determine a minimal possible area for centromere location based on the LOH patterns
for several different Bd strains on each apparent chromosomal contig.
An approximately 100 kb region was identified as a putative centromeric region
on the largest contig, Final Contig 1, based on the patterns shown in SNP frequencies for strain Aus1 and Aus6 (Figure 3.15 and 3.16). Note that a mitotic crossover
event has occurred on the left of the centromere in strain Aus1 and thus generated
a LOH region to the left of 2.1 Mb. A similar event has occurred on strain Aus6,
however this time on the right of the centromere, thus maintaining heterozygosity
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F IGURE 3.15: Graph of SNP frequencies for Bd strain Aus1 on Final
Contig 1 (Phase 1). Produced in RStudio using the ggplot2 package.

F IGURE 3.16: Graph of SNP frequencies for Bd strain Aus6 on Final
Contig 1 (Phase 1). Produced in RStudio using the ggplot2 package.

to the left and losing heterozygosity (in the small heterozygous region at approximately 2.3 Mb) to the right. Analysis of the region using NCBI BLAST compared to
all other Canu contigs identified a 5 kb region that appeared to be present in many
of the potential centromeric locations. This region was further assessed using an
observation of read depth for several different strains, so as to reduce the possibility
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of library preparation influencing read depth. It was clear that the region had a 1 kb
internal repeat that was present on several large contigs in putative centromeric regions. The read depth was also observed in comparison to the telomeric read depth,
as these should exist in a 1:2 ratio of centromeric:telomeric DNA. This was found to
be within a reasonable error range (1300 vs 2700 for strain RTP5) and thus the region
could not be discounted as a putative centromeric region.
Figure 3.17 shows 10 kb of the putative centromeric region from Final Contig 1
with matching regions of different Final Contigs annotated in green. Each annotation represents a region from a different Final Contig apart from four annotations
which come from two sites on two different Final Contigs. Note the conserved repeat edges on several contigs. Also note that several of the annotations are from
different locations on the same contig. Though this putative centromere was present
on several contigs, this was not the case for all contigs. In some contigs, with obvious LOH signals pointing to a putative centromeric region, the sequence was not
present at all, or was present in a totally different location within the contig. This
suggested that the region may in fact not be a centromere but may be a transposable element only present on some of the chromosomes, considered further in the
Discussion.

F IGURE 3.17: Putative centromere from Final Contig 1 with matching
regions on different Final Contigs annotated in green. Matching regions determined using NCBI BLAST. Figure produced using Geneious
software.

3.4.5

Mitochondrial Genome

The Broad assembly contained a 175 kb mitochondrial genome scaffold, consisting
of three separate contigs: Contig 349 (21 kb), Contig 350 (36 kb) and Contig 351 (116
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kb). The JGI assembly also contained a mitochondrial scaffold, which consisted of
a very similar DNA structure, though with some rearrangements. It did not, however, contain the first 14 kb of Broad Contig 351, and also contained Broad Contig
319, which was contained within its own Supercontig in the Broad assembly. The
non-curated Canu assembly contained 5 contigs which collectively contained DNA
corresponding to nearly all of the Broad mtDNA assembly at 99% identity (i.e. putative mitochondrial contigs). They did not, however, contain the first 4 kb of Broad
Contig 349, but did contain Broad Contig 319, much like the JGI mitochondrial scaffold. In addition to these variations, the new mtDNA contigs contained approximately 6.4 kb of sequence that wasn’t present in the Broad mitochondrial assembly
and 428 bp that was missing from the JGI mitochondrial assembly.
It was clear that this mitochondrial assembly could be improved. The mitochondrial genome was reassembled using reads that didn’t map to the Canu nuclear
contigs (i.e. the contigs containing no apparent mitochondrial sequences), leading
to 3 contigs being generated. These 3 contigs had similar structure to that of the
original 5 contigs, however they were apparently more accurate and had fused the
previous 5 contigs at two sites. There was also a 14 kb inverted repeat, on Canu
Mitochondrial Contig 3, which had been extended into a 21 kb repeat using another
inverted copy of the same sequence. The structure of these contigs relative to the
Broad and JGI mitochondrial assemblies are shown in Figure 3.18.

F IGURE 3.18: Graphical representation of 3 mitochondrial contigs with
comparison to JGI and Broad mitochondrial contigs. JGI contigs shown
in orange, Broad contigs shown in blue, inverted repeats shown in gold
and identical region of Contig 1 and 2 shown in dark red. All contigs
are to scale with the lengths indicated above Contig 1. Produced using
Geneious software.

The three new mitochondrial contigs all had large inverted repeats at their ends:
17 kb on the left and 23 kb on the right of Canu Mitochondrial Contig 1; 21 kb on the
left of Canu Mitochondrial Contig 2; 13 kb on the left and 30 kb on the right of Canu
Mitochondrial Contig 3 (Figure 3.18). The repeat on the right of Canu Mitochonrial
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Contig 3 contained approximately 3.5 inverted copies of an identical 8 kb sequence.
These inverted repeats are shown as head to head or tail to tail annotations on either
of the three contigs in Figure 3.18. In addition to these inverted repeats, an approximately 30 kb sequence between 14 kb and the end of Canu Mitochondrial Contig
2 was identical to the inverted sequence between 83 kb and 114 kb on Canu Mitochondrial Contig 1. Both Illumina and PacBio reads suggested that this repeat was
not an artefact of the assembly process. These large inverted repeats and identical
regions on different contigs indicated a highly complicated mtDNA structure which
could not be accurately assembled into a single complete molecule.
Nearly the entire mitochondrial gene set (as obtained from GenBank (accession number: AF404303.1)) from a related chytrid species (Spizellomyces punctatus)
showed close homology to genes on two of the newly generated Canu mitochondrial contigs. Every gene was present on Canu Mitochondrial Contig 1, except for
the small ribosomal RNA subunit, which was located in the unique region of Canu
Mitochondrial Contig 2, and several tRNA genes, which could not be located on
any mitochondrial contigs. Only two tRNA genes could be located on the Canu
mitochondrial contigs: a suppressor tRNA and a tryptophan tRNA, both on Canu
Mitochondrial Contig 1. This was tested using multiple tRNA prediction softwares,
yet all softwares could only detect these two tRNA genes.
The overall mitochondrial genome structure could not be completely resolved,
and there may be several models that can explain the architecture of this unusually repetitive mitochondrial genome. One option that was employed for resolving
its structure involved observing the Illumina read depth for different strains across
different regions of the sequence. In particular, read depth was tested on the putative repeats and compared to putative non-repetitive regions of the genome. The
read depth appeared to change arbitrarily, with a highly variable depth exhibiting
between 20 - 40% variation. This meant that assigning read depth to either side of
the putative repeats was difficult, however the overall average read depth on both
sides was essentially uniform, which suggested there was no more copies of any
one sequence than another. This did not help resolve the correct model, as all of
the hypothesised models involved multiple copies of particular regions in relation
to others, at a two-fold difference at least.
The highly variable Illumina read depth across the length of the mitochondrial
contigs (Figure 3.19) could not entirely be explained by repeat edges. Note that in
Figure 3.19, only half of the total reads are mapped to each version of the inverted
repeats at the termini of the contig. After investigating these regions further, the
GC content for the regions was identified to be 20%, approximately half that of the
rest of the genome (39% GC content on average). To determine the effect of this low
GC content on the reads, an untrimmed version of the read set was mapped to the
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same locations, and the effect on the coverage observed. It was found to be approximately the same as that of trimmed reads. Read-trimming parameters might have
reduced the prevalence of these low GC-content reads, because the quality scores on
AT-rich reads are generally lower; however, this was ruled out. This suggests that
variation in read depth was due to an issue during the amplification step of library
preparation, possibly due to preferential amplification of high GC content regions.

F IGURE 3.19: Variable RTP5 Illumina read depth across the length of
Canu Mitochondrial Contig 1. Read depth shown in blue trace, blue annotation indicates Broad contigs. Produced using Geneious software.

F IGURE 3.20: Graphical representation of intergenic mitochondrial
deletion on Canu Mitochondrial Contig 1 and 2 in strain Aus6. Light
blue coverage trace indicated above. Green annotations indicate mitochondrial protein-coding genes and red annotations indicate mitochondrial rDNA genes. Produced using Geneious software.

Mitochondrial variants were analysed, for several strains, to determine how accurate inter and intra-lineage mitochondrial SNP based phylogenies are in Bd (Table
3.7). Note that variant locations were only shown once if they existed within repeats,
with the location corresponding to the larger repeat copy in each case. Interestingly,
several strains had significant deletions (>3 kb in some cases) in intergenic regions,
along with occasional point mutations. Figure 3.20 shows the evidence for suggesting these deletions are entirely intergenic, with nearby genes annotated in green and
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TABLE 3.7: Table indicating location and nature of variants within
Canu mitochondrial contigs for 20 BdGPL strains. Homoplasmic variants (variants that occur in all reads from a specific strain) are highlighted in green.
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red. As seen in Table 3.7, there are only two strains (BEW2 and ETH4) which share
a 100% frequency mitochondrial variant (deletion between 17,518 and 26,502 bp on
Canu Mitochondrial Contig 3). There is also a SNP on Canu Mitochondrial Contig
1 (G insertion at 22,242 bp) which is heterozygous in strain BEW2 and homozygous
in strain JEL423. The other interesting observation is the presence of a heterozygous
SNP (A -> C at 57,259 bp on Canu Mitochondrial Contig 1) at a highly variable frequency in all analysed strains. A feature of some of the mtDNA deletions is that one
edge of several deletions, in many strains, shares an identical site in the genome.
The implications of this are examined further in the Discussion.
While looking into the phylogenetic relationships among strains, the source of
variation was investigated. The overhanging Illumina reads at the edge of each deletion, for each strain, were observed, this identified information about the structure
of each strains mitochondrial genome. One interesting observation was that each
of the large segmental deletions appeared to have inverted repeats, with at least a
small amount of homology, located at the edges of the deletions. This immediately
suggested they may play a role in the mitochondrial genome structure for these particular Bd strains. The PacBio reads appeared to all agree with the structures formed
by the Canu assembly.

3.5

Phylogenetics

The following section provides a summary of results for all analyses with potential
involvement in establishing a more robust phylogeny for Bd, in particular for the
BdGPL. The implications of these results on the phylogenetic structure of Bd are
considered in the Discussion.

3.5.1

Phasing, LOH Patterns and CCNV

The ten largest final contigs were analysed for LOH signals for 20 global BdGPL
strains. This was done by mapping each strain’s Illumina reads to each contig then
extracting the SNP data and graphing it, as described in the methods. These LOH
patterns were highly variable and also provided strong evidence for lineage-specific
and inter-lineage phylogenetic analysis. Strains exhibited examples of disomy, trisomy and occasionally higher copy numbers for each chromosome. In addition to
these phenomena, LOH was found occurring towards ends of the contigs, indicating
mitotic crossovers, and also flanked by regions of heterozygosity, indicating gene
conversion.
Phasing of these large contigs had to be optimised before it reached the final
method, as described in the methods. Originally, manual phasing was attempted
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using the long PacBio reads, by attempting to link SNPs to one another based on
whether they were both contained within the same read. This worked in theory,
however the significant error rate (15%) of individual PacBio reads meant that errors were often introduced in the phasing, and as such a better method had to be
established. This better method, utilising LOH regions of random strains, is described in the methods, and was far more accurate and efficient than the manual
PacBio read based method.
The largest contig of this analysis (Final Contig 1) was approximately 4.5 Mb long
and contained all of Broad assembly’s Supercontig 1 within its length. This contig
had strong evidence for the presence of subtelomeric repeats at either end, suggesting it represented the majority of a complete chromosome. LOH patterns within this
contig provided an interesting analysis, as nearly all of the 21 Bd strains had at least
one example of mitotic recombination in this region. One of these examples, right of
position 2,350 kb, was identical in 19 of the 21 Bd strains. Perhaps more interestingly,
nearly every strain had a unique pattern across the length of the contig. This may
be interpreted as a statistically higher chance of mitotic crossover sites on the large
chromosome that Final Contig 1 represents. These sites would generate an LOH
signal between them and the end of the chromosome, thus allowing each strain to
have a unique LOH pattern. A consequence of these strains exhibiting unique LOH,
is that the mitotic crossovers must have been occurring commonly enough that they
could create novel LOH patterns relatively quickly (i.e. more commonly than the
time for the divergence of strains).
Read depth was analysed for all final contigs, providing evidence for chromosome copy number variation (CCNV) within, and between, strains. Table 3.8 indicates the CCNV patterns for the largest contig of each putative chromosome (total
16). Interestingly, two Australian strains (Aus1 and Aus2) appeared to have had
a whole genome duplication event occur during their evolution, and subsequent
gain and loss of individual chromosomes, leading to a significantly varied number
of chromosomes from other strains. Additionally, strain Aus2 had read depths and
LOH patterns that suggested it had undergone a cryptic genome duplication event,
with all of its chromosomes appearing to have gained a single copy. Figures 3.21a
and 3.21b show examples of strain RTP5 exhibiting diploidy and triploidy respectively, for Final Contig 1 and Final Contig 8-19. This strain also exhibits unique LOH
patterns for both contigs, indicated by the presence of SNPs at either 50% frequency
(diploid/tetraploid) or 33% and 66% (triploid), bordered by completely homozygous regions. When Illumina reads for strain RTP5 were mapped to Final Contig 1,
the mean basal coverage was approximately 67 reads (Figure 3.21a). This coverage
was compared to that of Final Contig 8-19 (Figure 3.21b) and the ratio of the basal
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( A ) Graph of SNP frequencies for Bd strain RTP5 on Final Contig 1 (Phase 1) (above) along
with log-scale coverage trace for the same reads mapped to the same contig (below).

( B ) Graph of SNP frequencies for Bd strain RTP5 on Final Contig 8-19 (above) along with
log-scale coverage trace for the same reads mapped to the same contig (below).
F IGURE 3.21: Determination of copy number for Final Contig 1 (A)
and Final Contig 8-19 (B) in Bd strain RTP5. Highlighted non-repetitive
region on coverage traces used to determine basal coverage for RTP5
Illumina reads on Final Contig 1 and 8-19 (insets indicate coverage of
these regions with red box highlighting mean basal coverage). Blue,
black and gold coverage traces indicate minimum, mean and maximum coverage respectively for all bases in each pixel. Produced in
RStudio using the ggplot2 package (SNP frequency graph) and using
Geneious software (blue coverage trace).
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TABLE 3.8: Table indicating chromosome copy number for each of 12
strains across the 16 largest final contigs. These 12 strains were selected
due to their highly variable CCNV and their basal Illumina coverage of
>40 reads.

coverages for these two contigs was found to be approximately 1.5 (1.41). By observing the difference in SNP frequencies and the varied read depth the conclusion was
drawn that Final Contig 1 is diploid in strain RTP5 and Final Contig 8-19 is triploid
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in strain RTP5. This same logic was applied to all Final Contigs, as displayed in
Table 3.8. The raw coverage data for all contigs and all sequenced strains is shown
in Appendix A. Note that noise on the graphs is generated by repetitive content in
the DNA sequence, shown clearly by SNPs appearing in otherwise homozygous regions at peaks in the corresponding coverage traces (i.e. series of coverage peaks
prior to 4 Mb on SNP frequency chart of 3.21a and series of peaks after 750 kb on
SNP frequency chart of 3.21b).
As mentioned in the methods, a pervasive region of LOH was identified on Final
Contig 2 in all strains of the BdGPL. As it was identified in all strains of the BdGPL it
was assumed to be a single ancestral event that grouped all BdGPL isolates together
phylogenetically. Any accumulated de novo SNPs in the region would therefore be
very important phylogenetically as they could provide evidence for establishing a
molecular clock using the relative age of different strains. There was evidence for
de novo SNPs having appeared in nearly all strains of the BdGPL tested. A table
containing all of these SNPs can be found in Appendix B.

3.5.2

Inter-Lineage Analysis

The resulting variant frequencies for an example strain of each lineage (BdGPL,
BdCAPE, BdCH and BdBrazil) are shown in Table 3.9. In order to determine how
similar each lineage is to the BdGPL, SNPs within strain RTP5 were compared to
those of the other strains. If the strain had a similarly heterozygous SNP at that site
then it suggested a close relationship with the BdGPL. Based purely on total shared
heterozygosities, it appeared that BdBrazil was the closest relative of the BdGPL, followed by BdCH and BdCAPE at similar frequencies. Further analysis of each specific
SNP site (see Appendix C on attached flash drive) suggested that this approach of
grouping SNP frequencies was confounding the true relationship between lineages,
this is considered in the Discussion.
One aim of this project was to replicate the results of previous studies (Rosenblum et al. 2013), in order to determine whether Bd strain CLFT024-02 was truly
a hybrid between the BdGPL lineage and the BdBrazil lineage. This was done by
analysing SNPs for Bd strain RTP5 (BdGPL), Bd strain UM142 (BdBrazil) and Bd
strain CLFT024-02 (putative hybrid), as described in the methods. Table 3.10 shows
the actual SNP frequencies for these three strains for one hundred total SNPs across
four regions of Final Contig 1 compared to all hypothetical SNP patterns that could
exist. Note that this contig was phased with strain RTP5 Illumina reads and thus
there are no 100% frequency SNPs present in that strain for this contig. Of the various hypothetical patterns that could have been found, the most informative are
pattern 6-8. These show that if both parent lineages are 100% different at any site,
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TABLE 3.9: Comparison of the frequency for 300 SNPs from the lineages BdGPL (RTP5), BdCH (TF5a1), BdCAPE (ACON) and BdBrazil
(UM142). These SNPs were selected as being 50% frequency in strain
RTP5. The % heterozygous vs homozygous sites is also indicated below
the SNP frequency breakdown.

Variant Frequency (%)
0
33
50
66
75
100
Total
% Heterozygous
% Homozygous

RTP5 (BdGPL)
0
0
300
0
0
0
300
100 (300/300)
0 (0/300)

TF5a1 (BdCAPE)
152
14
18
11
0
105
300
14.33 (43/300)
85.67 (257/300)

ACON (BdCH)
116
7
27
17
0
133
300
17 (51/300)
83 (249/300)

UM142 (BdBrazil)
115
0
70
0
4
111
300
24.67 (74/300)
75.33 (226/300)

the hybrid can only be 50% frequency at that site. The rest of the rows show variations of SNP frequencies in the three strains at different sites, all of which agree with
a hybrid origin for strain CLFT024-02 from the two parent lineages. In summary, if
the two lineages BdGPL (RTP5) and BdBrazil (UM142) carried distinct homozygous
SNPs at a particular site then the putative hybrid (CLFT024-02) invariably showed
heterozygosities for the SNP in all cases.

3.5.3

Meselson Effect

The dN/dS ratios for SNPs within the thirty largest ORFs of putative known function, from the three phased final contigs, are shown in Table 3.11. These results
indicate that several genes appear to have been undergoing selection to maintain
function, as indicated by those genes with a significant amount more synonymous
mutations relative to non-synonymous mutations (i.e. a low dN/dS ratio). Two interesting examples of this are the two P-type ATPase ORFs on Final Contig 9 with 38
SNPs between them, 37 of which are synonymous. Some genes may have been gaining non-synonymous mutations at a slightly higher rate, as indicated by a dN/dS
ratio of over 1.00, and this may indicate that these gene homologs are diversifying.
Overall, the uncorrected dN/dS ratio appeared to be approximately 0.30, suggesting
that, in general, selection is restricting change. This makes sense evolutionarily, as it
is important for organisms to maintain functional genes, particularly for genes important to the survival of the organism. This results in non-synonymous mutations
being selected against, as to stop these genes losing function. In some cases, it may
be possible that non-synonymous mutations are important for gaining function, in
particular related to virulence. This will enable the organism to be more successful
overall and thus it is important to maintain this variation as to allow this enhanced
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TABLE 3.10: Comparison of the frequency for 100 SNPs in the putative
parent lineages BdGPL (RTP5) and BdBrazil (UM142) and the putative
hybrid strain CLFT024-02. 0 indicates that all reads are identical to the
reference at that site, 50 indicates that 50% of the reads are different to
the reference at that site, 100 indicates that all reads are different to the
reference at that site.

Hypothetical SNP
Pattern
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

RTP5
(BdGPL)
0
0
0
0
0
0
0
0
50
50
50
50
50
50
50
50
50

UM142
(BdBrazil)
0
0
50
50
50
100
100
100
0
0
0
50
50
50
100
100
100

CLFT024-02
(Putative Hybrid)
50
100
0
50
100
0
50
100
0
50
100
0
50
100
0
50
100

Total Sites
0
0
22
23
0
0
18
0
11
0
0
5
4
1
1
14
1

virulence to occur. Overall, from these results, the Meselson effect does not appear
to have been occurring in Bd, for the GPL in particular, and the implications of this
are considered in the Discussion.

Chapter 3. Results

69

TABLE 3.11: Comparison of non-synonymous vs synonymous mutations within 30 largest ORFs with putative function known from three
phased final contigs. #Non refers to the number of non-synonymous
mutations and #Syn refers to the number of synonymous mutations.

Contig
1
1
1
1
1
1
1
1
1
1
5
5
5
5
5
5
5
5
5
5
9
9
9
9
9
9
9
9
9
9

Length [bp]
Putative function
4,455
UDP-g-GGTase
3,564
Glycosyl transferase
3,240
Ser/thr protein kinase
3,030
ATPase
2,676
Transcription elongation factor
2,631
Oxoglutarate dehydrogenase
2,373
M36 peptidase
2,028
Polyadenylate binding protein
1,809
Glut-tRNA ligase
1,749
ABC transporter A
3,369
Midasin
2,967
Midasin
2,373
Transcription factor
2,253
Midasin
2,106
ABC transporter A
2,052
Pentatricopeptide repeat
2,022
OPT small oligopeptide transporter
1,992
Midasin
1,923
Dynein heavy chain
1,872
SAM-dependent methyltransferase
3,711
Chitin synthase
3,624
P-type ATPase
2,262
P-type ATPase
2,232
Brac1 + RING domain protein
1,521
Chitin synthase
1,488
Plant basic secretory protein
1,377
Multicopper oxidase
1,305
Glycoside hydrolase (chitinase)
1,194
a-ketoacid nucleotide phosphodiesterase
1,185
3’5’-cyclic nucleotide phosphodiesterase

#Non
5
1
3
2
0
1
4
0
1
0
3
1
0
3
0
1
0
0
0
1
0
1
0
1
1
0
2
3
0
0

#Syn
5
4
6
5
6
4
3
6
4
5
3
0
1
1
2
2
5
2
2
5
9
21
16
2
6
4
6
6
2
2

dN/dS
1.00
0.25
0.50
0.40
0.00
0.25
1.33
0.00
0.25
0.00
1.00
1.00
0.00
3.00
0.00
0.50
0.00
0.00
0.00
0.20
0.00
0.05
0.00
0.50
0.17
0.00
0.33
0.50
0.00
0.00
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Chapter 4

Discussion
4.1

Optimisation and success of culturing Bd and DNA
extraction

Motile zoospores were most noticeable on plates of strain RTP6, indicating a successful growth cycle, and thus this strain was chosen as the strain of interest for
culturing and DNA extraction, prior to PacBio sequencing. Additionally, this strain
had not been sequenced before by any technology and thus would prove an interesting addition to the global set of sequenced Bd strains. This strain is most likely
representative of the vast majority of New Zealand isolates, as since Bd was first
discovered in New Zealand in 1999, the border control on potential sources of Bd
has been strictly enforced. It is therefore unlikely that multiple lineages of Bd exist within New Zealand; the vast majority of New Zealand Bd strains most likely
stem from one BdGPL strain introduced into New Zealand in the late 1990s. As this
strain likely originates from Australia, based simply on proximity, it was expected
that it should also be similar genetically. The extremely similar genetic profile of all
BdGPL isolates also indicates that the Canu assembly should be a high quality reference genome for further analyses of all members of the BdGPL. The only differences
between this strain and other global isolates are likely to be minor, in particular
novel sites for mobile genetic elements which have been introduced into or replicated within the strain in the 13 or so years since it entered New Zealand until it
was isolated and frozen in 2012.
While growing Bd on solid agar media, large clusters of sporangia were observed. This colonial behaviour may be due to the inability for zoospores to travel
a significant distance on the solid media due to the lack of liquid on the agar. This
could result in the zoospores developing very close to their parental sporangia and
thus generating clusters of sporangia.
By growing the samples in parallel and visually checking for any obvious contaminants on the agar, the likelihood of contamination was significantly reduced.
Growth on solid agar media also appeared to aid in maintaining a pure culture, as
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was seen when liquid media was used and the samples became contaminated much
more rapidly. This may be due to the difficulty of isolating a specific organism from
a liquid sample upon subculturing. An agar plate enables a single group of zoosporangia to be introduced to a new plate while liquid media must be poured into the
new flask and thus any contaminants present will also be transported with your
sample of interest.
DNA extraction optimisation relied on careful analysis of each protocol in order to reduce contamination with cellular contents, while also maintaining a large
amount of high-molecular weight DNA. Preliminary results indicated that a significant amount of DNA shearing had occurred while utilising the MagNA lyser for
cell lysis. This was to be expected, due to the physically rough treatment of the
DNA when submitting the cells to this lysis protocol. The technique utilises small
ceramic beads in a semi-randomly oscillating machine. As the ceramic beads make
contact with the cells, they rupture the cell wall and release the cellular contents,
however the process continually damages the internal elements of the cell, including the DNA. As DNA is already prone to shearing when released from the cell,
this technique resulted in a mixture of DNA with highly variable lengths, which
would have generated, on average, much shorter PacBio reads and thus rendered
the project essentially useless.
As described previously, SDS is a highly effective surfactant, which is extremely
useful for rupturing cell membranes. The use of SDS was pivotal in generating sufficient high-molecular weight DNA for PacBio sequencing. Should too many small
molecules also have been included in the sample, they would have been preferentially recruited into the zero-mode waveguides during sequencing and thus the average read length would have decreased exponentially. RNA contamination would
also have interfered with sequencing success. The removal of RNA was optimised
with Iron-Silica beads, yielding highly purified DNA.
When analysing DNA quality, the Nanodrop spectrophotometer gave somewhat
variable results as the average length of the DNA fragments increased. This was
possibly due to the small volume (1 µL) used for each analysis, and hence a variable amount of large DNA molecules being incorporated into the sample. The solution was remarkably viscous and so mixing of the DNA and highly repeatable
sampling was therefore difficult. Other, perhaps more accurate methods could have
been utilised, such as the Qubit fluorescence spectrophotometer, which may have
helped to explain the aberrant results. However, the concentration and purity of the
DNA samples appeared to be more than sufficient and so it was sent to South Korea
for sequencing. Macrogen performed a series of quality control inspections, using
some of these potentially more accurate techniques. Any issues would have been
detected at this stage, and an additional sample could have been sent should the
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need have arisen.

4.2

Initial Bioinformatics

Initial metrics for the PacBio reads suggested the read set was of a relatively high
quality, with up to 50x average genome coverage. Similar sized genomes being sequenced using PacBio sequencing exhibit similar genome coverage (Chien et al.,
2016); while some range up to 150x coverage, these assemblies show no signs of
being significantly better than those with only 50x coverage. The recommended
optimum coverage of 50x from the Canu assembler creators (Koren et al., 2017) was
encouraging. It would have been useful to achieve slightly higher coverage than this
to avoid potential misassemblies and enhance contiguity. If the scale of subculturing
and DNA extractions had been increased then a slightly higher coverage could have
been achieved. This project was, however, limited to a single SMRTcell, which will
usually only achieve around 1 Gb of total sequence. The total sequence of 1.2 Gb
was therefore near the upper limits of SMRTcell capabilities. For this reason, more
DNA may not have even increased the overall output. Newer technologies have
very recently been produced by PacBio, in the form of the Sequel system (PacBio
Sequel System - PacBio). This project used the RSII platform with P6-C4 chemistry,
which at the time was the highest quality technology available. The newer Sequel
system is capable of producing significantly higher outputs for a similar cost, and
thus would have generated larger quantities of DNA and hence more coverage. In
future experiments, this may generate better quality assemblies, and if this project
were to be repeated there would likely be even more advanced technologies arising. This is simply the nature of such a rapidly advancing field. Nevertheless, the
read set in this project was of sufficient quality and quantity for all the analyses
conducted.
The decision to begin with manual gap correction was based on the previous
work of members of this lab group for correcting errors in bacterial assemblies.
These errors were usually relatively small, and mostly resulted from active retrotransposons or other mobile DNA elements which had recognisable patterns. By
extending the sequences adjacent to the unknown sequence using PacBio reads, it
was usually possible to clarify the nature of the repeat which had caused the shortread based assembly to break at that point. In most cases, the gaps in the original Bd assemblies were also the result of repeat elements, or potentially erroneous
reads/low read-depth, and thus the sequence wasn’t able to be completely resolved
previously. Correcting these sequences was achievable, in most cases, using a consensus of overlapping PacBio reads. The amount and length of gaps was, however,
significantly larger than that of the previous work done by this lab group, and thus
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required a much larger amount of time to fully correct. It became clear that a sufficiently high accuracy could not be achieved using the manual correction method,
mainly due to unoptimised software and possibly insufficient PacBio read coverage. Also, as Bd is a diploid, it contains a significant amount of heterozygous sites
and this can prove complicated during correction, especially if the heterozygosities are insertions or deletions. There is clear evidence of individual strains with
chromosomes exhibiting tetraploid and potentially hexaploid copy numbers. Heterozygosities in these individuals can appear to be almost identical to errors and
thus care had to be taken to preserve them in the final assembly.

4.3

Canu Assembly

Our de novo PacBio chytrid genome assembly, produced using the Canu assembly
pipeline, had initial metrics that indicated a highly contiguous genome structure
that was an immediate improvement on previous genome assemblies for Bd. The
longer total length of the assembly suggested that approximately 2% of the genome
was not represented in the original assemblies or alternatively, it may have been
duplicated in the initial Canu assembly. Additional sequence was often on the ends
of contigs, and also within corrected gaps which had been longer than anticipated.
Occasional structural rearrangements would also account for some of the increased
overall assembly length. The Canu assembly appeared to be at least as complete
as other PacBio assemblies of similar sized genomes (Chien et al., 2016). This is
reassuring, as it verifies that the DNA extraction protocols were highly successful,
and that the assembly and manual curation were also successful. An important note
on this assembly is the relative cost when compared to the original Broad and JGI
assemblies. The use of PacBio sequencing is orders of magnitude less expensive
than utilising Sanger sequencing for assembly. It also requires a significant amount
less preparation time and is generally much more efficient.
The differing scaffold/contig arrangements for the three different assemblies
(e.g. in Final Contig 13.1-21 (Figure 4.1)) was sufficient evidence to suggest that
repeat structures had caused errors in the original assemblies. It was also possible
that these were in fact structural differences between strains, and so they had to be
considered carefully in order to determine their authenticity in the entirety of the
GPL.
While correcting contigs, errors in the PacBio-based assembly were identified,
and this gave insight into the nature of errors which may persist even with higher
coverage genome assemblies. The majority of these errors were single base insertions or deletions immediately adjacent to homo-polymer repeats. The basis for
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F IGURE 4.1: Graphical display of a misassembled region of both original assemblies, now reconciled by the improved assembly, in the first
140 kb of Final Contig 13.1-21. Blue arrows represent Broad contigs and
orange arrows represent JGI contigs. Created using Geneious software.

these errors existence is clarified upon consideration of the nature of PacBio sequencing. As the PacBio sequencing relies on single DNA polymerase molecules
for its sequencing of DNA fragments, the stochastic nature of the timing of these
polymerase molecule’s activity affects the output of the sequencing machine. For
homo-polymer repeats, the sequencer detects the length of the fluorescence signal
for the base of interest. This is then compared to the known length of time that a
single base is held in the DNA polymerase and thus the length of the signal. As the
polymerase molecule will randomly hold a DNA molecule for an inexact length of
time while it is being replicated, the signal that is detected by the PacBio sequencing
machine won’t be uniformly increasing for every base present in the homo-polymer
repeat. This is especially apparent with repeats of length >5 bp, but can even be observed for single bases that the sequencing machine has interpreted as two or more
bases. For the error to persist through to the assembled contig, it must be incorrectly called on the majority of reads that determine the consensus for the region of
interest.
While error correcting the Canu assembly, another important consideration had
to be made as to the source of apparent errors. Error correction of the strain RTP6
based assembly with RTP5 Illumina reads could have potentially been influenced by
differences between the two strains. Some of the corrected errors could have been
point mutations occurring in one of the two slightly different strains of Bd. The
two strains were collected three years apart, RTP5 in 2009 and RTP6 in 2012, from
slightly different locations around Dunedin, New Zealand. Based on the extreme
variability of different strains of Bd, as observed with CCNV and LOH analyses, it
was possible that within those three years strain RTP6 had evolved some changes
since its last common ancestor with strain RTP5. CCNV analyses appeared to suggest the two strains had identical profiles of chromosome copies for at least the first
10 contigs. This was difficult to validate however, as it relied on the read depth of
RTP6 PacBio reads which has a certain degree of randomness to it. It also was at
most 30 reads which could easily vary enough to be observed as a different copy
number. The SNP data from PacBio reads was also very difficult to interpret and
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would require a significant amount more read depth in order to be statistically significant. In addition to this, point mutations may have arisen during the time prior
to RTP6 isolation, thus causing the two strains to appear more distantly related. Assuming a point mutation rate of 10−8 mutations/bp/generation then there should be
approximately 0.24 novel SNPs occurring per generation. Assuming a growth cycle
of 5 days for simplicity, this leads to 73 growth cycles per year or 219 in three years.
This would mean that there would be at least 53 novel SNPs in strain RTP6 that had
occurred since their divergence. In reality it is likely to be lower than this as these
organisms are not readily replicating after each growth cycle and could have periods of dormancy. The number of SNPs could be much higher, however, if the strains
had diverged around the time of the New Zealand outbreak in approximately 1999,
leading to a theoretical maximum difference of around 200 point mutations between
the two strains. This corresponds to around 0.0005% of the genome, and is unlikely
to affect the accuracy of the genome assembly. Thus, the Canu assembly can still be
considered to be a genome assembly of strain RTP6.
An estimate of the mutation rate was made by observing the accumulation of
heterozygous sites (i.e. new point mutations) within an ancestral LOH region of
the genome on one of the arms of Final Contig 2/Supercontig 2 (Figure 4.2). A 1
Mb region of this chromosome was used for this analysis and Illumina reads from
all BdGPL strains were mapped to it using Geneious software. This should be the
most sensitive method of observing the de novo mutation rate for Bd, but it is still
subject to the effects of further LOH in the region, and thus results have to be carefully considered as to determine their validity. A total of 58 sites were found to be
variable within this 1 Mb region, with clear evidence for separating the GPL into
two sublineages (previously referred to as GPL-1 and GPL-2)(See Appendix B for
SNP breakdown). From this analysis it appears that strains AUL, ETH4 and MAD
belong to the GPL-1 group and all others belong to the GPL-2 group. The goal of
estimating a molecular clock relied on SNPs accumulating in strains in a temporal
manner, i.e. the strains needed to be related and acquired subsequent to one another.
Unfortunately, the only applicable data sets were from strains RTP5 and RTP6, and
only RTP5 had Illumina reads. The RTP6 PacBio reads could be used to confirm the
presence of SNPs that were in other strains but no obvious novel SNPs had been
generated in the timeframe between the isolation of these two strains. It is possible
that RTP6 did have novel SNPs occurring at around 33% (i.e. on one of the three
chromosome copies) though the error rate of the reads and low mapped read depth
meant that discerning an error and a novel SNP was essentially impossible.
If the origin of the BdGPL could be accurately dated, it may be possible to determine a molecular clock based on the average amount of SNPs that each strain
has accumulated since the Final Contig 2 LOH event occurred in an ancestral GPL
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F IGURE 4.2: LOH patterns for 20 global strains on each Supercontig.
Red box highlights Supercontig 2 and its pervasive LOH in the GPL.
Red bars indicate a 10kb window is predominantly homozygously different to strain JEL423. Blue bars indicate a 10kb window is predominantly heterozygous. No bars indicates a 10kb window is predominantly homozygously identical to strain JEL423. Adapted from Farrer
et al., 2011.

strain. This is only possible because there is no evidence for LOH in the same region
for strains of other lineages and thus the divergence of the GPL from other lineages
can be seen to coincide with the LOH event on this chromosome. Using this logic,
and reversing the process, it may be possible to infer the origin of the GPL. The average number of SNPs in each strain is 2.19 (based on 21 total strains). If it is assumed
(as previously theorised) that 0.24 SNPs are generated per generation across the entire genome, then 0.01 should be generated per generation across this 1 Mb LOH
region. This gives an estimate of 219 generations of the GPL since this LOH event
occurred. Again assuming a generation time of approximately 5 days, this would
place the event at a minimum of 3.00 years prior to the average time of isolation. As
it has become clear, the GPL has been clonal since at least Bd’s original isolation in
1999. This suggests an average of approximately 10 years minimum time since the
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generation of this LOH region. Due to the extremely small number of SNPs accumulating in this region in any strain it is unlikely to be statistically significant, but it
does suggest that this is a useful method for looking into intra-lineage phylogenetics.
Early into the analysis of the Canu contigs, several long ORFs (>1000 bp) were
discovered that contained a large number of short tandem repeats. These ORFs may
not have been correctly assembled using Sanger reads in the original assembly due
to their highly repetitive nature, or if they were, they were not detected by their respective annotation pipelines. BLAST analysis of these genes showed no significant
matches, and this suggested they may be an interesting target for analysis. If the
presence of the tandem repeats suggests that there may be a benefit to containing
more of these repeats then there may be a selective advantage for Bd to be increasing their number. As the mechanism for Bd virulence has still not been completely
resolved, these genes may provide insight into a selective force within a hypervirulent lineage of Bd. Mutational analyses may be possible in order to develop the
understanding of these genes and perhaps link them to phenotypic advantages for
Bd.

4.3.1

Repetitive Content Analysis

The rDNA array on contig 649 contained only two copies of the repeat unit, however
the read depth through the region suggested that Bd strain RTP5 has approximately
16 copies of the 31 kb rDNA repeat. This result may have been skewed by the
presence of incomplete, inactive copies of the rDNA repeat unit within subtelomeric
repeat regions, and thus there is most likely fewer copies in reality. The estimate of
16 was determined from a region of the large rDNA subunit that appears to not have
been copied into the subtelomere and thus should represent the number of active
rDNA copies in strain RTP5 of Bd. Many organisms, such as humans and yeasts,
exhibit massively variable rDNA copy numbers (Kwan et al., 2016). The variation
in humans has been suggested to be between 14 and 400 copies per individual, and
yeasts average around 150 copies. Though it is perhaps interesting to have so few
copies present within Bd, it is not outside the range of other organisms.
A potentially active retrotransposon was discovered on Final Contig 16.1. As
it was not present in either of the previous assemblies, transposable elements became an exciting option to explore as a phylogenetic marker as well as an explanation for assembly errors. Members of this lab group had done past analyses on
retrotransposons in other species, along with Bd, and had significant knowledge of
the conserved domains within each family. This enabled us to characterise each
of the repetitive elements by observing which genes were present, as predicted by
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conserved domains, and in what order those genes were. This analysis identified
several retrotransposons, the vast majority belonging to the Ty1-copia family with a
single Ty3-gypsy family retrotransposon. These are fairly common retrotransposons
amongst nearly all organisms and thus their presence in Bd is not a particularly remarkable observation. One interesting observation of these retrotransposons was
their tendency to be located nearby telomeres. This suggests they may be contributing to the protection of genomic ends from degradation, essentially lengthening the
telomeric region.
Numerous retrotransposons were present in the new assembly at gaps within the
previous assemblies. This result reflects the benefits of a PacBio long-read based assembly. The short-read based assemblies could not span the length of the retrotransposon and thus generated a gap at this site. In many cases, these retrotransposons
were present heterozygously and thus the assembly couldn’t be resolved into either
of the two haplotypes. This would have been difficult to establish without the use of
the longer PacBio reads, which clearly show two sets of reads, those with the repeat
and those without.
These repetitive DNA elements can also be useful in establishing the phylogenetic background of different strains, while also helping to explain increases in virulence when they are linked to gene duplications. Without a complete set of these
repetitive elements, genetic information that could be paramount to the understanding of the organism may be left out. An example of this, as mentioned in the results,
was the presence of a metallopeptidase within one of these DNA elements. This
could have far-reaching implications upon further investigation and may uncover
one of the many mechanisms utilised by this pathogen to enhance its virulence. This
provides a substantial piece of evidence for supporting the production of PacBio
based assemblies in poorly understood pathogens. The presence of metallopeptidase genes within retrotransposons may be one of the most useful pieces of genetic
information recovered from this improved assembly.

4.3.2

Telomeric Analysis

The presence of telomeres on multiple contigs of the Canu assembly is a significant
improvement on the previous assemblies. The Broad assembly had no telomeric sequence present and the JGI assembly contained two, though having not been mentioned in the literature, it appears they had not been noticed. This may be due to the
fact that the Broad assembly has been the more popular assembly for most analyses,
as it was the first to be released and for many was easier to access and download.
Other fungal species have telomere repeat copy numbers of as low as a few hundred bp and up to 25 kb (Louis, 1995). Mammals tend to have longer telomere repeat
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copy numbers, with mice containing up to 100 kb of repeats (Broccoli, 2004). The
number of telomeric repeats in Bd appeared to be relatively low (only 30 to 40 copies
or 200 bp). This was comparable to some fungi but definitely at the lower end of the
range. It was thought that the organism may not require much longer telomeric
repeats, possibly due to the sufficient protection to the end of the chromosomes provided by the extended repetitive content in the adjacent subtelomeres. It may also
be possible that the relatively small eukaryotic genome size of Bd confers less need
for extended telomere length than for organisms with larger genomes.
The presence of identical telomeric repeat sequence in this chytrid fungus, when
compared to many distantly related species such as humans, provides an interesting
insight into the evolution of telomerase in long diverged species. Many species contain unusual telomeric sequences, most commonly amongst yeasts which can have
telomeric repeats of over 30 bp per unit, with no apparent connection to the majority of other species’ telomeres (Zakian, 1989). Many species have also lost one of
the guanine bases in the canonical TTAGGG sequence and now contain TTAGG repeats. These changes are explained by mutations in the guide RNA sequence for the
telomerase enzyme. Some organisms have completely lost their telomerase enzyme,
and have replaced their telomeres with highly repetitive content such as retrotransposons (Zakian, 1995). This essentially maintains the end of the chromosome, as
it is not important if the DNA repeats become degraded, and often their presence
can encourage other transposable elements to replicate to the same location. This
assumes that there is a functional copy within the genome which can replicate itself
into the telomere to maintain its length. The Bd genome appears to have taken on
a combination of canonical telomeres, along with a largely repetitive subtelomere
full of repetitive DNA elements. This was found to also be the case in many other
species, including Caenorhabditis elegans (Wicky et al., 1996), and suggests that it is a
very effective method of protecting the ends of chromosomes from degradation.
In terms of assembly quality, knowing telomeric sequence is extremely important, as it signifies the end of a chromosome. This provides a very useful method
of determining the completeness of assembled contigs, which otherwise could end
several kb before the end of the chromosome. A vast majority of current reference
assemblies do not contain telomeres, which has significant implications on gene annotations. PacBio based de novo assemblies are slowly becoming more prevalent in
research. Their longer contig lengths and extensions towards the telomere provide a
lot more insight into genomic regions which have previously been difficult to assemble. In some species of Plasmodium there are subtelomeric genes that are extremely
important for the virulence of the particular species (Gardner et al., 2002). As these
regions would not have been found were the contigs not long enough, they provide
an example for the many uses of more complete contigs.
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The presence of variably truncated rDNA repeats adjacent to telomeres provides
an interesting situation for analysis (Figure 4.3). These rDNA units are most likely
inactive and thus are able to act as subtelomeric sequence, which further protects the
interior of the chromosome. It also may explain why analyses of rDNA repeats for
intra- and inter-lineage comparisons has proved highly difficult, due to the presence
of multiple rDNA sequences within individual organisms. Perhaps by knowing the
exact sequence of the ITS in this particular rDNA repeat then they can be eliminated from comparisons and only alternate ITS sequences could be considered for
phylogenetics. This may however prove difficult, as the truncated rDNA repeats
within subtelomeres will be undergoing a significant amount of mutations without
any selective force against them and thus will carry multiple ITS sequences which
are difficult to eliminate from the analyses.

F IGURE 4.3: Graphical representation of truncated rDNA repeat contained adjacent to the telomere. rDNA repeat is shown as red arrow annotations with the matched region indicated along with the
BLAST identity. Telomere indicated by gold annotation. Produced using Geneious software.

4.3.3

Centromeres

Centromeric sequence is typically very hard to predict, as it is massively variable between species and even sometimes within an individual (Eichler, 1999). Eichler, 1999
describe many species as having large regions of tandem repeats which the kinetochore can recognise and hence bind to the spindles. Other species appear to have
non-repetitive, semi-conserved sequences of highly variable sizes. In order to ascertain the exact centromere sequence, it is usually necessary to observe the interaction
site for the kinetochore proteins that are responsible for spindle attachment during
cell division. This can be done in several ways, often involving covalently linking
protein and DNA, then preferentially extracting those sequences which have interactions using antibodies specific for the interacting protein of interest, in this case a
kinetochore protein. The extracted DNA-protein complexes are then degraded, and
the DNA is sequenced; this technique is known as chromatin immunoprecipitation
(ChIPseq) (Kharchenko, Tolstorukov, and Park, 2008). In some cases, the centromere
can become damaged and an organism can form an ectopic centromere at a different
location in the chromosome (Gonzalez et al., 2014). This is a relatively uncommon
event but may have occurred in this organism on some chromosomes.
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Possible assembly issues, related to the repetitive nature of the centromere, may
have led to the presence of truncated and inaccurate centromeric DNA in the new
assembly. If this is the case, it may be very difficult to establish the exact sequence
for the centromere. As it has not been immediately obvious as to what the structure of the centromere is, it suggests that Bd does not have a tandem-repeat based
centromere, or a large highly conserved DNA sequence for kinetochore formation.
There is a high likelihood that the centromere could be very small (i.e. around 100
bp) and contain variation between chromosomes. It will then be very difficult to
detect using a simple homology based BLAST search. In future experiments, researchers could determine the sequence of the chytrid centromere using a ChIPseq
based method as described earlier. This would be useful to know, as then LOH patterns could be further analysed to find the exact crossover sites for mitotic recombination; these sites could then be markers for phylogenetic studies of the organism.

4.3.4

Mitochondrial Genome

The mitochondrial genome assembly has several different interpretations, with various pieces of evidence for and against each case. For reference, fungal mitochondrial genomes can exist in circular or linear forms, and vary greatly in length, due
to variable intergenic regions (Burger, Gray, and Lang, 2003). The mitochondrial
genome assembly of the closely related species S. punctatus consists of three circular
contigs: two small contigs less than 5 kb and one approximately 60 kb contig containing all mitochondrial gene content (Figure 4.4). It therefore seems plausible that
Bd would also have a complex mitochondrial genome, the options for its structure
are discussed throughout this section.

F IGURE 4.4: Graphical representation of various mitochondrial
genome structures in different organisms. Includes mtDNA structure of the ciliate Tetrahymena pyriformis, humans, the chytrid fungus Spizellomyces punctatus and the ichthyosporean protist Amoebidium
parisiticum. Triangles represent terminal repeats and diamonds represent internal repeat structures. Figure from Burger, Gray, and Lang,
2003.
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The linear mtDNA forms provided an interesting avenue of research, in particular the structure of their ends. Other researchers have suggested that, in some
cases, the ends of linear molecules consist of inverted repeat structures that act like
covalently closed single stranded telomeric hairpins (Nosek et al., 1998). These hairpin structures function to stop degradation of the mtDNA ends, much like that of
nuclear chromosomal telomeres, though very different in structure. Due to the observation of several inverted repeats at the ends of mitochondrial contigs in both
the PacBio and Illumina reads, a linear mtDNA molecule for Bd was a promising
concept.
An initial theory of this study involved the presence of multiple linear structural isoforms of the mitochondrial genome. The main chromosome could have
two forms with variable ends, one of which contains the small rRNA subunit gene
and the other containing the cytochrome c oxidase subunit 1 gene. Both of these major chromosomes would contain the rest of the mitochondrial gene set in addition to
these isoform specific genes. In addition to these main chromosomes there could be
one or two other mitochondrial chromosomes with unknown function. The major
issue with a multiple mtDNA chromosome theory is to do with cellular replication.
If all molecules were required for survival, in relatively similar proportions, it would
be very difficult for the organism to maintain these conditions.
An alternative model was that the genome may be assembled into a single circular or linear chromosome. In this model, the genome would contain multiple
inverted copies of the entire gene set, though with only one copy of the small ribosomal RNA subunit and one of the cytochrome c oxidase subunit 1 gene. Though
the exact structure cannot be clearly resolved, due to the unusual repeat structures
present, this single molecule explanation makes more biological sense, as the issues
of replication presented in the initial theory above would no longer be problematic.
The most recent theory of this study also involves multiple linear structural isoforms. It explains the presence of multiple, highly variable, deletions within different strains, the edges of which appear not to reconnect after the deletion event. It
seems plausible that the mechanism behind this observation involves double strand
break repair. In the mitochondrial genome, these may be repaired by some form of
protein mediated inverted repeat formation, which spontaneously forms to stop the
remaining DNA from becoming degraded. The presence of inverted repeats on at
least one of the deletion edges for all of the deletions, in all strains, suggests this
is a plausible explanation. Figure 4.5 shows one such deletion edge on Canu Mitochondrial Contig 1 with Aus6 Illumina reads mapped to it. Note that the AGA
or TCT in the centre of the two inverted repeats are simply reverse complements
of one another and result from the read mapping software mapping reads in either
orientation. It is unclear how long these inverted repeats are, as they are larger than
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the 100 bp Illumina reads and thus the end cannot be seen. If this model is correct, however, there will not be an end to the inverted repeat, as the rest of the read
is simply sequence from the opposite strand of the same linear molecule. In this
model, each strain could survive as long as all of its mitochondrial genes are intact,
this means that there could be many separate chromosomes forming upon double
strand breaks which are all inherited by the offspring.

F IGURE 4.5: Subset of Aus6 Illumina reads mapped to the left edge of
a deletion in Canu Mitochondrial Contig 1. Gold annotations indicate
small inverted repeats. Produced using Geneious software.

Interestingly, this theory is similar to that of an inverted duplication formation in
the human genome. This theory utilises a similar fold-back mechanism of inverted
repeats as a means of repairing double strand breaks. Figure 4.6 is an extract of a
figure from Hermetz et al., 2014 which clearly indicates the inverted repeat folding
back on itself and resulting in a molecule with a single stranded loop at its end.
The remainder of this theory involved a large chromosomal scale duplication event
upon replication, though this can easily be adapted to the concept of a small single
stranded telomeric hairpin being formed in a mitochondrial genome.
Another piece of evidence, which points to a unique model, is related to the ability of inverted repeats to generate structural rearrangements within genomes. The
mitochondrial genome in Bd has potential examples of this effect having occurred,
with significant alterations in intergenic regions possibly due to inverted repeats,
which can be identified in the reads bordering the deletion edges. The most common
effect of inverted repeats is to generate an inversion of the sequence in between the
two repeats (Figure 4.7a; Sasaki, Lange, and Keeney, 2010). Another potential effect
of inverted repeats is a deletion of the inter-repeat sequence (Figure 4.7b; Lobachev
et al., 1998). The mechanism for these deletions involves the formation of a stem
loop structure, with a variably sized loop. This stem loop forms during DNA replication, while the DNA is single stranded. The deletion occurs because the DNA
polymerase can cleave off the entirety of the stem loop structure on the replicating
strand, by replicating straight past it. If the resulting mtDNA contains the required
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F IGURE 4.6: Double strand break repair mechanism via foldback of
inverted repeats. Adapted from Hermetz et al., 2014.

gene set then it is a viable mtDNA structure and thus the organism is able to easily survive the deletion. As these inverted repeats have been observed close to the
edges of these repeats it offers an explanation for the highly variable nature of the
chytrid mitochondrial genomes.
The highly variable sites and regions within different strains suggested that the
mitochondrial genome has a large amount of plasticity in non-coding regions. It was
hoped that these could provide strong phylogenetic markers, suggesting that different strains with identical variants could be more closely related. Unfortunately,
though the samples contained a significant amount of variation, and were sampled
from all over the globe, none of the variations were shared between any strains (see
Figure 3.7). It was therefore not possible to form a strong phylogeny based on this
data set. With more sampling, and also using historical datasets, it may be possible
to produce a strong mitochondrial SNP based phylogeny for the strains of interest. The presence of novel SNPs amongst the New Zealand strains suggests that
these genomes do generate significant variation in relatively short time frames, as
the New Zealand outbreak only appears to date back to the late 1990s, well after
many other regions of the globe.
As mentioned in the Results section, there are some deletions in the mitochondrial genome which share identical edge sites between strains. This immediately
poses the question as to whether certain sites within the mitochondrial genome are
more likely to form deletions adjacent to them. This could explain the similarity
in the edges of these deletions, even though they appear to lack identical deletion
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( A ) Inversion due to inverted repeat theory. Adapted
from Sasaki, Lange, and Keeney, 2010.

( B ) Deletion due to inverted repeat
theory. Adapted from Lobachev et
al., 1998.
F IGURE 4.7: Graphical representation for inverted repeat genome instability theories. Inversion theory (A) indicates inverted repeats as
grey and white arrowheads with the inversion on one of the two chromosomes. Deletion theory (B) shows the inverted repeats as arrows
upon stem-loop formation and indicates the DNA polymerase path as
a black line below.

lengths. In addition to this, there are regions of near identical sequence on different mitochondrial contigs which could explain the identical edges of these apparent
deletions. If reads originating from a different molecule, with an identical region,
mapped to the incorrect molecule, this would be observed as the edge of a deletion, even though the deletion may propagate until the very end of the observed
molecule. This would explain the identical deletion edge site, as it could instead be
the edge of the identical region for a different molecule.
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Another possible explanation for what appears to be structurally indecipherable
contigs is the effect of replication intermediates on sequencing. If samples were
sequenced during the mitochondrial replication cycle, then, assuming a circular
molecule, the rolling-circle replication mechanism may have generated intermediates which developed unusual sequencing patterns as they exist in many different
structures. In the more likely linear form, there may still be replication intermediates
that could also exist in highly varied structures. The true sequence may therefore be
hard, if not impossible, to decipher from the contigs produced from this dataset and
care may be needed when resequencing to avoid the replication cycle.
The reduced tRNA set in this organism’s mitochondrial genome may be an interesting avenue for research. In the closely related chytrid fungus Spizellomyces punctatus it has been noted that there are also fewer tRNA genes present in the mtDNA
than usual (Laforest, Roewer, and Lang, 1997). These researchers also identified that
the tRNA genes undergo tRNA editing, which is a relatively rare phenomenon. It is
therefore possible that Bd is exhibiting a similar effect and this may explain the significant lack of tRNA genes. The possibility of nuclear encoded mitochondrial tRNA
genes was postulated, with the possibility of the tRNAs being imported into the mitochondria. This phenomena would be the first of its kind, and as such would be a
fairly interesting discovery. This theory was tested by scanning for mitochondrial
tRNA genes within the nuclear genome with tRNAscan-SE v. 2.0. Unfortunately,
it became clear that the chytrid tRNA genes were too dissimilar to those used to
calibrate the tRNA detection software. As such, it was not clear whether detected
tRNA genes were nuclear or mitochondrial and thus a nuclear encoded mitochondrial tRNA gene set could not be easily determined.
Strain Aus9 contains a deletion within the inverted repeat at the left edge of
Canu Mitochondrial Contig 1. The coverage trace of this region with Aus9 Illumina
reads mapped to it is shown in Figure 4.8. This trace clearly indicates a deletion has
occurred in this strain, with 0 coverage across a 2.5 kb region close to the inverted
repeat edge. Small peaks in the middle of this region may indicate repeat elements
or some cryptic source of mitochondrial reads.

F IGURE 4.8: Coverage trace for Aus9 Illumina reads mapped to inverted repeat of original Canu Mitochondrial Contig 1. Orange annotations indicate JGI contigs and blue annotations indicate Broad contigs.
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Phylogenetics

One of the major goals of this project was to establish more robust phylogenies
for Bd. It was hoped to improve on these phylogenies in two areas in particular:
the inter-lineage phylogeny and the phylogeny of strains within the GPL. Previous studies produced phylogenies based on a collection of SNPs across the nuclear
genome (Rosenblum et al., 2013) and mitochondrial genome (Farrer et al., 2011), filtered using various statistical methods. The resulting phylogenies for both of these
studies are shown in Figures 4.9 and 4.10.

F IGURE 4.9: Rooted phylogeny inferred from 76,515 SNPs in 49 isolates
of Bd. Locations of isolates are colour coded, based on the legend at
the top of the figure. Red box indicates strains belonging to GPL-2
subset. Inset displays the height (in millions of years (Ma)) of LOH
regions in the BdGPL versus nonLOH regions for each Broad assembly
Supercontig. Figure from Rosenblum et al., 2013.

The major findings of Rosenblum et al., as indicated in Figure 4.9, included the
presence of the GPL as a crown group of the phylogeny, with additional lineages
from Brazil, Switzerland and South Africa. The GPL appeared to be divided into a
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F IGURE 4.10: Phylogeny for 20 global strains of Bd based on SNPs
within the mitochondrial genome. Global distribution of strains is indicated on map in top left. Right side of figure displays LOH patterns
for each strain on each Supercontig. Red bars indicate a 10kb window
is predominantly homozygously different to strain JEL423. Blue bars
indicates a 10kb window is predominantly heterozygous. No bars indicate a 10kb window is predominantly homozygously identical to strain
JEL423. Figure from Farrer et al., 2011.

major clade referred to as the GPL-2 and several other, less distinct clades. The GPL2 clade includes several global isolates, in particular from Latin America, including
all strains between JEL274 and MCT8 on Figure 4.9. In their original analysis, before
inclusion of all 20 strains from the Farrer et al. (2011) study, the other, less distinct
clades all grouped into a singular group referred to as GPL-1 (Figure 4.11). This
clade includes mainly North American strains and suggests there is a significant
genetic difference between these isolates and the majority of globally isolated GPL
strains. The inset of their figure indicates that the estimated age of the GPL was
highly variable when considering just LOH or non-LOH regions of Supercontigs.
The general finding was that the non-LOH regions gave far greater estimates of age
than the LOH regions. This is fairly obvious if you consider that LOH regions have
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fewer distinguishing SNPs present and thus will appear to be far less diverged than
the equivalent non-LOH regions. Importantly, many of the major divisions in their
phylogeny had extremely low bootstrap values which indicates the potential lack of
accuracy for this phylogenetic tree. In particular, the GPL-1 clade did not group as
a single clade, which has been suggested to be due to the inclusion of less accurate
SNP data from the Farrer et al. study.

F IGURE 4.11: Rooted phylogeny inferred from 101,931 SNPs in 29 isolates of Bd. Locations of isolates are colour coded, based on the legend
on the left. Red box indicates strains belonging to GPL-2 subset. Figure
from supplementary materials of Rosenblum et al., 2013.

The phylogeny produced by Farrer et al. provided useful insight into the phylogenetics of Bd at the time of publication (2011). The phylogeny was produced using
SNP data generated from ABI SOLiD sequencing reads. These SNPs were selected
from locations in the mitochondrial genome, providing evidence for its use in phylogenetics. The coverage and accuracy of these ABI SOLiD reads were far inferior
to later studies such as Rosenblum et al., 2013, resulting in a phylogeny that was
much less accurately resolved at the intra-lineage level. As indicated on the figure
by their absence, the bootstrap values in most cases were below the recommended
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cutoff value of 50. This has severe implications on attempting to resolve any information as to the origin or within lineage variation of the GPL. The colour space
reads generated from the ABI SOLiD technology for this analysis were of insufficent quality to accurately call SNPs as heterozygosities, rather than simple errors.
These reads are prone to higher error rates than Illumina reads as their generation
and resulting format relies on the previous base call in the read being accurate. Each
position in the read refers to the previous position as to determine the base at that
site, with only the initial base call of the read being an actual base (i.e. A, C, G or T)
and the remaining positions being number coordinates used to determine the next
base. For this reason, if an error is introduced at any point in the read, the remainder
of the read will be entirely erroneous and thus unusable for accurate analyses. The
major finding of the Farrer study, as shown in Figure 4.10, is the presence of three
clearly divergent lineages of Bd (Farrer et al., 2011). Two of these appeared to be geographically constrained to particular regions of the globe (Switzerland and South
Africa respectively), though the BdCAPE lineage was also isolated in Europe which
suggests it had been dispersed from its place of origin.
Another feature of the Farrer et al. (2011) phylogeny figure is their sliding 10 kb
window heterozygosity analysis. Though perhaps rather unintuitive, the colours
represent different states of heterozygosity relative to the reference strain JEL423 (as
described in figure legend). The major use for this analysis is to identify pervasive
LOH in multiple different strains. These are represented by a shared lack of colour if
the homozygous region is identical to JEL423, such as on the right half of the second
largest Supercontig. In other cases these can also be represented by a shared region
of red bars, if the homozygous region is different to JEL423. They also attempted
to label mitotic crossover sites within the genome, however the accuracy of these
is questionable, as obvious crossover sites, such as that on Supercontig 2, were not
present.
For the Rosenblum study in particular, the SNPs were selected from every region
of the genome, and did not take into account the effects of loss of heterozygosity. The
importance of this to phylogenetics is that single LOH events affect large regions of
the genome and thus large numbers of SNPs. If these SNPs are factored into the
phylogeny of the species then any groups sharing a similar or identical LOH will be
seen as clustering closely together. These may in reality be fairly distantly related
and the effect of the LOH may be confounding their relationship based purely on
SNP data. When considering all phylogenetic analyses, caution had to be taken as
to not allow this effect to confound the results and as such different phylogenetic
methods were utilised in the present study.
The analyses in this study provided evidence for placing particular strains closer
together on a phylogenetic tree of the BdGPL lineage. There was, however, too much
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variation within the chosen samples to be certain as to where to place all GPL strains
relative to one another. There was sufficient evidence to confirm the segregation
into two subgroups known as GPL-1 and GPL-2 (Schloegel et al., 2012). On an interlineage level, however, it was extremely obvious which strains belonged to different
lineages, based purely on the number of homozygously different SNPs present in
the strains relative to one another. The several different phylogenetic methods and
their markers are discussed in the remainder of this section.

4.4.1

LOH and CCNV Analysis

Though LOH could potentially be detrimental to traditional SNP based phylogenetics, if the exact edge of the LOH region could be determined, they could be
used as a strong phylogenetic marker themselves. These patterns proved interesting
due to their remarkably variable nature within the BdGPL. The frequency of mitotic
crossover resulting in LOH was much higher than expected, with every one of the
20 strains tested exhibiting different LOH patterns when compared to one another
across almost every chromosome. The evolutionary importance of this relates to the
effect of a lost allele on the effectiveness of a gene. If one allele had a weaker phenotype, then by eliminating the allele, the organism could be affected either positively
or negatively. As a single LOH event often affects a huge proportion of alleles all at
once, it is assumed that in many cases this would have a neutral overall effect on the
organism, with a balance of helpful and detrimental alleles becoming homozygous.
Mitotic recombination and gene conversion may offer a solution for removing
deleterious mutations from clonal organisms. As these phenomena both result in
LOH for the region of interest, they can cleanse or exacerbate positive or negative
mutations. Selection may lead to more common LOH and may explain why it is so
prevalent in the strains that were tested. Similarly, situations may exist in which a
balanced heterozygous lethal allele occurs and LOH will result in death of the individual due to one of the two lethal alleles being brought to homozygosity. This may
explain why LOH regions do not extend past a certain point in multiple strains, even
though there appears to be no physical constraints stopping LOH from occurring.
It is possible that certain strains, which are closely related to one another, have
undergone LOH which has masked previous LOH patterns that may have been
strong phylogenetic markers for the two strains. If an LOH event occurs, it will
cause the entirety of the chromosome arm from that point to become homozygous
in most cases. If the previous events that had tied the two strains together phylogenetically had occurred closer to the telomere than the latest crossover events, then
they would be lost as markers for phylogenetic analysis.
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While observing LOH patterns on the two largest Final Contigs, it was clear that
there was an LOH region present in 19 of the 21 strains of the BdGPL to the right
of 2,350 kb on Final Contig 1. This suggested that the GPL may be separated into
two sub-lineages as had been suggested in previous studies (Schloegel et al., 2012;
Rosenblum et al., 2013). This result alone did not confirm this suggestion however,
and further phylogenetic markers had to be considered. In addition to this pervasive LOH region, there was another which was present in every GPL isolate on Final
Contig 2. Though this region could not be used as a phylogenetic marker itself, it
provided a unique method of determining phylogenetic differences between GPL
isolates, while also providing evidence for a molecular clock in Bd. This method involved observation of de novo mutations within this LOH region. In theory, any SNP
which was present within this region must have been accumulated since the mitotic
crossover event occurred. Using this logic, it was then possible to observe all SNPs
present in all strains of the GPL and compare those amongst isolates in order to determine any more closely related strains. This analysis confirmed the presence of
two GPL sub-lineages: the so-called GPL-1, mainly from regions of North America, and the more globally distributed GPL-2. These were confirmed by the presence of several heterozygous SNPs in the GPL-2 group that were homozygous in
GPL-1 members. Again, the potential issues associated with LOH were observed in
this analysis, as some GPL-2 strains had experienced subsequent mitotic crossover
events to the large event shared by all GPL strains. This meant that in some cases
they appeared to be more closely related to the GPL-1 group and thus care was taken
to assign strains to either sub-lineage using this method.
Interestingly, LOH was observed within the other Bd lineages, indicating they are
under the influence of similar genetic effects, though they exhibit much less severe
virulence than the BdGPL.
The extent of observed CCNV was also extremely variable between all strains.
This seemed to be more common on certain chromosomes, either suggesting an altered copy number early in the evolution of the BdGPL or suggesting that these
chromosomes are more susceptible to copy number variation. It could be possible
that virulence factors exist on these particular chromosomes and thus by increasing the copy number of the chromosome, the individual becomes a more effective
pathogen. In addition to these CCNV changes, length variation, as identified by
Morehouse et al., 2003, may contribute to the genome evolution of individual Bd
strains.
Looking at each chromosome, and the extent of CCNV that they exhibit, it was
clear that some chromosomes are more or less likely to undergo copy number changes.
In particular the chromosomes represented by Final Contig 1, 4.1, 6 and 7.1/7.2 all
had identical patterns of CCNV between strains, with no copy number changes from
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the base level. This may suggest that the chromosomes are unable to change copy
number, as the genes they contain are required at a certain dosage relative to the
rest of the genome. Conversely, chromosomes represented by Final Contig 2, 3, 5
and 8 all had more commonly increased copy number, which may suggest that they
contain putative virulence factors, or that they gained copies in a common ancestor
of several of these strains. Interestingly, Final Contig 16 exhibited a reduced copy
number in several strains, exhibiting haploidy in 3 Australian strains. This suggests
that there may be a common ancestor of these particular strains which had lost a
copy of this chromosome, and possibly that decreasing its copy number has an evolutionary benefit.

4.4.2

Phylogeny of Australian/New Zealand Bd Strains

Unfortunately, these analyses did not secure a confident answer for the likely origin of the New Zealand and Australian strains. Several methods gave promising
results, however they could not be relied upon as cryptic sources of variation would
interfere with the phylogenetic analysis. During the course of this project, it was
not possible to completely resolve which strains were more closely related than
other strains. The most promising phylogenetic marker appeared to be the chromosome copy number variation patterns, which were linked fairly strongly to particular groups of strains from similar locations. Though this was a good sign for
establishing phylogenies, it was also highly variable, and is able to change between
generations. Perhaps, by combining several variables into a single highly complex
analysis, it would be possible to produce a phylogeny with semi-confident branches.
Several methods involving strong markers, such as the presence or absence of a particular retrotransposon, exhibited no variation within the GPL, though other less
robust markers exhibited a large amount of variation, making phylogenetic studies
highly complex.
The outbreak strain in New Zealand was suggested to have been more closely
related to the South American samples than Australian samples (Waldman et al.,
2001). This was based on variations in the small rRNA subunit gene, claiming 3%
variation existed between the Australian and New Zealand samples. The same analysis suggested that no variation existed between the New Zealand and South American sample. In order to determine the validity of this claim, Illumina reads from
several global BdGPL strains were mapped to the ssrRNA gene. This analysis identified no variation within any samples, though all Illumina read sets contained variations to the reference gene obtained from Genbank (sourced from strain JEL197).
This may be a simple sequencing error in the Genbank entry which has led to the
observation of variation which is not present in reality. The claims by Waldman et
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al. may be due to a similar error in sequencing of the different strain’s ssrRNA gene
as this sequencing was done with old, inaccurate read sequencing technology (most
likely Sanger-based). It is also possible that the error arose during polymerase chain
reaction (PCR) amplification of the ssrRNA gene, this could easily become quite
apparent if it happened in an early cycle of the PCR (Kwiatowski et al., 1991).

4.4.3

Inter-lineage Analysis

Analysis of shared heterozygosities was used as a method of determining how recently different lineages diverged from one another. This analysis had to be cautiously applied, as the presence of an LOH region would result in strains appearing
to be either more closely or distantly related than others. As such, regions closer
to the putative centromere were preferentially selected for SNP analysis, due to the
decreased likelihood that those SNPs would be within an LOH region. These analyses proved very interesting, as some SNPs were present in multiple strains, and
extremely unlikely to have arisen independently. This suggests that the chromosome in strains with identical SNPs must have originated from a common ancestor.
By applying this logic to multiple SNPs in multiple strains, the degree of relatedness for different lineages could be determined. This study appeared to suggest
that the BdBrazil lineage is the closest related lineage to the BdGPL. This appeared,
however, to be subject to some cryptic differences between regions of the genome,
as for some locations all lineages appeared equally different to the BdGPL. For other
regions however, specific lineages shared heterozygosities not present in other lineages. Upon close inspection of these shared heterozygous sites, it became clear
that it was highly implausible for all of these lineages to have arisen from a simple
branching phylogenetic tree (see Appendix C for breakdown of SNPs). The concept
of these lineages having arisen from a single shared gene pool, and subsequently
diverged and accrued novel mutations became a highly plausible scenario. This
suggests a polytomy, or starburst phylogeny may exist amongst Bd lineages. In this
model, any sampled lineage could appear to be arbitrarily more or less closely related to any other, depending on which region of the genome was being observed.
For this theory to be correct, there must have been a sexually reproducing population of Bd, from which asexual lineages could have arisen at different time points.
If the total shared heterozygosity tallies were to be believed, several important
inferences could be made. The implications of the BdGPL being more closely related
to BdBrazil are pivotal to the understanding of its origin and evolution. If this was
the case, then it would suggest the BdGPL originated near Brazil. This is a plausible
situation, as there are a large amount of exports for American bullfrog (Lithobates
catesbeianus) from farms within Brazil. This may have provided the globalisation
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necessary for the BdGPL to flourish, and may explain why the vast majority of the
global set of pathogenic Bd appears to be members of the BdGPL. The concept of
the GPL being a hybrid is also highly plausible, as there may be many uncultured
Bd lineages existing within South America. It has already been proven that BdBrazil
is capable of hybridisation (Rosenblum et al., 2013) and this immediately posits the
idea of sexual reproduction with another lineage in order to produce the hypervirulent BdGPL.

4.4.4

BdBrazil and Putative Hybridisation

Our analyses provided additional clarification of the hybridisation that had occurred
between BdGPL and BdBrazil, in order to produce strain CLFT024-02. This has
very interesting implications on the understanding of how Bd is able to reproduce.
Clearly, there must be some kind of barrier to sexual reproduction within lineages,
and this must not be as much a barrier when genetically dissimilar lineages interact. It appears to be relatively uncommon, as this is the only known hybrid strain
of Bd discovered so far. This is very important evolutionarily, as the BdGPL could
potentially have rapidly evolved into a hypervirulent lineage through sexual reproduction between two less pathogenic lineages. There is some evidence for this, and
some counter-evidence, however the isolation of a hybrid strain definitely suggests
the plausibility of the theory. The evidence against the hybrid origin for BdGPL
involves the observation of highly elevated levels of heterozygosity in the hybrid
strain CLFT024-02. For the GPL to be considered a hybrid lineage, strains within it
must exhibit elevated heterozygosity relative to other non-hybrid lineages, such as
BdCAPE or BdCH. It is possible that these lineages are all hybrids, in which case the
comparison of heterozygosity levels will not achieve a resolution of the argument,
and this must be considered while attempting to clarify the origin of Bd.
If CLFT024-02 was a hybrid between the BdBrazil and the BdGPL, then it would
be expected that for any SNP that is 100% different between strains it should exist
at 50% in the hybrid. This was observed at 18 of the 100 total SNP sites, with no
exceptions (Table 3.10). Another expected scenario is that SNPs present at 50% in
both parent lineages should be able to be inherited at either 50% frequency for both
or 100% frequency for either allele, with an example of each shown at 10 out of the
100 total SNP sites. Both of these situations result in a much higher proportion of
heterozygous sites within the hybrid strain relative to either of the parent lineages.
Only one of the 100 total SNPs was found to disagree with the hybridisation: the
SNP present at 50% in RTP5, 100% in UM142 and not present in the hybrid. In theory
this should not be possible, however there are several explanations for its existence,
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possibly being due to a reversion in the hybrid or strain differences between the
sampled parental strains and the actual parental strains.
If the hybridisation had occurred relatively recently, then there should be very
few novel SNPs occurring within the hybrid due to genetic drift. No obvious examples of these sites were found (in over 400 observed SNP sites). As such it appeared that the hybridisation must have occurred relatively recently (within the last
50 years or so) and may be due to globalisation placing the two distantly related lineages within close proximity, thus allowing sexual recombination and hybridisation
to occur.

4.5

Meselson Effect

There is no clear evidence for the Meselson effect having occurred in the BdGPL, as
the vast majority of the analysed ORFs appeared to have undergone some degree of
selection for maintaining the function of both homologs. This helps to explain the
extent of clonality to which the BdGPL exists, suggesting it has been reproducing exclusively asexually for a relatively short period of time. It appears that these SNPs
most likely came from a hybridisation between parental Bd strains that were significantly different to one another. This most likely occurred during an ancestral stage
of Bd in which there was a large gene pool of sexually reproducing organisms that
underwent meiotic recombination in order to produce highly varied heterozygous
offspring. In theory, the evidence suggests that all currently sequenced strains of
Bd are derived from individual strains of this sexually reproducing gene pool, that
became exclusively asexual for an unknown reason. These ancestral strains from
each lineage likely contained a diploid set of highly heterozygous chromosomes,
with distinct homologs of each gene having been undergoing stabilising selection in
order to maintain the function of both copies.

4.6

Conclusion and Future Implications

Overall, this project was highly successful. The major aim was to generate a higher
quality Bd reference genome assembly using PacBio sequencing technology. An extremely high quality genome assembly was produced, opening the door for much
higher accuracy future analyses of the fungal pathogen. Examples of the potential
applications for this improved genome assembly were shown, and the curiously
unusual genome of the chytrid fungus was displayed. A combination between
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LOH patterns, chromosome copy number and mitochondrial indels and SNPs provide strong evidence for assessing inter-lineage phylogenetics, and provided new
insights into the intra-lineage phylogenetics.
The success of this project, and the knowledge gained from assessing the new
genome, suggest that this type of analysis is extremely useful for those attempting to
understand newly emerged pathogenic species. The rapid emergence of Bd, and its
extraordinarily wide range of hosts, identifies the risk posed by relatively unknown
organisms developing into dangerous pathogens. Finally, this indicates how vital
it is to develop our understanding of obscure species as a means to save global
biodiversity during times of mass extinction.
Following submission of this thesis for examination, but prior to final submission, a paper of great interest (O’hanlon et al., 2018) was published. This paper
draws numerous interesting conclusions, verifying several of this studies analyses.
In addition, it provides a large number of Illumina reads from several global strains,
including multiple Australian strains. Initial work with these sequences, utilising
the improved genome of this study, has provided exciting phylogenetic inference
into the internal structure of the BdGPL, providing powerful evidence for the importance of this study and the improved genome assembly.
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