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PREFACE

The genomics era is advancing rapidly as new technologies are developed to uncover a
plethora of information regarding species biology. Whole genome sequencing can be used
to directly investigate the genetic make up of a species with increasing accuracy. In the
Fungal Kingdom, this technology is providing invaluable insights into pathogenicity, mating
systems and species evolution, to name a few. The genus, Ceratocystis has a humber of
species that are prominent in the forestry industry as pathogens and saprophytes. With the
availability of a number of genomic sequences belonging to the Ceratocystis genus, an

opportunity presented itself for gene discovery and interspecies comparisons.

The aim of this study was firstly to increase the number of genome sequences in the
Ceratocystis genus with that of C. moniliformis. Secondly, to investigate the mating type
system of C. moniliformis and finally to compare a repertoire of genes between species
spanning the genus to gain insights into pathogenicity and species evolution. The thesis is
comprised of three independent chapters.

The first chapter delivers a historical review of genomics and the progression of the
technologies in this field with special reference to fungal research. The ability of genome
studies to examine individual isolates raises the question as to whether model organisms
have been rendered redundant as a tool for biological research. The advantages and
disadvantages of each of these research avenues provided a platform for a discussion
regarding the relevance of both. The impact of genomics on microbial research in terms of

new technologies and applications clearly depict the importance of the genomics era.

Chapter 2 deals with the sequencing of a saprophytic fungus belonging to the Ceratocystis
genus, C. moniliformis. Subsequently, the assembled genome was exploited to determine
the mating type structure and gene organisation of this species using bioinformatic tools.
Ceratocystis moniliformis is a homothallic fungus which would typically contain the genes
from both the opposite mating type idiomorphs. Another species belonging to this genus, C.
fimbriata undergoes mating type switching and has been thoroughly characterised. With the
availability of the assembled genome, the mating type locus in C. moniliformis was identified

and compared to that of C. fimbriata and those of other homothallic species.

In chapter 3, the repertoire of B-fructofuranosidase genes present in 17 genomes spanning

the Ceratocystis genus was investigated. A genomic comparison was performed on 17

2
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genomes belonging to the Ceratocystis genus. The B-fructofuranosidase proteins are
implicated in carbohydrate metabolism and have been reported to play a possible role in
pathogenicity. An interest in these genes led to an investigation of their presence in all 17
genomes. Phylogenetic analysis was used to provide insights into the involvement of

duplications in the evolution of species in this genus.

The genome sequence of C. moniliformis has added to the collection of sequenced
genomes in the Ceratocystis genus and affords opportunities for thorough species
comparisons in the future. Together, this research adds to the knowledge of mating in fungi

as well as population biology and species evolution in Ceratocystis.
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© University of Pretoria



NIVERSITEIT VAN PRETORIA
NIVERSITY OF PRETORIA
UNIBESITHI YA PRETORIA

(@

<cc

1. Introduction

Genomics encompasses the determination of the complete DNA sequence of an organism in
combination with bioinformatics for the assembly of the genome, identification of genes and
genome analyses (Kuo et al. 2014). Although the first genome (bacteriophage MS2 RNA)
was sequenced in 1976 (Fiers et al.), it wasn’t until the sequencing of the Saccharomyces
cerevisiae genome in 1996 (Goffeau et al.) that the field of mycology truly entered the
genomics era (Foster et al. 2006). Ultimately, it was the completed draft human genome
(Lander et al. 2001) that launched genomics into the international scientific arena. This
resulted in the ability to unravel biological phenomena from genome data and to rapidly

develop associated technologies.

Substantial work on the genomes of different yeast species laid the foundation for genomics
of fungal species and higher Eukaryotes. Since the publication of the genome of the baker’s
yeast, Saccharomyces cerevisiae, in 1996 (Goffeau et al.), the number of filamentous fungal
genomes that have been sequenced has increased rapidly with this fungus serving as a
model for other fungi. Encephalitozoon cuniculi, an atypical fungus that is an obligate animal
parasite (Katinka et al. 2001) and another yeast, Schizosaccharomyces pombe (Wood et al.

2002) were the second and third fungal genomes to be sequenced.

The field of fungal genomics gained momentum in November 2000 when Gerry Fink of the
Broad Institute (then the Whitehead Institute) established the Fungal Genomes Initiative
(FGI) (Foster et al. 2006). The aim of the FGI was to propose genome sequencing for a
broad range of fungal species. These species were selected based on their potential to
provide insights into their ecological, evolutionary, medical and basic biological
characteristics (Birren et al. 2002; 2003a; 3003b; 2004). The first filamentous fungus for
which the genome was sequenced was red bread mould fungus, Neurospora crassa
(Galagan et al. 2003). By 2006, on-going as well as completed fungal genome projects
amounted to 115 (Foster et al. 2006). These included projects run by the FGI and The
Institute for Genome Research (TIGR) among other public as well as private initiatives. To
date, there are 1903 fungal genome projects listed on Gold Genomes
(http://www.genomesonline.org/), while the Joint Genome Institute (JGI) site reports 1568

fungal whole genome projects (http://genome.jgi.doe.gov/programs/fungi/fungal-projects.jsf)
and all data were retrieved on 12/04/2014.

The numerous fungal genomes available to the scientific community have provided attractive

opportunities for comparative genomics of different species promoting an improved

5
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understanding of their genomic structure and function. Comparative genomics is a valuable
tool to better understand the genes involved in host specialisation, evolution, development
and pathogenicity. Applications of comparative genomics have helped to determine the role
of gene losses and gains as well as horizontal gene transfer in the evolution of prokaryotes

(Koonin and Wolf 2008) and some filamentous fungi (Andersen et al. 2011).

2. Model Organisms

2.1 Saccharomyces cerevisiae: the platform for eukaryotic genetic research

Saccharomyces cerevisiae has provided a foundation for fungal genome studies. The
genome of this model yeast was sequenced via a worldwide collaboration of some 600
scientists (Goffeau et al. 1996) and it gave rise to a substantial body of research in
subsequent years (Figure 1). One of the first steps towards understanding the data emerging
from the genome sequence was to functionally characterise novel genes. A research
network, the European Functional Analysis Network (EUROFAN) (Oliver 1996) undertook
the analysis of these genes along with other teams from the United States, Canada and
Japan (Goffeau et al. 1996). The knowledge gained from this vast project established a

remarkable foundation for future research, especially in eukaryotic and fungal genomics.

To determine the function of every gene in an organism is an arduous task, though the
knowledge of where and when a specific gene is expressed may provide evidence for a
reasonable hypothesis (DeRisi et al. 1997). Researchers from Stanford in the USA
developed a transcriptome microarray slide for S. cerevisiae in order to measure gene
expression profiles (Schena et al. 1995; Shalon et al. 1996). The genome provided almost all
of the S. cerevisiae gene sequences that were printed as targets in a high-density array on a
glass microscope slide. The experimental procedure began with the extraction of cellular
MRNA which was then easily converted to cDNA by reverse transcription. These sequence
data were hybridised to the microarray chip and the fluorescence of different colours could
then indicate increased and decreased expression levels. This technique allowed for a rapid
method to investigate gene expression differences on a genomic scale to aid in the
identification of gene functions. For this reason, microarrays have become a popular tool for

the elucidation of gene function (Nowrousian et al. 2005).
Three years after the development of the microarray for S. cerevisiae, one third of the yeast

open reading frames (ORF) were still described as proteins of unknown function (Mewes et

al. 1997; Uetz et al. 2000). In an attempt to rectify this shortcoming and to further reveal

© University of Pretoria
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protein-protein interactions, a study was conducted using a yeast two-hybrid assay on
predicted yeast ORFs (Uetz et al. 2000). This assay involves the establishment of a library of
yeast ORF’s that are each hybridised with a GAL4 activation domain. The roughly 6000
predicted proteins are each fused to a GAL4 DNA binding domain. Both the activation
domain and the DNA binding domain are required for a particular downstream gene to be
expressed. If the yeast proteins attached to the respective domains interact, the domains are
brought together resulting in the expression of the reporter gene. In this way, interacting
yeast genes can be identified. This breakthrough allowed for uncharacterised proteins to be
assigned an appropriate biological function based on their interactions with other known

proteins, or at least link proteins that function together in a cell (Uetz et al. 2000).

In 2001, a revolutionary proteome chip was developed for global analysis of protein activities
(Zhu et al. 2001). In this study, 5800 ORFs were cloned (80% of all the S. cerevisiae ORFs)
and the proteins over-expressed. These proteins were printed onto slides to generate a
yeast proteome micro-array. The chip was utilised to identify calmodulin-binding proteins and
characterise a common potential binding motif for these proteins. This technology provided a
means to screen interactions between proteins on the chip, and other proteins or
phospholipids. Furthermore it allowed for the elucidation of post-translational modifications
(Zhu et al. 2001).

A further advance in terms of understanding S. cerevisiae gene function was the gene
knock-out project which produced deletions of 96% of the organism’s open reading frames
(Giaever et al. 2002). Each of the genes was completely deleted and replaced with a
“deletion cassette module”. This represents a form of “reverse genetics” that is possible only
where a complete genome sequence is available. Here, the gene is identified first and
subsequently the phenotype analysed or linked to the gene; as opposed to the formidable
task of generating random mutants and then attempting to identify the gene responsible for
the observed phenotype (Giaever et al. 2002). These knock-out libraries provided a means
by which to allocate gene functions based on the resultant phenotype of the yeast (Foster et
al. 2006).

Yeasts and particularly S. cerevisiae became interesting to scientists as early as the 1800’s,
largely because of their role in in alcoholic fermentation (Barnett 2003). Studies on S.
cerevisiae contributed substantially to the fields of microbiology and biochemistry, and this
has continued to be true after the genome of this fungus was sequenced. The wealth of data
and the advanced techniques that have emerged from studies of this organism have led to it

being referred to as the “biotechnology workhorse” (Hofmann et al. 2003). While its features

7
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make it an opportune resource for use in genetics research, their unique genomes which are
aneuploid, polyploid or hybrids, hinders the transfer of all the acquired knowledge and

techniques to other species (Hofmann et al. 2003).

2.2 The model organism debate

For many decades, research has focussed very strongly on the genetics and physiology of
various model organisms across the Kingdoms of Life. Model organisms are defined as
species that have been the target of extensive research made available to the scientific
community and have well established techniques for genomic manipulation (Fields and
Johnston 2005). These organisms serve as representatives for other related species, and it
is assumed that the knowledge gained will be transferable across related species. However,
with the advent of technology to sequence and analyse genomes from non-model species,

the question arises as to whether this will decrease our dependence on model organisms.

During the mid-1900’s, scientists sought to unravel the mystery of how cells functioned at a
molecular level using a reductionist approach. This was accomplished by focussing on
central molecular mechanisms such as transcription, protein synthesis and replication.
Bacteria and bacteriophages, the simplest forms of life were used for this purpose (Hunter
2008). As the fields of biology and technology expanded, research extended to more
complex organisms and systems. This in turn required the use of higher organisms as model
species including insects (Drosophila melanogaster), plants (Arabidopsis thaliana) (Hunter

2008) and fungi (Saccharomyces cerevisiae).

There were three main reasons why a reliance on model organisms for future research might
no longer have been reasonable. Firstly, it was noted that the most basic universal questions
have been answered, even if only partially. These questions relate to processes, including
DNA repair, replication and signalling pathways that are relatively conserved throughout the
Tree of Life (Fields and Johnston 2005). Secondly, the resources and tools which rendered
the simple organisms as attractive subjects can now be applied to more complex organisms
(Fields and Johnston 2005). Finally, with the advent of genomic studies on multiple, non-
model organisms, there is an expanding resource of genes and proteins available and
research can be directed at these specific non-model organisms. Researchers no longer
need to base their views regarding the genetics of a particular test subject on what is known
for a model organism. Rather, a genome sequence can reveal the exact gene sequences
that exist in the organism of interest and these can then be directly investigated and

described.

© University of Pretoria
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Having a genome sequence available for an organism has been compared to having a
dictionary with lists of words, however lacking the associated word descriptions (Foster et al.
2006). In order for a newly sequenced genome to be interpreted at a biological level, it is
necessary to assign gene functions and understand organisational implications of the
genome. Substantial funding has been invested to accomplish whole genome sequencing
for a number of model organisms (Fields and Johnston 2005). Several databases, such as
The BioKnowledge Library (http://www.proteome.com), have been compiled that contain
sets of data describing genes, primarily from model organisms (Costanzo et al. 2001).
Information available includes the biochemical function, structure and protein domains,
regulation, genetic interactions, localisation and mutant phenotype among other relevant
data. Scientists who aim to explain biochemical pathways or annotate uncharacterised
genes in new organisms, can access these databases and search for gene orthologs in
model organisms (Costanzo et al. 2001). The data can then be extrapolated to the genome
of the organism being studied. In this way research conducted on model organisms remains

invaluable in the genomics era.

The use of popular model organisms will continue in the years to come for several reasons.
As technology advances, deeper insights and methods for observing the basic biological
processes will develop (Fields and Johnston 2005). Model organisms will offer the best
opportunities to achieve this due to their well characterised biology. Furthermore,
researchers who identify a pathogen or disease implicated gene in humans or plants can
use applicable model organisms to ethically study interactions and functions of these genes
thoroughly. For example, the puffer fish, Fugu rubripes is an ideal model organism to study
human genes because genomic analysis has revealed that three quarters of predicted

human proteins matched genes in the puffer fish genome (Aparicio et al. 2002).

Model organisms will be increasingly used for direct investigation of medical problems in
humans (Fields and Johnston 2005) and pathogenicity in agriculture. Important genes and
pathways implicated in the regulation of aging have been elucidated by studying model
organisms (Guarente and Kenyon 2000). The advantage of studying this process in yeast is
that direct mutants can be identified and the phenotypic implications described. These
results can then offer insights into such processes in humans. Another example includes the
investigation of pathogenic pathways in fungi. Comparative genomics (Tettelin et al. 2008;
Ellegren 2008) and bioinformatic systems biology (Alves et al. 2008; Karathia et al. 2011)
can be applied to the genomes of S. cerevisiae and the related pathogenic species, Candida
albicans to identify genetic anomalies that may be linked to pathogenicity (Fields and
Johnston 2005).

© University of Pretoria
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Model organisms such as the yeast S. cerevisiae and the fruit fly, Drosophila melanogaster,
are ideal for genetic studies because it is relatively easy to manipulate their gene
sequences. These organisms have short generation spans (Hedges 2002), which allows for
many generations to be analysed. In addition, model organisms such as these are also not
complicated by ethical issues that arise with target organisms such as humans (Karathia et
al. 2011).

Model organisms will remain the “testing ground” for the development of new technologies
(Fields and Johnston 2005). Development of reliable techniques for experimental research is
invaluable to the scientific community. The substantial amount of work performed on model
organisms to optimise laboratory techniques has allowed for rapid advancement in genetic
research. This is evident in the gene knock-out system developed in S. cerevisiae (Giaever
et al. 2002). Other examples include a protocol for the study of pre-mRNA splicing
developed on budding yeast (Meyer and Vilardell 2009) and the establishment of a Real-
Time PCR-based approach to quantify bacterial RNA targets in water using Salmonella as a
model organism (Fey et al. 2004). Likewise, the yeast-two-hybrid system developed in yeast
has been used extensively for protein-protein interaction studies (Uetz et al. 2000; Yu et al.
2014).

Biological complexity is incompletely understood and this is a topic of substantial current
interest. By combining the already well described pathways in model organisms, researchers
will advance toward a more quantitative understanding of life processes (Fields and
Johnston 2005). This will ultimately lead to the desired elucidation of a molecular interactions
network. In order to accomplish this goal, a combination of genomic data sets, multiple
technologies, bioinformatic specialists and genetic experimentalists will be needed. Thus
genomic studies of non-model organisms need to be incorporated into studies with model
organisms to achieve this goal. This evidence serves to demonstrate the continued value of

model organisms for research in the genomics era.

3. Impact of Genomics on Research

Full genome sequencing has had a substantial impact on many aspects of biological
research. The task of sequencing a genome carries with it various computational challenges,
including the need to develop physical and genetic mapping algorithms, a requirement to
work with large scale sequence assemblies, data processing, databases and annotation.
The sheer volume of data that needs to be processed illustrates the problems that arise in

terms of computing capacity. Before the availability of whole genome sequences, the
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identification and mapping of genes required the use of many laborious methods. However,
with a full genome as a starting point, new techniques can be developed and used as

alternatives.

Pathologists argue that novel therapies could be developed based on a deeper
understanding of the fundamental biological processes that govern diseases (Fischer 2005).
This holds true across all aspects of biology, including reproduction and evolution. Prior to
genomic studies, biological issues were addressed using a reductionist approach limited to
one or two molecular levels. Developments in high-throughput sequencing technologies
have made increasingly quantitative views of the complexity of an organism’s biology
possible. These technologies monitor various molecular levels of a cell and are often

referred to as the “-omics technologies” (Fischer 2005) (Figure 2).

By applying high throughput technologies, it is possible to undertake a systematic
investigation of biological systems and to gain a more complete view of the species biology.
These great advances are, however, hampered by the biological interpretations of the data
that involve and rely heavily on computational data integration systems, predictive models
and pipelines (Fischer 2005). The field of computational biology has had to develop rapidly
to deal with the accumulation of large collections of data. The two study areas most
impacted by the exponentially increasing number of available genomes are bioinformatics

and comparative genomics. These are discussed briefly in the following section.

3.1 Bioinformatics

Bioinformatics involves the computational management and processing of genetic data and
it has become one of the most valuable fields of modern science (Ouzounis and Valencia
2003). This field has needed to keep up with the large volumes of data emerging from
genome sequencing. All the sequence, structural and functional data has led to the need for
optimal storage as well as computational tools for analysis and organisation (Alves et al.
2008).

Computer simulations and mathematical algorithms used for molecular biology research
were first published in the 1950s. This technology allowed for experimental results to be
understood in an efficient progression for biological mechanisms (Alves et al. 2008). In the
1970’s many key developments were made in the progress of bioinformatics with such

studies as the first sequence alignment algorithms (Gibbs and Mcintyre 1970; Needleman

11
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and Wunsch 1970); primary structure of proteins (Krzywicki and Slonimski 1967) and the

popular use of molecular data in evolutionary studies (Jukes 1969).

By the end of the 1970’s, it became necessary to develop computer archives for protein
sequences and structures to be stored and distributed (Dayhoff 1978; Bernstein et al. 1977).
This is also a trend that would grow substantially (Ouzounis and Valencia 2003). As massive
volumes of data accumulated, the capabilities of computer tools and capacity of genomic
high throughput (HTP) techniques increased drastically. This led to a shift from reductionism
towards an integrative approach (Alves et al. 2008). The reductionist approach can be
explained as dividing the problem into individual components that are easier to work with
(Ahn et al. 2006) and thus only focusing on one facet or separate aspects of the complex
process. Alternatively, the integrative systems approach is based on the notion that studying
individual elements of a system does not necessarily reflect the functioning of the entire
system (Ahn et al. 2006).

The influx of genomic data and the desire for an integrative approach to dealing with them,
has led to the development of databases and pipelines for storage, analysis and predictions
of genomic sequences. An example of such a pipeline is the Gene Ontology (GO) project
(Gene Ontology, C. 2004). This Consortium aims to establish firstly, a set of ontologies to
describe critical concepts in molecular biology and secondly, the software that can be
publically accessed for the annotation of genomic sequence. The overall purpose is to
achieve worldwide conservation of biological terminology enabling accurate and common
interpretation of data for all researchers. Similarly, a pipeline such as MAKER (Cantarel et al.
2008) functions to set up a database and annotate eukaryotic genomes in a simplistic
manner. This is beneficial for small scientific communities that lack bioinformatics expertise.
For a systems approach, a database such as Kyoto Encyclopedia of Genes and Genomes
(KEGG) is favourable. The database elucidates gene functions based on networks of

molecules and diagrams of known biochemical pathways are also stored (Ogata et al. 1999).

These online programs and pipelines make genomic sequence data readily available for
research groups. Further development of systems biology based pipelines will allow for a
more thorough, integrated understanding of the manner in which biological pathways interact
to result in a particular function. Having the means by which to analyse vast amounts of
genomic data, an example being the 1000 fungal genome  project
(http://1000.fungalgenomes.org/), may also lead to a continual increase in genomic
sequencing efforts. An advantage is that a collection of multiple genomes spanning many

species allows for an even deeper investigation of genetics.

12
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3.2 Comparative Genomics

The growing volumes of research performed on genomes of model and other organisms and
bioinformatics has led to the development of the field of comparative genomics. Here
comparisons are drawn between genomes of various species (Foster et al. 2006). These
comparisons can be focussed on the complete gene sets, organisation of genes or specific
gene clusters, depending on the research question. Due to the substantial number of
genomic sequences available, as predicted by Hofmann et al. (2003), comparative genomics

has become a major tool for gene identification.

3.2.1 Application in Gene Discovery

Comparative genomics draws its strength from synteny, the conservation of gene order as
well as the DNA sequence of genes in closely related organisms (Foster et al. 2006). This
can be exploited in gene discovery, when searching for particular genes in a poorly
characterised genome. The gene can be located in an annotated genome and subsequently,
the equivalent genomic region in the related genome of interest investigated. Prior to the use
of genome comparisons for gene discovery, degenerate primers designed based on
characterised genes as well as hybridisation techniques were pivotal to determine the

presence and sequence of a gene in a genome.

An example of the prior technique is provided by the work of Glass et al. (1988) for the
elucidation of mating type genes in the model species, Neurospora crassa. Glass et al.
(1998) cloned the A mating type gene by exploiting its proximity to a selectable marker. The
cloned sequence was then used in hybridisation assays as a probe to search for common
DNA that flanks mating type genes in opposite mating isolates. Their aim was to determine
the sequence of the “a” mating type gene, the alternate gene present in an individual that
has to cross with an A mating type individual to reproduce. This method can be time
consuming and inefficient. Furthermore, sequences may be too divergent for adequate
hybridisation and researchers may forfeit the ability to view the complete gene sequence.

The ability to compare genomic data allows for an in silico BLAST search of syntenic sites in
genomes to identify and characterise genes. This was demonstrated in the genome
comparison of necrotrophic plant pathogenic fungi, Sclerotinia sclerotiorum and Botrytis
cinerea (Amselem et al. 2011). These broad host-range pathogens are close relatives,
however they differ in reproductive behaviour. This dissimilarity was explained by comparing

the genes present at the mating type loci of each fungus. Whole idiomorph characterisation

13
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was possible from the assembled genome sequences. Differences in mating behaviour were

therefore explained based on the variation in gene content at the mating type loci.

The in silico comparative approach illustrated above is largely beneficial for studying
organisms that differ in specific characteristics to elucidate genes of particular interest. Prior
to the era of genomics, specific candidate genes were targeted or mutants generated to
elucidate genes responsible for specific lifestyles such as parasitism (Foster et al. 2006).
Now, genomes of related species that possess alternate ecological characteristics can rather
be compared computationally (Foster et al. 2006). Genes or suites of genes can then be

directly identified and tested.

The term “reverse-ecology” (Li et al. 2008) has been applied to the research approach where
genomic discrepancies are identified and then functionally described as opposed to a focus
on a specific trait and then searching for the gene targets. Reverse-ecology harnesses the
power of comparative genomics to identify target genes of natural selection by analysing
genetic diversity within and between species populations (Ellison et al. 2011; Akey et al.
2004; Begun et al. 2007). This can, in turn, uncover the genes that control ecological and
evolutionary traits (Li et al. 2008).

Local adaptations to temperature were elucidated by the identification of high divergence
regions between N. crassa populations using reverse-ecology. This unbiased whole-genome
approach identifies differences in the genome and thereafter, the function or implication of
such divergence is deduced. Subsequent growth assays showed differences in temperature
fitness and BLAST analyses of the genes involved indicated associations with cold response
and circadian clocks (Ellison et al. 2011). In this way, the ecologically adaptive phenotypes

were assigned to regions of interest identified by comparative genomics.

Another example of reverse-genetics can be found in studies of the model organism S.
cerevisiae. The combination of reverse-genetics and the tools and data available for a model
organism have been exploited in order to study fundamental traits in biology. The genome of
S. cerevisiae was analysed for tandem repeats (short stretches of repetitive DNA) (Vinces et
al. 2009). It was demonstrated that tandem repeats occupy nucleosome free genomic
regions, and these were consistently embedded at promoter regions, thus affecting the
expression of genes. This evidence made it possible for Vinces et al. (2009) to speculate
that tandem repeats affect the local chromatin structure and thereby play a role in the
“evolutionary tuning” of gene expression. By first analysing the genome, avenues emerged

to explore core mechanisms of gene regulation leading to evolutionary diversity.
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3.2.2 Application in Microbial Studies

While a “reverse” approach has been used on other systems such as mice and trees (Turner
et al. 2010; Harr 2006) it may be most useful in microbial research (Ellison et al. 2011). Due
to the fact that a nearly complete reference genome is needed for a reverse-genetics
method of study (Storz and Wheat 2010), the concern arises as to whether it is worth
studying non-model organisms, that are currently lacking genome sequences, in this manner
(Ellison et al. 2011). But the generally smaller genome size and lower repeat density
compared with macrobes, has made it possible to generate reliable de novo assemblies of
microbial genomes using low-cost short reads. With the advanced sequencing technologies
available, it is thus plausible to generate a reference genome from a single individual and to
compare it with many other individuals re-sequenced at a lower coverage (Ellison et al.
2011).

The advantage of comparing genomes of species differing in life-style and habitat is the
ability to thoroughly identify notable genetic differences in silico and then focus on these
areas. Such a comparative study was conducted on the genomes of two primary mammalian
pathogens, Coccidioides immitis and Coccidioides posadasiia, a non-pathogen,
Uncinocarpus reesii and that of a distantly related plant pathogen, Histoplasma capsulatum.
Analyses revealed expansions and contractions of gene family size associated with a
host/substrate shift from plants to animals (Sharpton et al. 2009). Coverage of the genomes
ranged from 14.5X down to 5X. By considering fungi with different ecological associations,
for example pathogen vs non-pathogen and plant pathogen vs animal pathogen, differences

can be targeted and interrogated for associations with particular phenotypes.

Comparative genomics has revolutionised the manner in which research is performed.
Rather than randomly searching for the genes responsible for specific traits, it is possible to
initially compare genomes that differ with regards to a trait and identify genetic discrepancies
between the genomes (Ellison et al. 2011). The genetic data can thus be used as a starting
point and worked backward to explain the phenotypic result and thereby often increasing the
efficiency of research.
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4. Conclusions

The field of genomics has dramatically enhanced the way in which we study the biology of
organisms. Fungal genomics emerged after the sequencing of S. cerevisiae over 15 years
ago and it is a field that has continued to advance exponentially since that time. Numerous
model organisms have been well characterised at the genome level and these provide a
basis to study related organisms. Debates as to whether genomic studies of individual
organisms will render model organisms redundant tend to favour the value of model

organisms.

Genomics has shifted biological research from a disparate focus of DNA only or single gene
analyses to an integrative approach. It now is possible to identify all aspects of a particular
biological pathway by using, to name a few, genomics and transcriptomics along with
molecular techniques to elucidate all the factors that contribute to the pathway as a system.
Comparative genomics is used along with “reverse-ecology” to identify specific areas to

target, eliminating the tedious task of searching for a gene that may not even be relevant.

The fungal genus Ceratocystis that provides the focus of this dissertation comprises a
number of economically relevant plant pathogens and interesting saprophytes. Ceratocystis
moniliformis is vectored by nitidulid beetles to tree wounds and is generally considered as a
saprophyte or weak pathogen (van Wyk et al. 2004; Roux et al. 2004; Tarigan et al. 2010).
This is unlike the type species of the genus, Ceratocystis fimbriata which is a very serious
plant pathogen known to cause black rot on sweet potato (Baker et al. 2003; Barnes et al.
2003; van Wyk et al. 2007). Another difference between C. fimbriata and C. moniliformis is
the lack of mating type switching in the latter species (Witthuhn et al. 2000; Harrington
2007). Apart from the lack of mating type switching, nothing is known about the mating
system of this fungus. With the recently sequenced genome of C. fimbriata available,
obtaining the genomic sequence of C. moniliformis would allow us to answer a humber of
guestions relating to this fungus using a comparative approach. The power of comparative
genomics can in this case be harnessed in order to describe the mating type system and

uncover interesting gene duplications in the genus as a whole.
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Figure 1. A timeline of major research accomplishments in Saccharomyces cerevisiae since
the genome publication (Adjusted from Hofmann et al. 2003). The Genome-scale genetic
interaction map connects genes with similar genetic interaction profiles (Taken from

Costanzo et al. 2010).
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Figure 2. A schematic representation of the experimental data acquisition process in
biological sciences. The basic molecular levels of a cell and the biological processes link
these levels are depicted in the blue boxes. The grey boxes indicate examples of “-omics”

technologies that can study the respective biological levels quantitatively (adapted from

Fischer 2005).
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ABSTRACT

Sexual reproduction in Ascomycetes is controlled by the mating type (MAT) locus which
includes the MAT1-1 and MAT1-2 idiomorphs. Individuals with a heterothallic mating system
have a single MAT idiomorph and sexually reproduce with individuals having the opposite
idiomorph, while homothallic species carry both versions of the idiomorphs in their genome
and can complete the sexual cycle without an opposite mating partner. Ceratocystis
moniliformis (Ascomycete) is a common non-pathogenic wound-infecting fungus found on
trees in the tropics and sub-tropics. The fungus produces sexual structures without out-
crossing, indicating a homothallic mating strategy and thus, single strains of the fungus
should contain both the MAT1-1 and MAT 1-2 idiomorphs. The genome of C. moniliformis
was sequenced using a combination of 454 pyrosequencing and lllumina technology. The
genome was assembled and mined for mating type genes and 28 other genes known to be
involved in the mating process. Interestingly, results showed that the MAT1-2-1 gene was
the only MAT gene present in the genome. These results were unexpected, as isolates from
a homothallic species would typically contain both MAT idiomorphs. Furthermore, analyses
showed the pheromone precursors were also absent. A homothallic species that harbours
only one mating type idiomorph has been identified in Neurospora, but this is the first
example of this phenomenon where only the MAT1-2-1 gene is present. Thus we suggest a

novel mechanism of sexual reproduction in C. moniliformis.
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INTRODUCTION

Regulation of sexual reproduction is one of the key processes in the life cycle of fungi
(Coppin et al. 1997; Kronstad and Staben 1997). The genes regulating these functions are
situated at the mating type (MAT) locus that shares a highly conserved organisation and
structure in most filamentous Ascomycetes. The MAT proteins function as transcription
factors that regulate the process of mating by controlling sexual development and
coordinating the expression of downstream, mating type specific genes (Coppin et al. 1997;
Shiu and Glass 2000; Jones and Bennett 2011). The pheromone signalling and response
pathway, meiotic and recombination processes and pathways controlling fruiting body
development are also crucial parts of sexual reproduction (Galagan et al. 2005). The cloning
of the mating locus in Saccharomyces cerevisiae (Astell et al. 1981) represented an
important step towards understanding mating in fungi. The first filamentous Ascomycete for
which the mating type loci were cloned was Neurospora crassa (Glass 1988), now
considered a model for the study of MAT genes.

Mating type genes are located at a single locus (MAT1) in the Ascomycete fungal genome
(Coppin et al. 1997; Turgeon and Yoder 2000). In many fungal species, this locus is flanked
by the DNA lyase (APN) and SLA2 genes (Debuchy and Turgeon 2006; Waalwijk et al.
2004, Butler et al. 2004). However, some species have only one of these genes flanking the
MAT locus (Martin et al. 2010). Although a role for APN and SLAZ2 in reproduction has not
been found, their position flanking the MAT idiomorph could prove useful in identifying MAT

information.

Most fungi have one of two mating systems; either homothallism or heterothallism. A single
homothallic fungal isolate can produce viable ascospores without fusing with a mate, and
this is achieved by harbouring all the genes for reproduction at a single locus (Nelson 1996;
Coppin et al. 1997; Péggeler 2001). Heterothallic species require an opposite mating partner
in order to give rise to sexual progeny. In these fungi, each partner has one version of the
mating type alleles, referred to as MAT1-1 and MAT1-2 (Nelson 1996; Pdggeler 2001). The
alleles are termed idiomorphs because they are unrelated in sequence or structure, yet
occupy the same locus on homologous chromosomes (Metzenberg and Glass 1990). While
the genetic content of the idiomorphs can differ between species, two key genes are typically
always present. These are the MAT1-1-1 gene in the MAT1-1 idiomorph, and the MAT1-2-1
present at the MAT1-2 idiomorph.
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In heterothallic fungi, opposite isolates are distinguished by the presence of distinct genes.
MAT1-2 isolates contain the hallmark MAT1-2-1 gene, with an HMG (High motility group)
DNA binding domain in the protein (Turgeon and Yoder 2000; Coppin et al. 1997). This gene
is generally the only one present in the idiomorph, although a number of other genes such
as the MAT1-2-2 (Kanamori et al. 2007), MAT1-2-3 (Martin et al. 2011) and MAT1-2-4
(Mandel et al. 2007) have been found, but they appear to be restricted to certain fungal
genera. MAT1-1 isolates are characterised by the presence of the MAT1-1-1 gene (Turgeon
and Yoder 2000). This protein contains an a-box DNA binding motif and is homologous to
MATal of Saccharomyces cerevisiae. Other genes which may also be found at this
idiomorph are the MAT1-1-2 and MAT1-1-3 genes. These encode proteins with an alpha-like
domain and an HMG box, respectively. A number of homothallic Neurospora species have,
however been reported to contain only Type A genes (homologous to MAT1-1-1) (Glass et
al. 1988; Glass and Smith 1994). To the best of our knowledge, there are no examples of a

homothallic fungus containing only the MAT1-2 genes.

Ceratocystis spp. are Ascomycetes for which the mating systems have not been intensively
studied but species with both heterothallic and homothallic mating are known. Those with
homothallic mating such as the well-known group of plant pathogens, C. fimbriata and its
cryptic relatives (Baker et al. 2003) are particularly interesting as they undergo uni-
directional mating type switching (Harrington and McNew 1998; Witthuhn et al. 2000). In this
case, individuals generated from single ascospores can give rise to both self-fertile and self-
sterile progeny. The self-fertile individuals contain both MAT1-1 and MAT1-2 mating type
seqguences. The self-sterile individuals are unable to revert back to homothallism (Webster
and Butler 1967; Harrington and McNew 1997) and there is evidence that the MAT1-2-1
gene is no longer present in these isolates (Witthuhn et al. 2000; Wilken et al. 2014). Not all
Ceratocystis species undergo mating type switching and species such as C. moniliformis
Hedgcock and C. omanensis Al-Subhi, M. J. Wingf., M. Van Wyk & Deadman are strictly
homothallic (Harrington 2007; Al-Subhi et al. 2006) while C. fagacearum (Bretz) Hunt and C.
eucalypti Z. Q. Yuan & Kile are heterothallic (Harrington 2007; Juzwik et al. 2008, Kile et al.
1996).

Ceratocystis moniliformis sensu stricto (s.s.) is a non-pathogenic species and it defines a
phylogenetically related clade of species that should logically reside in a discrete genus
(Wingfield et al. 2013). Although the mating system of C. moniliformis and at least one of its
close relatives, C. omanensis are known to be defined by homothallism (Al-Subhi et al.
2006), it is not known whether other species in the C. moniliformis complex all share this

system. The objectives of this study were to identify the MAT genes in the genome of an
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isolate of C. moniliformis and to elucidate the structure and organisation of the MAT
idiomorph and its flanking regions. These results were also compared with those for other
homothallic fungi. An ancillary objective was to investigate the presence of mating related

genes in addition to the MAT genes.

MATERIALS AND METHODS

Strains and DNA isolation

A single isolate of C. moniliformis s.s. (CMW 10134) collected from wounds on Eucalyptus in
Mpumulanga, South Africa in 2002 was selected for this study. This isolate was chosen
because it produces sexual structures. Hyphal tips were isolated from single germinating
ascospores to generate cultures that represented only a single genotype was present. The
Internal transcribed spacer regions (ITS) of the ribosomal DNA operon were sequenced to
confirm the identity of the isolate. For this verification step, the primer set ITS1F and ITS4
(Gardes and Bruns 1993) was used.

To isolate DNA, single spore cultures were grown on 2% Malt extract agar (MEA: 20g malt
extract [Biolab, Merck], 20g agar [Biolab, Merck], 1L dH20O) for 6-8 days at 25°C. Mycelium
was scraped from the surface of cultures and the DNA extracted using a phenol chloroform
extraction method as described by Barnes et al. (2001). The isolate used in this study is
maintained in the culture collection (CMW) of the Forestry and Agricultural Biotechnology

Institute, University of Pretoria.

DNA sequencing and assembly

Genome sequencing was performed by Ingaba Biotech (Pretoria, South Africa) on a Roche
GS-FLX sequencer with the Titanium plate upgrade. The resulting sequences were
assembled using the Newbler software package into 649 contigs with an average of 20x
coverage. The contigs were divided into 12 files and subjected to the online version of the
MAKER genome annotation pipeline (Cantarel et al. 2008; http://www.yandell-
lab.org/software/mwas.html). Another round of sequencing was undertaken using the same
fungal isolate on the Genome Analyzer lIx platform (lllumina) at the University of North
Carolina, Chapel Hill High-Throughput Sequencing Facility. The 39.5 million reads were
assembled into 778 contigs using the CLC Genomics workbench 5.5.1 (CLC Bio, Aarhus,
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Denmark). The N50 value for the assembly was 153 651. The CEGMA (Core Eukaryotic
Genes Mapping Approach) pipeline (Parra et al. 2007) was used to measure the
completeness of the assembly based on the number of a set of core eukaryotic genes

present in the genome as complete or partial orthologs.

Gene discovery and BLAST analyses

The respective MAT gene sequences from C. fimbriata (Wilken et al. 2014) as well as from
other Ascomycetes, Gibberella zeae and Fusarium oxysporum (Table S1) were used in local
tBLASTn and BLASTn analyses on CLC Main Workbench 5.5 in attempt to detect their
homologs in C. moniliformis. Positive hits were designated as those with an E value lower
than 6e-08 (Martin et al. 2010). Sequences that produced these hits were subjected to
protein predictions using the online tools AUGUSTUS (Stanke et al. 2004) and FGENESH
(Salamov and Solovyev 2000). BLAST (Altschul et al. 1990) searches were done against the
NCBI/GenBank protein databases to confirm the identity of the predicted genes.

Mating type gene and protein comparisons

MAT1-2-1 protein sequences from other Ascomycete fungi were downloaded from the NCBI
database for comparison with the predicted C. moniliformis protein (Table 1). These
sequences were aligned using the ClustalX2 alignment program (Larkin et al. 2007) and
imported into CLC Main Workbench v. 5.5. Gene and protein comparisons of the MAT1-2-1

gene were performed to detect gaps, percentage identity, distance and differences.

Comparisons of the MAT idiomorphs

Detailed idiomorph structures were obtained for homothallic species, C. fimbriata (Wilken et
al. 2014); F. graminearum (Yun et al. 2000; Waalwijk et al. 2004) which was downloaded
from the website of the Broad Institute (http://www.broadinstitute.org/); Sclerotinia
sclerotiorum (Amselem et al. 2011); and Cochliobolus luttrellii (Yun et al. 1999). These
idiomorphs were used for organisational and structural comparisons with the C. moniliformis
MAT locus.
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Identification of other mating related genes

Protein sequences for other genes implicated in the mating process were obtained from the
NCBI database (Table S1). These genes were identified in the genome of C. moniliformis

using the same bioinformatic approach as that described for MAT gene discovery.

RESULTS

Strain of C. moniliformis

Cultures of C. moniliformis that grew from single hyphal tip isolations produced perithecia
and viable ascospores within 10-15 days of growth. As is common in many Ascomycetes,
the cultures lost the ability to sporulate over time and after successive rounds of sub-
culturing (Hanlin 1985). While the transfer of ascospores is suggested to prevent this (Hanlin
1985), C. moniliformis continued to grow as white cultures lacking perithecia and spores
after this method of sub-culturing. Interestingly, cultures which had ceased sporulating, were
maintained at 25°C and had undergone periodic sub-culturing nine times, spontaneously
resumed the production of perithecia and ascospores. This culture was used for DNA
extraction. The sequenced ITS region verified the identity of the strain as C. moniliformis
strain 10134 (Accession number FJ151422.1).

Genome sequencing and assembly

The estimated genome size in the sequenced isolate of C. moniliformis for both the Newbler
(454 pyrosequencing data) and CLC Genomics (lllumina data) assemblies were 25.2 Mb.
This was less than the expected size based on other Ascomycete fungi such as C. fimbriata,
29.4 Mb (Wilken et al. 2013); C. manginecans, 31.7 Mb (van der Nest et al. 2014); Fusarium
graminearum, 36.1 Mb (Cuomo et al. 2007); Aspergillus oryzae, 36.7 Mb (Payne et al.
2006); and Grosmannia clavigera, 29.8 Mb (DiGuistini et al. 2011). The CEGMA pipeline
showed that 92.7% and 95.6% of conserved eukaryotic genes (CEGS) were present as
complete or partial transcripts, respectively. An average of 1.10 — 1.13 genes per CEG was

detected. Together, this suggests that the genome assembly had a high coverage.
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Gene discovery

A BLASTnN using the C. fimbriata MAT1-2-1 gene sequence failed to identify any significant
hits in the C. moniliformis genome. A tBLASTn using the protein sequence produced a
significant hit and the C. moniliformis MAT1-2-1 gene was then identified and described by
subjecting the hit sequence to AUGUSTUS protein predictions and verified by BLAST match
against NCBI non-redundant (NR) proteins. The gene was 938 bp in length, with two introns
(60, 53 bp) and is predicted to encode a 274 aa protein with a characteristic HMG motif. The
protein had homology to Metarhizium acridum MAT1-2-1 (Gao et al. 2011) with 39% identity
and 74% coverage, Ceratocystis eucalypti MAT2-1, partial protein (Witthuhn et al. 2000) with
56% identity and 39% coverage and Ophiocordyceps sinensis MAT1-2-1 (Zhang et al. 2009)
with 37% identity and 69% coverage.

MAT1-2-1 gene comparisons in Ceratocystis

The MAT1-2-1 gene of C. moniliformis was substantially smaller than that of C. fimbriata
(Table 2). A pairwise comparison of the genes revealed 31% identity, 948 nucleotide
differences, 552 gaps and 429 identical bases where the sequence alignment overlapped. A
protein pairwise comparison showed 19.52% identity, 400 differences, 262 gaps and 97
identical amino acids where the sequence alignment overlapped. The putative protein
product of the MAT1-2-1 open reading frame (ORF) exhibited similarity to MAT1-2 proteins
of a number of Ascomycetes listed in Table 1 (Figure 1), however a notable degree of
sequence divergence is evident between species (Figure 1). Alignment of the MAT1-2-1
genes of C. moniliformis, C. omanensis, C adiposa and C. bhutanensis showed a high
degree of sequence similarity, these species all belong to the C. moniliformis species

complex (Figure 2).

Structural organisation of the MAT idiomorph

To determine whether any other mating related genes were present around the MAT1-2-1
gene, the full contig of 118 035 bp in length was subjected to AUGUSTUS analysis. An
additional 27 genes were thus identified. The SLA2 gene was found on the 5 end of the
MAT1-2-1 gene, typically found flanking MAT genes, followed by an APC gene (Matrtin et al.
2010) (Figure 3A) which was also present in C. fimbriata (Wilken et al. 2014) (Figure 4).
There was a gene with no homology or known motifs followed by a gene which encodes a

hypothetical protein (Figure 3A) on the 3’ end of the MAT1-2-1 gene. The remaining 23
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genes on the contig were not found to be associated with other described mating type

idiomorphs.

Genome wide searches failed to identify any additional mating specific genes. But a BLAST
search located the DNA lyase gene on a separate contig to the MAT1-2-1 gene and was
adjacent to a cytochrome C oxidase gene (Figure 3B), but no MAT genes are present on this

contig.

Comparisons of the Homothallic MAT idiomorph structure

The MAT idiomorph of C. moniliformis contained one mating type gene, MAT1-2-1 and was
flanked by an SLA2 gene on its 5’ end with 4.5 kb of sequence between them. No other
mating type genes were present on the contig (Figure 4). We compared this organisation
and structure with those in other known homothallic fungi including C. fimbriata, F.
graminearum, S. sclerotiorum and Cochliobolus luttrellii. The composition and structure of F.
graminearum and S. sclerotiorum adhere to the accepted “model structure” of homothallic
species, having the two characteristic genes, MAT1-1-1 and MAT1-2-1 present at the
idiomorph along with the flanking genes, DNA Lyase and SLA2 (Figure 4). Ceratocystis
fimbriata also harbours the expected MAT1-1-1 and MAT1-2-1 genes, and while the flanking
genes are present at the idiomorph, they do not flank the whole set of MAT genes.
Cochliobolus luttrellii exhibited a fusion of the MAT1-1-1 and MAT1-2-1 genes.

Presence of other mating related genes

BLAST analysis using the MAT genes MAT1-1-2 and MAT1-1-3 from both C. fimbriata and
G. zeae, failed to identify any homologs in C. moniliformis. Of the 26 proteins involved in the
pheromone signalling pathway, 22 were present (Table S1). No homologs were found for the
pheromone precursor genes, MFal, MFa2 (ppgA) and MFal, MFa2 (ppgB). A search for
four genes involved in fruiting body development in Ascomycetes yielded versions of these
genes in the genome of C. moniliformis (Table S1).

DISCUSSION

Genome sequencing of C. moniliformis and the availability of genomic data for other fungal

genomes made it possible to characterise the MAT idiomorph in this fungus, and compare
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this with those in other Ascomycetes. The fact that cultures generated from single sexual
spores (ascospores) gave rise to cultures with sexual structures having viable spores
confirmed this fungus has a homothallic mating system. It was thus expected that the C.
moniliformis MAT idiomorph would contain at the very least, the two characteristic genes of
opposite mating type, MAT1-1-1 and MAT1-2-1, similar to that of other homothallic species
(Nelson 1996; Poggeler 2001). However, on a genetic level the C. moniliformis MAT locus is

atypical in that it only has the MAT1-2-1 gene present, and no MAT1-1-1 gene.

Because homothallic fungi are known to contain both mating type idiomorphs, the absence
of the MAT1-1-1 gene raises the question whether the analyses in this study might have
failed to identify the MAT1-1 associated gene. This is unlikely because the MAT1-1-1
sequence that failed to identify the ortholog in C. moniliformis was successful in the
identification of the ortholog in other species of the C. moniliformis species complex [data not
shown]. A PCR could be done in future studies to verify the absence of this gene. The
CGEMA analysis showed that the genome sequence contains over 90% of the core genes
and thus has a high degree of completion. In addition, the MAT1-2-1 gene was identified in
the expected position adjacent to the SLA gene, similar to C. fimbriata. No ORFs with
homology to MAT1-1-1, MAT1-1-2 or MAT1-1-3 genes were identified in the vicinity of the
MAT1-2-1 gene in C. moniliformis. To the best of our knowledge, this has never been
observed in any other homothallic species. The only atypical mating type structure of a
homothallic species has been reported in the genus, Neurospora where only MAT1-1

sequence and no MAT1-2 sequence was present (Glass et al. 1990).

We considered the MAT idiomorph structures of other homothallic species to determine
whether a similar scenario exists within the Ascomycetes. The absence of the MAT1-1-1
gene in C. moniliformis (in the class Sordariomycetes of the Pezizomycotina sub-phylum) is
unique to the group of characterised homothallic Ascomycetes. The MAT idiomorph of F.
graminearum (Hypocreales; Yun et al. 2000) corresponded with the general trend in
homothallic idiomorph structure having genes homologous to both heterothallic mating
types, MAT1-1-1 and MAT1-2-1 (Glass et al. 1990; Glass and Smith 1994; Pdggeler et al.
1997; Yun et al. 1999) (Figure 4). S. sclerotiorum (order Helotiales in the class
Leotiomycetes of the Pezizomycotina sub-phylum) belongs to the class most closely related
to Sordariomycetes (Spatafora et al. 2006) and is also similar to most homothallic fungi

characterized to date (Amselem et al. 2011).
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We investigated a number of phenomena from literature that could be responsible for the
abnormal mating type structure in C. moniliformis. Evidence which may lend credence to a
single MAT gene being sufficient to confer self-fertility in a fungus was found in the
Neurospora species. The heterothallic N. crassa represents the model MAT locus and many
species studied to date conform to this model (Arie et al. 1999). Opposite mating type
isolates are designated A and a, which are homologous to MAT1-1 and MAT1-2
respectively. Hybridization assays using MATA and MATa probes identified one typical
homothallic species which had both MATA and MATa sequence (N. terricola), and four
atypical homothallic species with only MATA gene information (Glass et al. 1990). These
species were N. africana, N. dodgei, N. galapagosensis and N. lineolata. Although unlike C.
moniliformis, these species lack the MAT1-2 sequence, this could illustrate a similar mating
mechanism in that a homothallic species lacks one of the two mating type idiomorphs in the

genome.

Sequence analysis showed no indication of a fusion of the opposite mating type genes in the
genome of C. moniliformis. This scenario has been observed in a related order,
Pleosporales in Cochliobolus luttrellii (Yun et al.1999) (Figure 4). A study on C. luttrelli
suggested that MAT alone is sufficient to change the reproductive life style in Cochliobolus
(Yun et al.1999) by the expression of a fused MAT gene from a homothallic species in a
MAT-deletion strain of heterothallic C. heterostrophus (Yun et al. 1999; reviewed by
Pdggeler 2001). The fused genes gave rise to homothallism. A fusion of genes however, is

not responsible for the homothallic nature of C. moniliformis.

The MAT idiomorph of C. moniliformis is highly dissimilar to those of other Ceratocystis
species. The MAT1-2-1 protein showed only 19.52% similarity to that of C. fimbriata. This
observation supports the argument that there is extensive divergence in the MAT1-2-1 gene
sequence between related species complexes (Turgeon 1998). The MAT idiomorph in
Fusarium sacchari is highly dissimilar from others in the complex (Martin et al. 2011) and this
species represents an unusual example of homothallic reproduction. Early studies
suggested that this species might be cross-fertile, being able to mate with several unique
Fusarium mating populations (Kuhlman, 1982). However, a study by Britz et al. (1999)
demonstrated that the progeny produced in such crosses were uniparental, and not a result
of mating. This result implies that F. sacchari is capable of homothallic reproduction but has
a heterothallic composition with only MAT1-1 sequence. In this case MAT1-1-1 has the
ability to confer independent reproduction and it may be possible that MAT1-2-1 is capable

of the same function.
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The close association of DNA lyase and SLA2 to the MAT locus has been observed in many
Ascomycetes, including Microsporidia and Ascomycota (Debuchy and Turgeon 2006, Butler
et al. 2004) and this was tested in the present study. The SLA2 gene was located adjacent
to the MAT1-2-1 gene in C. moniliformis, however the other common flank, DNA lyase
(Butler et al. 2004), was located on a separate contig. Although complete synteny is not
seen between the Microsporidia and Ascomycota mating types, the presence of the
orthologous DNA lyase gene in the vicinity of the mating type locus is noteworthy, supporting
a common origin (Martin et al. 2010). In most cases these genes are immediately adjacent to
the MAT genes such as in F. graminearum and S. sclerotiorum (Figure 4). There are
however some exceptions to this. The putative MAT1-2 mating type locus of
Encephalitozoon cuniculi (Microsporidia) reveals the presence of a DNA lyase homolog 7 kb
away from the MAT locus (Katinka et al. 2001; Martin et al. 2010). The separation of the
DNA lyase gene from the MAT1-2-1 gene in C. moniliformis lends support to the idea that
the MAT idiomorph contains only the MAT1-2 sequence.

In most homothallic species, the genes from both idiomorphs are closely linked or fused,
being located on the same chromosome (Yun et al. 1999; Poggeler, 1999). This association
has been the basis of suggestions that a transcriptional interaction between these genes
might take place (reviewed by Metzenberg and Glass, 1990). A possibility remains that for C.
moniliformis, the MAT1-1-1 gene is unlinked to MAT1-2-1 and is sufficiently divergent and/or
truncated to evade identification by bioinformatic analysis. Cochliobolus cymbopogonis
provides an example of unlinked MAT1-1-1 and MAT1-2-1 genes in a homothallic species
(Yun et al. 1999). Neither PCR nor gel blot analysis showed evidence for linkage within 30
kb between the MAT1-1-1 and MAT1-2-1 genes. Three other homothallic species of
Cochliobolus, however, contain closely linked and even fused MAT1-1-1 and MAT1-2-1
genes (Yun et al. 1999). Evidence for a similarly “split” idiomorph in C. moniliformis could
also be attributed to the fact that the adjacent genes, DNA lyase and Cytochrome C oxidase
are not present on the same contig as MAT1-2-1 and SLA2 as would be expected (Figure 3).

The possibility exists that MAT1-1 may have been dispensable in C. moniliformis. The
guestion as to whether both opposite mating type proteins are essential for homothallic
reproduction has produced conflicting answers. The MAT genes of the heterothallic
Neurospora species are suggested to be under positive (diversifying) selection (Wik et al.
2008). In contrast the MAT genes of homothallic species appeared to have diverged under a
lack of selective constraint, with some containing premature stop codons (Wik et al. 2008).
This line of evidence suggests that MAT genes may, therefore, be dispensable in

homothallic Neurospora spp. Knock-out studies using the homothallic F. graminearum
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provides information that contradicts this proposal. Strains in which either the MAT1-1-1 or
MAT1-2-1 genes were knocked out allowed reproduction only in a heterothallic manner,
therefore completely removing the homothallic behaviour (Lee et al. 2003). This shows that,
at least in Fusarium the MAT genes are not dispensable (Martin et al. 2011). A gene knock-
out study on a homothallic Ceratocystis species would provide insight regarding the

dispensability of MAT genes in this genus.

The fact that C. moniliformis is apparently missing several key MAT genes resulted in our
hypothesis that other genes known to be associated with mating might also not be present.
In order to interrogate this question further, we investigated the presence of 24 genes
involved in the pheromone signalling pathway and four genes involved in fruiting body
development (Table S1). BLAST analyses identified the presence of all of these genes
except for those that encode the pheromone precursors MFal and MFa2, as well as MFal
and MFa2 (Table S1). It has been shown that pheromones are essential for successful
mating in heterothallic species (Bender and Sprague-Jr 1989; Bobrowicz et al. 2002;
Mayrhofer et al. 2006). However, in homothallic species that can reproduce sexually through
self-fertilization, it is suggested that mating pheromones might be dispensable to varying
degrees (Mayrhofer and Podggeler 2005; Lee et al. 2008). Ceratocystis moniliformis is
homothallic and it was thus not surprising to find that pheromones might be absent.
Furthermore, mutant analysis in Neurospora suggests that the product of the mtA idiomorph,
which is equivalent to MAT1-1, controls functions such as pheromone production, reception
and/or transduction of the pheromone signal (Robertson et al. 1998). If this is the case, it
may be possible that both the pheromone precursors and MAT1-1 genes are redundant in

homothallic species and have thus all been lost in C. moniliformis.

CONCLUSIONS

Attempts to understand MAT organization in diverse homothallic Ascomycetes is still in its
infancy (discussed in Yun et al. 1999; Pdggeler, 1999). The rapid diversification of MAT
genes hampers their identification in uncharacterised species even further. To the best of
our knowledge, an idiomorph harbouring only the MAT1-2-1 gene has never been reported
from a homothallic fungus. The finding that C. moniliformis which is phenotypically
homothallic but lacks the pheromone precursors along with the MAT1-1 genes, suggests
that this species undergoes reproduction in a manner not yet understood. Detailed sequence

and structural analyses of the mating type loci in other homothallic relatives of C.
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moniliformis should provide interesting insights into the evolution of sexual reproduction

systems in these fungi and their relatives.
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Table 1. Species names and accession numbers for the MAT1-2-1 proteins of various

Ascomycetes discussed in this study.

Species name Accession number
Ceratocystis eucalypti AAF00498.1
Ophiocordyceps sinensis ACV60385.1
Trichoderma reesei ADB28880.1
Trichoderma atroviride IMI 206040 EHK42953.1
Fusarium sacchari BAE94382.1
Gibberella fujikuroi AAC71056.1
Fusarium oxysporum f. sp. radicis-lycopersici BAA28611.1
Gibberella zeae AAG42810.1
Neurospora crassa AAA33598.2
Ophiostoma novo-ulmi AAX83067.1
Aspergillus fumigatus Af293 XP_754989.2
Ceratocystis fimbriata Wilken et al. 2014
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Table 2. A comparison of the MAT1-2-1 gene and protein sequences between C.
moniliformis and C. fimbriata.

C. moniliformis C. fimbriata
Number of amino acids 274 458
Number of base pairs 937 1670
Number of introns 2 3
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Figure 1. Alignment of the MAT1-2-1 proteins of C. moniliformis and other Ascomycetes.
The figure only includes a conserved portion of the MAT1-2-1 amino acid sequence

containing the HMG-box domain. Species and accession numbers are listed in Table 1.
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Figure 2. Alignment of C. bhutanensis; C. omanensis C. moniliformis and C. adiposa MAT1-
2-1 putative protein sequences. These 4 species belong to the proposed C. moniliformis s.l.

species complex.
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Figure 3. A) The structure of the MAT idiomorph of C. moniliformis on contig 73. B)
Organisation of contig 53 which contains DNA lyase, a gene commonly associated with the
MAT idiomorph. Boxes represent genes with the direction of transcription indicated by

arrows. Gene names are indicated above each arrow. Hyp indicates a hypothetical protein.
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Figure 4. Microsynteny around the MAT genes in different Ascomycete species. Boxes with
colours and patterns represent genes with the direction of transcription indicated by arrows.
Gene names are indicated above the gene model. Hyp indicates a hypothetical protein.

Dashed lines indicate unknown sequence.
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Table S1. Genes implicated in sexual reproduction in fungi that were investigated for their

presence in C. moniliformis. The genes were grouped according to their role in sexual

reproduction: Core mating genes, the pheromone signalling pathway and fruiting body

development. The last two columns indicate the BLAST methods used to screen for these

genes in the C. moniliformis genome, and whether the gene was identified by at least one of

these methods.

Gene Function Species Reference BLAST Identified
method
CORE MATING GENES
MAT1-1-1 Mating type (alpha-box  C.fimbriata Wilken etal.  Blastn No
domain transcriptional 2014 Blastp
activator) Gibberella Yun et al. tBlastn No
zeae 2000 tBlastx
Fusarium Yun et al. tBlastn No
oxysporum 2000 tBlastx
MAT1-1-2 Mating type C.fimbriata Wilken etal.  Blastn No
Transcription Factor, 2014 Blastp
amphipathic helix Gibberella Yun et al. tBlastn No
zeae 2000 tBlastx
MAT1-1-3 Mating type C.fimbriata Wilken etal.  Blastn No
Transcription Factor, 2014 Blastp
HMG box Gibberella Yun et al. tBlastn No
zeae 2000 tBlastx
MAT1-2-1 Mating type (HMG-box  C.fimbriata Wilken etal.  Blastn Yes
transcriptional 2014 tBlastn
activator)
PHEROMONE SIGNALLING PATHWAY
pPpgA Pheromone precursor  Aspergillus Galagan et tBlastn No
(MFal, (alpha-factor like) nidulans al. 2005
MFa2)
ppgB Pheromone Aspergillus Galagan et tBlastn No

© University of Pretoria
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(MFal,
MFa2)
KEX1

KEX2

STE13

STE23

STE2 (preB)

STE3 (preA)

fadA
(GPA1)
sfaD (STE4)

STES

RAM1/
STE16

RAM2

RCE1

STE1l4

Precursor (a-factor
like)
Carboxypeptidase
alpha-factor
processing
Endoprotease for
alpha-factor
processing
Dipeptidyl
aminopeptidase
alpha-factor
processing
Dipeptidyl
aminopeptidase for a-
factor processing
Pheromone receptor
(for alpha-factor like
pheromone)
Pheromone receptor
(for a-factor like
pheromone)

Alpha subunit G

protein

Beta subunit G
protein

Scaffold protein

CAAX-
farnesyltransferase
beta subunit; a-factor
modification

CAAX-
farnesyltransferase
alpha subunit

CAAX prenyl
protease a-factor C-

terminal processing

CAAX prenyl cysteine

nidulans

Aspergillus

nidulans

Aspergillus

nidulans

Aspergillus

nidulans

Aspergillus
nidulans

Aspergillus

nidulans

Aspergillus
nidulans

Aspergillus
nidulans
Aspergillus
nidulans
Aspergillus
nidulans
Aspergillus

nidulans

Aspergillus
nidulans
Aspergillus

nidulans

Aspergillus

al. 2005

Galagan et
al. 2005

Galagan et
al. 2005

Galagan et
al. 2005

Galagan et
al. 2005

Galagan et
al. 2005

Galagan et
al. 2005

Galagan et
al. 2005

Galagan et
al. 2005
Galagan et
al. 2005
Galagan et
al. 2005

Galagan et
al. 2005

Galagan et
al. 2005

Galagan et

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

tBlastn

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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carboxymethyltransfe  nidulans al. 2005
rase
STE24 CAAX prenyl Aspergillus Galagan et tBlastn Yes
protease nidulans al. 2005
STEG ATP-dependent afflux  Aspergillus Galagan et tBlastn Yes
pump for a-factor like  nidulans al. 2005
pheromone
STE18 Gamma-subunit G Aspergillus Galagan et tBlastn Yes
protein nidulans al. 2005
STE20 Serine/threonine Aspergillus Galagan et tBlastn Yes
protein kinase nidulans al. 2005
MKKKK
STE11 Serine/threonine Aspergillus Galagan et BlastP Yes
(steC) protein kinase MKKK  nidulans al. 2005 (against
Maker
predicted
protein
database)
STE7 Serine/threonine Aspergillus Galagan et tBlastn Yes
protein kinase MKK nidulans al. 2005
mpkB Mitogen activated Aspergillus Galagan et tBlastn Yes
(FUS3) protein kinase nidulans al. 2005
SteA Transcriptional Aspergillus Galagan et tBlastn Yes
(Stel2) activator, nidulans al. 2005
Homeodomain DNA
binding
STE50 Pheromone Aspergillus Galagan et tBlastn Yes
adaptation feedback nidulans al. 2005
response
FRUITING BODY DEVELOPMENT
Nc asd-1 Ascus development; Aspergillus Galagan et tBlastn Yes
rhamnogalacuronase B nidulans al. 2005
Nc asd-4 Ascus development; Aspergillus Galagan et tBlastn Yes
GATA-Zn finger TF nidulans al. 2005
Um ruml Repressor of b mating  Aspergillus Galagan et tBlastn Yes
type regulated genes nidulans al. 2005
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Um umcl

MADS-box TF, Aspergillus Galagan et tBlastn
modulator of nidulans al. 2005
pheromone-inducible

gene expression

Yes
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CHAPTER 3

Three independent duplications of the

B-fructofuranosidase gene in Ceratocystis

© University of Pretoria

63



IVERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA
NIBESITHI YA PRETORIA

ﬂ UN
< 0

ABSTRACT

Gene duplications and deletions play a prominent role in the evolution of species and there
are a number of mechanisms that could cause these effects. B-fructofuranosidase is a
glycoside hydrolase family 32 gene that is involved in the hydrolysis of sucrose by plants and
fungi. We determined the copy number of B-fructofuranosidase genes in each genome from
several species in the fungal genus Ceratocystis, known to include both plant pathogens and
saprophytes. Pathogenic species were found to have two copies of the B-fructofuranosidase
gene while all but two non-pathogenic species had only one copy of this gene. Some
species had a gene that resembled a retrotransposon in the vicinity of the g-
fructofuranosidase gene. Two possible models are proposed to describe the evolution of the
B-fructofuranosidase gene in Ceratocystis. The first model suggests that the ancestral
genome contained a single copy of the B-fructofuranosidase gene and the second model
proposes two copies in the ancestral genome. Phylogenetic analysis supported the first
model and suggests that three independent duplication events have occurred in the
evolution of Ceratocystis spp.
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INTRODUCTION

The fungal genus Ceratocystis includes species that are important plant pathogens as well
as others that are saprophytes (Wingfield et al. 1993; 2013). At the generic level, the
taxonomy of these fungi does not reflect their ecology or phylogentic relationships (Wingfield
et al. 2013). Those species that are pathogens predominately reside in the C. fimbriata
senslu lato complex (van Wyk et al. 2004a). The C. moniliformis s.l. complex (van Wyk et al.
2006) includes exclusively saprophytic species, while those in the C. coerulescens s.l.
complex (Harrington et al. 1996) include associates of conifer-infesting bark beetles and
agents of sap stain. These different ecological groups of species in Ceratocystis provide a

superb model to compare genes and gene complexes amongst them.

Relatively little is known regarding the evolution of genes in Ceratocystis and which genetic
traits cause pathogenicity. Gene loss and duplication events play an important role in the
evolution of species. Gene duplications supply raw genetic material for biological evolution
(Zhang 2003) while gene losses are responsible for differing genetic repertoires between
species (Krylov et al. 2003). The prevalence of gene duplications is high in all the domains of
life including the Archaea, Bacteria and Eukarya (Zhang 2003). In the genome of the
eukaryote Saccharomyces cerevisiae, 30% (1858) of the 6241 genes are duplicated, while
17% (284) of the 1709 genes from the bacterium Haemophilus influenzae are duplicates
(Rubin et al. 2000). These duplications drive the evolution of species by providing a platform

for novel functions or increased copy number of proteins in the cells.

A duplication event can occur from unequal crossover; chromosomal duplication or
retrotransposition, with each of these events resulting in a distinct genetic outcome (Zhang
2003). Unequal crossing over produces a tandem duplication of DNA with the duplicated
region adjacent to the original sequence. Chromosomal duplication most often occurs due to
a lack of disjunction among daughter chromosomes after replication and will usually not
result in a tandem repeat (Zhang 2003). Retrotransposition describes the process whereby
MRNA is retrotranscribed to complementary DNA (cDNA) and then randomly inserted into
the genome (Xiao et al. 2008; Zhang 2003). This process results in the loss of introns and
regulatory sequences from the genome and is in contrast to both unequal crossover and
chromosomal duplication, which results in the retention of introns. Due to the loss of the
regulatory sequences such as promoters, the newly inserted retrotranscribed gene becomes
a pseudogene, unless it is inserted downstream of a new promoter. This movement

throughout the genome could result in a pseudogene being positioned away from the
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original copy, unlike the linked nature of genes produced via other modes of duplication
(Zhang 2003).

The fate of a duplicated gene is largely dependent on its biological function (Krylov et al.
2003). If multiple gene copies confer no advantages to the organism, one of the copies will
become functionally redundant. A duplicated gene can be advantageous if the extra
amounts of a protein or RNA product are beneficial to the organism (Zhang 2003) Also,
duplications provide genetic material for processes such as mutation, drift and selection to
produce genes with novel or specialised functions. This provides a means by which a
genome can be plastic allowing for adaptation to changing environments, species
divergence and species specific traits. Gene duplications have been suggested to play a role
in the evolution of gene networks with regard to establishing refined gene networks (Wagner
1994).

A study by Parrent et al. (2009) showed that pathogenic filamentous Ascomycota had a
higher copy number of genes involved in carbohydrate metabolism which may aid pathogens
in host infection (Wapinski et al. 2007). The B-fructofuranosidase gene codes for an
invertase which catalyses the hydrolysis of sucrose into fructose and glucose (Kotwal and
Shankar 2009). This gene belongs to the glycosyl hydrolase family 32 (GH32) of the
sequence-based classification of carbohydrate-active enzymes (Cantarel et al. 2009). A
number of plant pathogenic fungi are also known to utilize GH32 enzymes to access plant-
derived sucrose (Parrent et al. 2009). A recent study by van Wyk et. al. (2013) showed that
the saphrophytic species C. moniliformis s.l. had only a single copy of this gene. In this study
we exploited the availability of several Ceratocystis genomes to assess the copy variation of
the B-fructofuranosidase gene. Using a bioinformatics approach, the structure of the loci
containing the B-fructofuranosidase gene in each species was identified and these were

compared between species complexes.

The genus Ceratocystis was first established in the late 1800’s to be associated with black
rot on sweet potato and has since expanded into a number of clades with numerous species
belong to each (Wingfield et al. 2013). The C. fimbriata species complex includes C.
acaciivora, C. albifundus, C. fimbriata, C. manginecans, C. populicola and C. smalleyi that
are used in this study (among others). Species belonging to this complex are
characteristically pathogenic on woody angiosperms or herbaceous root crops (Wingfield et
al. 2013). The C. moniliformis complex is comprised of C. bhutanensis, C. omanensis, C.
moniliformis and C. savannae that are considered in this study (among others). Species

belonging to this complex are considered to be saprophytes except for C. bhutanensis that is
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associated with a bark beetle and is a weak pathogen (Wingfield et al. 2013). The C.
coerulescens species complex includes C. laricicola and C. virescens (as well as others that
were not used in this study). This complex includes both saprophytes that cause blue stain
and pathogens that are associated with bark beetles on conifers (Wingfield et al. 2013). Two
other smaller groupings have been noted, the first includes C. paradoxa and C. radicicola
and the second includes C. adiposa and C. fagacearum. The former group are pathogens on

monocotyledonous hosts and the latter are saprophytes (Wingfield et al. 2013).

MATERIALS AND METHODS

Isolates and Genomic data

All 17 isolates used in this study are maintained in the culture collection (CMW) of the
Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South Africa.
These isolates are also duplicated in the culture collection of the Centraal Bureau voor
Schimmelcultures (CBS), Utrecht, Netherlands. The genome of Ceratocystis moniliformis
(CMW 10134) was sequenced as described in an earlier study (Chapter 2). A number of
other Ceratocystis genomes were available including that of C. fimbriatar (Wilken et al.
2013), C. acaciivora (CMW 22563), C. albifundus (CMW 17620), C. adiposa (CMW 2573),
C. bhutanensis (CMW 8217), C. deciphens (CMW 30855), C. fagacearum (CMW 2656), C.
laricicola (CMW 20928), C. manginecans (CMW 17570) (van der Nest et al. 2014), C.
omanensis (CMW 11056), C. paradoxa (CMW 1546), C. populicola (CMW 14789), C.
radicicola (CMW 1032), C. savannae (CMW 17300), C. smalleyi (CMW 14800) and C.
virescens (CMW 17339). These isolates were sequenced on a Genome Analyzer lIx lllumina
plattorm at the Chapel Hill High-Throughput Sequencing Facility, University of North
Carolina. Each genome was de novo assembled using the CLC Genomics workbench 5.5.1
(CLC Bio, Aarhus, Denmark) with default settings. These species have been classified into
four distinct complexes (C. fimbriata s.l., C. moniliformis s.l., C. coerulescens s.l. and C.
paradoxa complexes) and two species, C. adiposa and C. fagacearum, that have not yet
been assigned to a species complex. These fungi represent a suite of different ecological
adaptations including those that are pathogens and others that are saprophytes or agents of
blue stain (Wingfield et al. 2013) (Table 1).
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Gene discovery and locus structure

The C. fimbriata B-fructofuranosidase genes were identified using a local tBLASTn analysis
on the CLC Genomics workbench. For this search, the Fusarium oxysporum -
fructofuranosidase protein sequence (NCBI accession number ENH69192) was used as the
guery sequence, and any regions identified were subjected to gene and protein prediction
using FGENESH (Salamov and Solovyev 2000) and AUGUSTUS (Stanke et al. 2004). After
identification, the C. fimbriata B-fructofuranosidase protein was used to identify the gene(s)
in the genomes of all other Ceratocystis spp. used in this study. Whole contigs that
contained the B-fructofuranosidase gene(s) from each species were subjected to gene and
protein predictions using FGENESH and AUGUSTUS to determine the locus structure. A
partial region of the Fusarium oxysporum 28S large subunit (LSU) rRNA (IJN938909.1) was
downloaded from the database of the National Center for Biotechnology Information (NCBI;
http://www.ncbi.nim.nih.gov) and used in BLASTn analysis to identify the corresponding

sequence in each of the 17 Ceratocystis genomes to construct a species phylogeny.

Gene identification and gene comparisons

All protein predictions were characterised by BLASTp analysis against the NCBI database to
verify the presence of the B-fructofuranosidase genes and to identify each of the putative
genes. This made it possible to construct the regions flanking the B-fructofuranosidase
gene(s).The putative protein sequences of all B-fructofuranosidase genes were analysed for
conserved domains using the online  program InterProScan  (v. 4.8)
(http://www.ebi.ac.uk/Tools/pfaliprscan/). The protein and nucleotide sequences were
aligned using the ClustalW algorithm in the MEGA (v. 5) software package (Tamura et al.
2011). The alignments were subjected to the CLC Main Workbench to determine percentage
identity, distance and differences between the sequences.

Contig Extensions

Reference mapping was used to increase the contig length to match that of the largest g-
fructofuranosidase containing contig identified in each species complex. Raw sequence
reads from the species with a smaller contig size were reference assembled against the
complete contig from another species belonging to the same complex using the CLC

Genomics workbench 5.5.1.
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Phylogenetic analyses

The individual LSU sequences for all the isolates were aligned for each species using the
online version of MAFFT v. 6 (Katoh et al. 2002). The most appropriate models for a
maximum likelihood phylogenetic analysis were determined by using jModelTest (Posada
2008). The Maximum likelihood phylogenetic estimates were generated with PhyML 3.0
(Guindon et al. 2009) using the values indicated by jModelTest and 1000 bootstrap
replicates. The Fusarium circinatum (Wingfield et al. 2012) S-fructofuranosidase protein and
LSU gene regions were used as outgroups for the protein and LSU phylogenies. Nucleotide
and protein sequences for the Ceratocystis S-fructofuranosidase genes were also used for
phylogenetic analyses as described above, but Prottest 3.2 (Darriba et al. 2011) was used to
determine the most appropriate model for protein sequence analysis. The Aspergillus niger
B-fructofuranosidase gene (XM_001396534.2) was used as the outgroup for the G-
fructofuranosidase coding sequence phylogeny. An LSU phylogeny was used rather than an

ITS phylogeny as it resulted in higher bootstrap values.

RESULTS

Gene copy number and sequence comparisons

Two positive tBLASTnN hits were obtained when searching the genome of C. fimbriata for the
B-fructofuranosidase gene. Protein prediction and blast analysis against the NCBI database
verified that these were both g-fructofuranosidase genes adjacent to one another and on the
same contig. The predicted protein sequence from C. fimbriata was then used to do a

tBLASTn analysis against the other Ceratocystis genomes (Table 2).

All six sequenced Ceratocystis species in the C. fimbriata complex contained two copies of
the B-fructofuranosidase gene adjacent to each other and the two genes were present in the
same orientation (Figure 1). The B-fructofuranosidase genes in this species complex always
contained two introns and the predicted gene and protein sizes were reasonably consistent

with differences no larger than 3 nucleotides and 1 amino acid (Table 2).

All but one of the sequenced species in the C. moniliformis complex (Table 2) harboured a
single copy of the B-fructofuranosidase gene. The exception in this case was C. bhutanensis
(Figure 1) that had two genes that matched to the B-fructofuranosidase gene from different

genome contigs (designated a and b in Figures 2 and 3). One of these was the only gene
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present on the contig. It was not possible to link the two genes or contigs due to the
repetitive sequences that flanked the genes and a lack of sequence homology with other
sequenced species in the C. moniliformis complex. No introns were present in any of the -
fructofuranosidase genes and the predicted gene and protein sizes were identical in all five

species (Table 2).

All four species residing in the C. paradoxa complex and the two isolates not yet assigned to
a complex contained a single copy of the B-fructofuranosidase gene (Figure 1). Each gene
contained a single intron and in contrast to species sequenced in the other complexes, the
predicted gene and protein sizes differed for each of the species, ranging from 1832 to 1872

nucleotides and 611 to 620 amino acids.

Of the two species in the C. coerulescens complex, C. laricicola contained a single (-
fructofuranosidase gene while C. virescens showed the presence of two gene copies on
different contigs (Figure 1). Attempts to link these two genes failed due to a lack of sequence
homology with other species. Both species contained a single intron in each of the -
fructofuranosidase genes and there was conservation of predicted gene and protein sizes
between the two species.

Searches on the B-fructofuranosidase putative proteins identified a number of domains,
including the glycoside hydrolase family 32 domain and glucanases. Other than C.
bhutanensis gene b (Figure 1) all sequenced species in the C. moniliformis complex
harboured a transmembrane region. All species that were sequenced in the C. fimbriata
complex contained this region in the upstream gene copies while the downstream copies
lacked a transmembrane region (Figure 3). Species sequenced in the C. coerulescens
complex, C. paradoxa complex and the two species not assigned to a complex did not
contain a transmembrane region in their copies of the B-fructofuranosidase gene (Figure 3).

Locus structure

The B-fructofuranosidase-containing contigs in C. fimbriata, C. manginecans and C.
acaciivora all harboured a number of additional genes (Figure 1), while the C. albifundus
contig had only the two B-fructofuranosidase genes. The remaining species in the C.
fimbriata complex considered in this study, C. smalleyi and C. populicola contained each of
the B-fructofuranosidase genes on a separate contig in the initial analyses, but the reference
mapping approach allowed these to be assembled into a single continuous sequence

(Figure 1). In a similar way, reference mapping was used to increase the contig length and
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attempt to produce a single contig for all species relative to the contigs of C. fimbriata, C.
moniliformis and C. paradoxa, respective to each of the species complexes considered.
However, due to nucleotide repeats that confounded assemblies and a high degree of
sequence difference in intergenic regions between species, it was not possible to increase

the contig lengths in other species.

The genome sequence of only C. moniliformis provided a clear view of the flanking genes for
species in the C. moniliformis complex (Figure 1). Other than C. bhutanensis, the contigs
from all the species sequenced in this complex resembled the same locus structure,
illustrated by matching downstream genes linked to the pB-fructofuranosidase gene.
Ceratocystis bhutanensis had the upstream genes linked to one of the two predicted (-
fructofuranosidase genes, while the second gene copy was alone on a separate contig
(Figure 1).

The flanking genes in sequenced species in the C. coerulescens complex, C. paradoxa
complex and the two species that do not belong to a complex resembled those of the
species in the C. moniliformis complex (Figure 1). However, C. fagacearum, C. adiposa and
C. radicicola contained a small HSK3 domain-encoding protein between the -
fructofuranosidase gene and its downstream flanking regions (Figure 1), which was absent
in the other species. Ceratocystis fimbriata, C. manginecans and C. acaciivora also
contained this sequence. BLAST analysis of the HSK3 domain encoding protein identified it
with a putative retrotransposon protein Tyl-copia subclass (ABA98084.1; the rice
chromosome 11 and 12 Sequencing Consortia, 2005) with an e-value of 5e-11.
InterProScan analysis indicated the presence of an RVT_2 (reverse transcriptase RNA-

dependent DNA polymerase) and a GAG-POL-related retrotransposon domain.

Phylogenetic relationships

The phylogeny constructed using the LSU sequences from each genome showed that the C.
moniliformis complex is more closely related to species residing in the C. paradoxa and the
C. coerulescens complexes and the other two species without a defined complex, although
the bootstrap value is low, 60% (Figure 4). A similar phylogeny emerged for the protein
sequences (Figure 2) and coding nucleotide sequences (Figure 3) of all the gG-

fructofuranosidase sequences present in these 17 species.

The protein phylogeny revealed a clear grouping together of all the upstream genes in the

species belonging to the C. fimbriata complex and a grouping together of all the downstream
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genes, even though the bootstrap value was very low at the point of divergence (Figure 2).
The protein sequences for species in the C. coerulescens, C. paradoxa and the two species
lacking a defined complex grouped closer to those in the C. moniliformis complex than to
those in the C. fimbriata species complex. The bootstrap values at each divergence point
separating two distinct copies of a gene from the same species were low in all 3 cases
(Figure 2). The coding sequence phylogeny however, grouped the sequences for species in
the C. coerulescens complex and the C. paradoxa complex closer to those of the C.
fimbriata complex. In contrast, this phylogeny provided high bootstrap values at the
divergence points for the two copies of the B-fructofuranosidase genes in the same species
(Figure 3).

DISCUSSION

The availability of genomic sequence data for a number of Ceratocystis species made it
possible in this study to determine the sequences and copy number of B-fructofuranosidase
genes for a relatively large assemblage of these fungi representing different ecological
groups. It was thus possible to trace the evolutionary history of this gene for species of
Ceratocystis. Species sequenced from the C. fimbriata species complex were shown to have
two copies of the gene while fungi that were sequenced in the other four complexes (C.
coerulescens, C. paradoxa, C. moniliformis and the two species in an undefined complex),
harboured only one copy of the gene. The only exceptions to this pattern were found in C.
virescens and C. bhutanensis (residing in the C. coerulescens and C. moniliformis

complexes, respectively), that contained two copies of the B-fructofuranosidase gene.

A phylogeny (Figure 2) produced using the B-fructofuranosidase protein sequences showed
that within the C. fimbriata complex, the upstream B-fructofuranosidase genes cluster
together and the downstream genes cluster together across all the species in the complex,
with the exception of the upstream copies of C. smalleyi and C. populicola. In addition, the
two gene copies had different sizes but were conserved in all the species. This provides a
strong indication that this locus was present in the ancestral genome for the C. fimbriata
complex and that it has been maintained through the evolution of new species in the
complex (Figure 4). These genes are also more closely related to each other than to those in
other species complexes. This suggests that there has been a duplication event in the
ancestor of these species complexes and that the genes have diverged in sequence since

the duplication event as complexes evolved.
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The two copies of the gene in C. bhutanensis are slightly different, one being grouped closer
to the gene sequences of other species in the complex than to its duplicate but both copies
the same in size (Figure 2 and 3). This could suggest an independent duplication event with
the accumulation of mutations over time which has caused sequence divergence. The two
genes in C. virescens cluster together in the phylogeny and are very similar in sequence and
size. This could suggest that a more recent independent duplication may have occurred.
Because we were unable to link the genes in both species, we are not certain if these genes
are adjacent to one another or if the duplicated genes are unlinked in the genomes. Further
studies will be required to determine if both genes are expressed or if one is a pseudogene.

However, the duplicated genes are very similar to each other in each species.

Results of this study led to the formulation of two possible models to describe the evolution
of B-fructofuranosidase genes in Ceratocystis. A diagrammatic depiction of these models is
presented in Figure 5. In the first of these models (Figure 5A) it is proposed that the
ancestral genome harboured only one copy of the gene. It is apparent that the C.
moniliformis complex evolved from this ancestral state and a single copy of the gene was
maintained. An independent duplication may have occurred in this complex because C.
bhutanensis diverged from the other species and contains two gene copies. Similarly, one
copy of the B-fructofuranosidase gene was maintained in the genomes of species in the C.
coerulescens complex, C. paradoxa complex and species in the unresolved complex. It is
possible that a more recent independent duplication event occurred in the C. virescens
genome. There was some indication that a translocation event occurred at the diversion of
the C. fimbriata complex as the genes have completely different flanking regions to the other
two complexes. The presence of retrotransposon-like genes in some of the species suggests
that retrotransposition may have been the source of this alternate locus. A duplication event
must also have occurred at this point because all the genomes in this complex have two

copies of the gene.

The second model presents a situation where the ancestral genome contained two copies of
the B-fructofuranosidase gene (Figure 5B). In this case the C. fimbriata complex would have
evolved from the ancestral genome and maintained two copies of this gene at the same
locus. Species in the C. moniliformis, C. paradoxa, C. coerulescens complexes and the other
two species not assigned to a complex would all have diverged from the ancestral genome
after a translocation event. This is evident from the fact that these complexes harboured the
gene at the same locus, but a different locus to those in the C. fimbriata complex.

Simultaneously a loss of one of the B-fructofuranosidase genes took place. The gene
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sequence in each complex is significantly different from the gene sequences in other
complexes (Figure 2 and 3). Thus, the gene would have evolved independently as each
complex diverged from each other. Here, the retrotransposition would have been responsible
for the translocation due to its presence in some species at these loci. Support for this model
lies in the lack of introns in the genes of species in the C. moniliformis complex and the
reduced number of introns in the complexes defined by C. paradoxa and C. coerulescens
complexes and those not yet assigned to a complex. Retrotranspaosition results in the loss of
introns as the sequence is generated from mRNA (Zhang 2003). In terms of parsimony, this
model would also be supported as it involves only two gene duplication events instead of

three as suggested in the first model.

The protein and gene phylogenies (Figures 2 and 3) showed a distinct grouping of duplicate
genes within the same species complex. This would support the proposed Model A showing
three independent duplication events occurred (Figure 2). In this case, it would suggest that
retrotransposition was responsible for the change in location of the B-fructofuranosidase
genes between the C. fimbriata complex and the other complexes. Short direct repeats on
both sides of the genes in C. manginecans support the view that the g-fructofuranosidase
gene could have been translocated from the ancestral locus to a new genomic region

through the mobilisation of the transposon (Zhang 2003).

It seems unlikely that duplication did occur as a result of retrotransposition. The genes in the
C. fimbriata complex with two gene copies contained two introns and those in the C.
moniliformis complex and the remaining three complexes that had a single gene copy and
had no introns and one intron, respectively. This would be in contrast to the scenario that
retrotransposition was involved in a duplication event as the introns would be lost after a
duplication. No loss of introns occurred in species that contained two copies of the gene.
Rather, the tandem order of genes in the C. fimbriata complex suggests unequal crossover
as the origin of duplication. There is evidence to support a gain or loss of introns in
duplicated genes (Lin et al. 2006), although intron loss is more common than intron gain.
Repeat regions that might verify that unequal crossover had occurred were not convincingly
identified. Further sequencing analysis is needed to produce contigs with higher sequence
coverage to accurately search for repeat sequences.

Previous studies on B-fructofuranosidase genes have revealed that there has been gene
family expansion in pathogenic filamentous Ascomycota (Parrent et al. 2009). These genes
are responsible for acquiring sucrose from plant tissues that have a high sucrose

concentration, including the sink tissues and phloem cells. This results in augmented fungal
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growth in plants which would be a disadvantage to them (Parrent et al. 2009). Wapinski et al.
(2007) suggest that genes involved in stress responses and carbohydrate metabolism, as is
the case in B-fructofuranosidase, undergo duplications more rapidly than other genes such
as those involved in growth. It is thus not surprising that there are two copies of these genes
in members of the C. fimbriata complex as these species include some very aggressive
pathogens. In contrast, species in the C. moniliformis complex are either saprophytes or

weak pathogens and mostly contain a single gene copy.

It is interesting that C. bhutanensis is the only species in the C. moniliformis complex that
had two copies of the B-fructofuranosidase genes. Ceratocystis bhutanensis, unlike other
species in the complex, is associated with a bark beetle and causes necrotic lesions on the
host trees (van Wyk et al. 2004b; Kirisits et al. 2013). It is thus not surprising that this fungus
had a second copy of the gene. Ceratocystis virescens also had two copies of the gene in
contrast to other species in the C. coerulescens complex. It is amongst the few species in its
complex that are found on hardwoods (Witthuhn et al. 1998) and is a pathogen on maple
trees. These characteristics support the increased B-fructofuranosidase gene copy number
in this fungus. Expression analysis of the p-fructofuranosidase genes would be required to
verify whether both genes are active in C. fimbriata species as well as in C. bhutanensis and
C. virescens. This would determine whether the duplicate gene is a pseudogene or if both

are fully functional genes.

CONCLUSIONS

Although we don’'t have a clear understanding of how this gene has evolved, the
phylogenies show that gene duplicates are more closely related to the genes from other
species in the same species complex than to genes from other species complexes. This
suggests a duplication event and not gene loss. Thus we support the proposed model A
(Figure 5). The ancestral genome contained one copy of the B-fructofuranosidase gene and
three independent duplication events have occurred subsequently. We propose that a
retrotransposition event may have been responsible for the change in locus between the C.
fimbriata complex species and the other two species complexes, but played no role in the
duplication events. Further sequence analysis and research into the expression of these
genes would provide a deeper understanding of the B-fructofuranosidase gene evolution in

Ceratocystis.
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Table 1. Characterisation of the 17 Ceratocystis species considered in this study (Wingfield

et al. 2013).

Species name

Species Complex

Ecological adaptation

C. manginecans
C. fimbriata

C. acaciivora
C. albifundus
C. smalleyi

C. populicola
C. virescens

C. laricicola

C. radicicola

C. paradoxa

C. fagacearum
C. adiposa

C. moniliformis
C. savannae

C. omanensis
C. deciphens

C. bhutanensis

C. fimbriata s.l.

C. fimbriata s.1.

C. fimbriata s.1.

C. fimbriata s.1.

C. fimbriata s.1.

C. fimbriata s.!.

C. coerulescens s.l.

C. coerulescens s.l.

C. paradoxa s.l.

C. paradoxa s.l.

Not assigned to a complex
Not assigned to a complex
C. moniliformis s.l.

C. moniliformis s.l.

C. moniliformis s.l.

C. moniliformis s.l.

C. moniliformis s.l.

Pathogen
Pathogen
Pathogen
Pathogen
Pathogen
Pathogen

Pathogen

Saprophyte (blue stain)
Pathogen on monocotyledonous hosts

Pathogen on monocotyledonous hosts

Saprophyte
Saprophyte
Saprophyte
Saprophyte
Saprophyte
Saprophyte

Weak Pathogen

© University of Pretoria

79



Table 2. Summary of the characteristics of the B-fructofuranosidase genes present in the

Ceratocystis species.

&

3

A 4

UNIVERSITEIT VAN PRETO
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*Species No. of 8- No. of introns  No. of base pairs No. of Amino
fructofuranosidase present in the in the coding acids in the
genes gene(s) sequence predicted protein

C. manginecans 2 2 1884 and 1878 627 and 625

C. fimbriata 2 2 1884 and 1878 627 and 625

C. acaciivora 2 2 1884 and 1878 627 and 625

C. albifundus 2 2 1884 and 1878 627 and 625

C. smalleyi 2 2 1881 and 1878 626 and 625

C. populicola 2 2 1881 and 1878 626 and 625

C. virescens 2 1 1872 and 1872 623 and 623

C. laricicola 1 1 1872 623

C. radicicola 1 1 1863 620

C. paradoxa 1 1 1854 617

C. fagacearum 1 1 1845 614

C. adiposa 1 1 1836 611

C. moniliformis 1 0 1848 615

C. savannae 1 0 1848 615

C. omanensis 1 0 1848 615

C. deciphens 1 0 1848 615

C. bhutanensis 2 0 1848 and 1848 615 and 615

*The complexes are distinguished by different colours, C. fimbriata is green, C. coerulescens is purple, C.
paradoxa is orange, the species that have not been assigned to a complex are burgundy and C. moniliformis is

blue.

© University of Pretoria

80



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

Figure 1. Locus structure of the B-fructofuranosidase genes in Ceratocystis species. The
solid arrows indicate the gB-fructofuranosidase genes with duplicates distinguished by
numbers or letters. In the C. fimbriata complex, upstream gene copies are identified by the
number, 1 and downstream copies by the number, 2. The direction of the arrow indicates
gene orientation. Solid lines represent linkage on a contig while broken lines portray different

contigs.
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Figure 2. Maximum likelihood phylogeny of the predicted B-fructofuranosidase proteins of 17
Ceratocystis species. Fusarium circinatum represents the out-group taxon. Bootstrap values
are indicated at the branch nodes. The number preceding the name of the species indicates
the position of the gene in cases where two copies of the gene are present in the genome. a
and b differentiate the two genes in C. bhutanensis. The brackets show the grouping of the
duplicate genes in the C. fimbriata complex. Points of individual duplication events are

indicated by red arrows.
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Figure 3. Maximum likelihood phylogeny of the predicted g-fructofuranosidase coding
sequences of 17 Ceratocystis species. Aspergillus niger represents the out-group taxon.
Bootstrap values are indicated at the branch nodes. The number preceding the name of the
species indicates the position of the gene in cases where two copies of the gene are present
in the genome. a and b differentiate the two genes in C. bhutanensis. The orange 4 point

star indicates genes which lack a transmembrane region.
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Figure 4. Maximum likelihood phylogeny of the complete LSU sequence of 17 Ceratocystis
species isolates. Fusarium circinatum represents the out-group taxon. Bootstrap values are
indicated at the branch nodes. Brackets identify species complexes within the genus: blue,
the C. moniliformis complex; burgundy, species not yet assigned to a complex; orange, the
C. paradoxa complex; purple, the C. coerulescens complex; and green, the C. fimbriata
complex. The black dot indicates the ancestral genome of the C. fimbriata complex which

harbours two copies of the B-fructofuranosidase gene.
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Figure 5. Proposed timeline of models. A represents the model if the most ancestral species
had a single B-fructofuranosidase gene. B represents the model if the ancestral species had
two B-fructofuranosidase genes. The orange dot represents the possible retrotransposition
event. Stars represent possible independent duplication events. The black boxes and arrows
indicate the ancestral genome; Green boxes and arrows represent the C. fimbriata complex;
purple represents the C. coerulescens, C. paradoxa and the two species not yet assigned to
a complex (combined for simplicity) and blue represents the C. moniliformis complex. The
numbers inside the boxes indicate the number of B-fructofuranosidase genes present in the

genome.
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SUMMARY

The field of genomics is rapidly advancing as new technologies develop. Bioinformatics and
genomic comparisons are revolutionary tools used to understand fungal biology. In this
study, the genome of a saprophyte, C. moniliformis was sequenced and used to increase the
knowledge available on mating and evolution in species belonging to the Ceratocystis
genus. The genome was exploited to determine the mating type structure of the fungus. It is
known to reproduce using a homothallic mating strategy and so it was hypothesised that the
genome would contain both mating type idiomorphs reported necessary for selfing.
Interestingly, the genetic structure was unlike any known homothallic mating type structures
within the Ceratocystis genus and other Ascomycetes. Ceratocystis moniliformis harboured
only one mating type gene, MAT1-2-1, usually typical of a heterothallic isolate. This was the
first report of a homothallic Ascomycete that contains only MAT1-2 mating type sequence.

A number of Ceratocystis species are pathogens on economically important trees, including
Eucalyptus and Pine. B-fructofuranosidase genes are suspected to have a possible influence
on the pathogenicity of a fungus on plants. With the availability of 17 genomes belonging to
the Ceratocystis genus, including both pathogens and saprophytes, B-fructofuranosidase
genes were compared between species. A distinct difference was apparent between
saprophytes and pathogens which contain one and two gene copies, respectively.
Phylogenetic analysis suggested that three independent duplication events occurred and
that the ancestral genome contained a single copy of the B-fructofuranosidase gene. These
results provide novel insights into species evolution in Ceratocystis and increase the

knowledge regarding genetic differences between pathogens and saprophytes.
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