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Chapter 1. General Introduction

In this PhD thesis, the mitochondrial genomes of Fusarium spp. are examined through
comparative genomics in order to understand the evolution of both this organellar genome
and the species within the genus. The introduction starts with a brief overview of the
origin of the mitochondrion as an organelle through endosymbiosis and how this symbiosis
has shaped the genomes of host and symbiont. Then, the peculiarities of the mitochondrial
DNA are discussed, that make it a favorable genetic and phylogenetic marker, and a
brief historical overview of the importance of mitochondrial DNA in molecular research.
Extra attention is given to mitochondrial introns, since they are markedly different from
most nuclear counterparts, and behave as mobile genetic elements. Furthermore, the
importance of the genus Fusarium is discussed and an overview of mitochondrial genome
studies of the genus is presented. Finally, the introduction ends with the thesis overview.

The origin of the mitochondrion

The mitochondrion is an intriguing organelle. For the past century biologist have been
puzzled by the origin of this organelle. The mitochondrion is the site of the citric acid
cycle and oxidative phosphorylation, putting the organelle at the heart of cell catabolism,
and making it the key source of energy for the eukaryotic cell [1]. Endosymbiosis is the key
element in most origin theories, since the mitochondrial genome and its protein translation
system resemble those of eubacteria, in addition to the fact that the mitochondrion is
surrounded by a double membrane and divides by fission, independent of the cell cycle.

Most endosymbiotic theories have several weaknesses and are more or less specialized
in explaining a single or a few of the peculiarities of the mitochondrion [2]. The majority
of these assumes that the mitochondrion was acquired and kept by a heterotrophic aero-
bic host cell, because of the mitochondrion’s effective catabolic pathways, high oxidative
potential and efficient energy production [2]. Intriguingly, the leading theory—the hydro-
gen theory [3]—has a strikingly different host cell candidate and symbiotic link between
host and symbiont. Eukaryotes are suggested to have arisen from the symbiosis of an
anaerobic, strictly hydrogen-dependent, strictly autotrophic archaebacterium (the host)
with a facultative anaerobic eubacterium (the symbiont) that generated molecular hydro-
gen (H2) as a waste product of anaerobic heterotrophic metabolism. The driving force for
the symbiosis was the host’s dependence on H2, which the symbiont produced [3].

Although the hydrogen theory gives us a first eukaryotic cell that does not fit our
idea of a “typical” eukaryote, it does offer a strong energetic explanation for the origin
of eukaryotes, it accounts for the common ancestry of mitochondria and hydrogenosomes
(anaerobic forms of mitochondria), and mounting phylogenetic evidence supports it [3].

The genome evolution of host and symbiont

The hydrogen theory has also important implications for the evolution of the genomes
of both host and symbiont. The metabolism and H2 production of the symbiont were
dependent on reduced organic compounds imported from its environment via its trans-
porters. However, the host cell could not supply organic compounds in excess, and its
genome lacked the transporter genes to import these compounds from its environment. At
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the early stages of evolution, these transporter genes were transferred from the symbiont
genome to the host genome which allowed sufficient import of these compounds for the
symbiont’s metabolism [3].

Later on, further genes followed that broadened the metabolic potential of the host
cell, slowly transforming the host into an efficient heterotroph. The gene transfers resulted
in a host genome that is chimeric, containing both eubacterial and archaebacterial genes.
Thereafter, the symbiont could lose genes not required for a symbiont lifestyle, or ones
that have already been transferred to the host genome, leading to the reductive evolution
of the mitochondrial genome [3, 4]. The possibility for genes to translocate from the
symbiont genome to the host genome and, thereby, become dispensable as a component
of the symbiont genome raises the question: why do mitochondria (and hydrogenosomes)
retain part of their genomes?

The most compelling explanation for the retention of the organellar genome is offered
by the “co-location for redox regulation” (CoRR) hypothesis [5]. It states that mitochon-
dria have retained those genes that are crucial for maintaining redox homeostasis and,
thereby, for the healthy functioning of the given organelle. The expression of these genes
has to respond to relatively quick changes in the redox state of the given organelle, which
would not be possible for genes encoded in the nuclear genome [5]. This idea corresponds
to the observation that mitochondrial genomes of fungi, plants and metazoa converged to
a similar set of genes involved in the electron transport chain and ATP synthesis [6, 7, 8].
Besides the gene set involved in redox homeostasis, some genes involved in translation—
tRNA genes, rRNA genes and ribosomal proteins—are also retained in the organellar
genome [9].

In conclusion, the host genome has been shaped by genetic transfer from the symbiont
(mitochondrial) genome, resulting in a genome containing genes with eubacterial and
archeobacterial origins. The transfer of symbiont genomic regions into the nucleus is still
ongoing [4]; nuclear mitochondrial DNA segments are referred to as NUMTs. The gene
content of the symbiont genome has been reduced to a core set of genes that are necessary
for its efficient functioning.

Mitochondrial DNA

Mitochondrial DNA differs from nuclear DNA in many aspects, these differences are
highlighted in this section. In most eukaryotic cells, multiple mitochondria are found. The
magnitude of their number depends on the energetic needs of the given cell. Moreover, a
single mitochondrion contains multiple copies of its genome, in yeasts 50–200 copies [10].
Accordingly, mitochondrial genes have a higher copy number within cells than single copy
nuclear genes, making mitochondrial genes more accessible for molecular techniques such
as PCR or next generation sequencing (NGS).

Mitochondria in living cells are highly dynamic. Their morphologies continually
change due to the combined effect of fission, fusion, and motility [11]. Fission is respon-
sible for creating new mitochondria, therefore it is necessary for its proliferation. Fusion
plays an important role in the mitigation of stress by mixing the contents of partially
damaged mitochondria as a form of complementation [12]. Fusion also brings together
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Chapter 1. General Introduction

the genomes of the different mitochondria present in the cell, opening up the possibility
of homologous recombination repair between these copies, which is a potential pathway
for restoring functional mitochondrial genomes and, thereby, for preventing a mutational
meltdown [13].

The genetic study of mitochondria started after the discovery that the respiration de-
ficient phenotypes of Saccharomyces cerevisiae [14] and Neurospora crassa [15] are not
inherited in accordance with the Mendelian laws∗. The phenomenon was termed as ma-
ternal inheritance, because the phenotype was inherited from the parent producing the
maternal structures (protoperithecia†) [15]. Uniparental inheritance reduces the chance
of recombination between the mitochondrial genomes of the parental strains, because the
two genomes are not present in the same cell or co-present for a short period of time only.

In conclusion, the mitochondrial genome is easy to access due to it being present
in high copy number within the cell. Mitochondria are dynamic organelles with frequent
fusion & fission, which brings their genomes into close proximity and provides opportunity
for homologous recombination repair between the different copies to combat mutational
meltdown of the genome. The mitochondria and their genomes are generally inherited
uniparentally, which limits recombination.

The role of mitochondrial DNA in research

Mitochondrial DNA has played an important role in evolutionary biological and popula-
tion genetic studies ever since its discovery. Mitochondrial sequences are assumed to be
maternally inherited, non-recombining and fast evolving, which make them ideal genetic
and phylogenetic markers. Besides these favorable genetic characteristics, mitochondrial
genomes have simple organizations, and it is easy to identify homologous regions. Fur-
thermore, they are easily accessible due to the high copy number of the genomes per
cell [16].

Mitochondrial DNA was the first marker to bridge the gap between the disciplines
of population genetics and systematics [17]. The former studying microevolutionary pro-
cesses using allele frequencies and dynamics, while the latter studying macroevolution
using species phylogenies. The mitochondrial DNA offers a strong genealogical inference
at the intraspecies level, thereby linking intraspecies allele dynamics with interspecies
phylogenies.

When the barcoding of life project started, the first barcoding gene was the mito-
chondrial encoded COI (cox1 in filamentous fungi) due to the favorable characteristics of
the mitochondrial DNA and its prominence in evolutionary and systematic studies [18].
However, amplifying the sequence proved to be problematic in many fungal groups be-
cause of the frequent insertion of introns into the region made universal primer design
difficult [19, 20]. Hence, the barcoding community chose the ITS (internal transcribed

∗Interestingly, the DNA content of mitochondria was not known at the time of these discoveries,
thus the phenotype was not linked to the mitochondrion. Instead, the phenotype was linked to an
unknown extra-chromosomal factor that had a cytosolic location. The phenotype was traced back to the
mitochondrion after its genome was discovered.
†The expression “maternal inheritance” was coined in Neurospora crassa.
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spacer) region of the nuclear rDNA repeat region as the official barcode for fungi [21].
Unfortunately, this barcode proved to have insufficient resolution in many closely related
species [22]. Therefore, multiple locus analyses became the new standard, most of which
included at least one mitochondrial marker. Since there has been no consensus on which
mitochondrial loci to include. Therefore, barcoding efforts have led to a patchy distribu-
tion of mitochondrial gene sequence information among different fungal groups.

Mitochondrial introns

The mitochondrial genome was, originally, assumed to be intron free because of its bacte-
rial origin. This idea was challenged by the discovery of the first mitochondrial intron in
Neurospora crassa [23]. In contrast to nuclear introns, most of which are spliced from the
pre-mRNA by the spliceosome (a complex of proteins and RNA) [24], most mitochondrial
introns are spliced through an auto-catalytic mechanism [25].

The self-splicing activity of introns is catalyzed by the secondary and tertiary struc-
ture assumed by the RNA molecule. The two exons flanking the intron are brought
into close proximity during the folding of the RNA, and are subsequently joined through
transesterifications [26]; the exact self-splicing pathway depends on the structure of the in-
tron. Based on their structure, these introns are divided into two major groups (Fig. 1.1)
and several subgroups. Although the structure of intron sequences has been shown to
be highly conserved and to be paramount in the elucidation of phylogeny and function,
bioinformatic tools for predicting the complete structure from sequence are mostly inac-
curate [27]. Currently, the leading bioinformatic tool for identifying intron substructures
is RNAweasel. The software recognizes conserved motifs by comparing the sequences to
a reference database of known introns [27]; furthermore, based on similarity hits the tool
also classifies the given intron.

(a) group I (b) group II

Figure 1.1: Mitochondrial intron structures.
a) group I intron structure from [27] b) group II intron structure from [28]
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Chapter 1. General Introduction

Besides sequence regions that determine the structure of the intron, they may contain
genes. The type of these intron-encoded genes usually correlates with the major type of
the host intron: group I introns frequently contain homing endonuclease genes (HEGs),
while group II introns contain reverse-transcriptase genes [25]. Both groups of genes are
important in the spreading of the host intron sequences. Group I introns spread through
homing facilitated by the HEG (the mechanism is detailed in the next paragraph). Most
group I intron associated homing endonucleases belong to either the LAGLIDADG or the
GIY-YIG endonucleases [29]. Reverse-transcriptase genes allow introns to spread through
a DNA intermediate: the native RNA, still containing the intron, is copied to DNA, which
then can serve as a template for homologous recombination, leading to intron acquisition
by gene conversion [29].

The proposed life cycle of introns in a population is as follows: i) spread of the in-
tron in the population by homing until fixation, ii) degradation or loss of the HEG, and
iii) precise loss of the intron [30]. The intron spreads (i) by homing: the homing en-
donuclease recognizes the intronless “host” gene (target site is 15–45 bp), and introduces
a double-strand break, which is repaired through homologous recombination that leads
to gene conversion and, thereby, acquisition of the intron. After the intron is fixed in
the population, the HEG “loses its purpose”; there is no selective pressure to maintain a
functional HEG within the intron, which may lead to the degradation or loss of the gene
through mutations (ii). Without a functional HEG the intron is rendered immobile. Over
time, introns accumulate mutations which may impair their self-splicing ability, leading
to the loss of the intron through precise excision (iii), since the mitochondrial genes are
crucial for the proper functioning of the cell, there is a strong selection pressure against
imprecise excisions [30]. Finally, the intron free site is a potential target for new intron
insertion.

The genus Fusarium

Fusarium species are well known as plant pathogens and mycotoxin producers. In a sur-
vey, two Fusarium species, F. graminearum & F. oxysporum, were ranked among the
five most important plant pathogens based on scientific and economic considerations [31].
Fusarium infections cause not only direct yield loss, but can cause mycotoxin contami-
nation, too, which poses risk to both human and animal health. The importance of the
genus as mycotoxin producer is well demonstrated by the fact that in the European Union
legislation concerning mycotoxins in food (1881/2006/EC), points (28)–(39) concern the
regulation of Fusarium toxins, such as fumonisins, zearalenone, and trichothecenes (ni-
valenol, deoxynivalenol, T-2 & HT-2 toxins). Besides their indirect threat to human and
animal health through mycotoxin production, several species are important pathogens of
both humans and animals [32]. Despite the pathogenic and mycotoxigenic side of the
genus, some Fusarium spp. are used as biocontrol agents against plant pathogens [33], or
for processed food production (i.e., Quorn R©) [34, 35].

Historically, Fusarium species were grouped into sections based on morphological char-
acteristics of the asexual morphs (anamorphs) [37]. As the emphasis shifted from mor-
phology to DNA markers to study the evolutionary relationship between species, the
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Figure 1.2: Species complexes within the genus Fusarium.
Figure from [36]: Maximum clade credibility (MCC) tree showing divergence age estimates for major
lineages of Fusarium generated using calibrated Yule model. Numbered circles identify 20 nodes for which
divergence times are reported; 10 nodes are labeled to identify evolutionary origin of six lineages, and
four secondary metabolites. Names in gray boxes represent species complexes. The terminal Fusarium
clade (F1, node 2) and F2 (see node 3) represent alternate hypotheses of Fusarium. Geological time scale
is in millions of years before present (Mya). FGSC = Fusarium graminearum species complex, HPD =
highest probability density interval, Paleo = Paleocene, Pl = Pliocene, P = Pleistocene.

sections based on morphology were abandoned. Instead, the species were grouped into
species complexes (Fig. 1.2) based on multi locus genealogies.

The Fusarium research community currently recognizes more than 20 species com-
plexes (Fig. 1.2) or lineages within the genus [38]. The species belonging to different
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groups within the genus have different modes of reproduction. In this thesis, I examined
species that have homothallic, heterothallic or asexual reproduction. Fusarium grami-
nearum has an active sexual cycle and has a homothallic reproduction. Species of the
F. fujikuroi species complex have a heterothallic mating type organization, and several
species have known sexual stages, while F. oxysporum has no known sexual stage, and is
considered to be asexual [39].

Mitochondrial genomes of Fusarium species

Due to the reduced interest in mitochondrial sequences, only six Fusarium species had
published mitochondrial genomes prior to the start of this thesis project: F. oxyspo-
rum [40, 41], F. graminearum (Fig. 1.3), F. solani [42], and three members of the F. fu-
jikuroi species complex, namely F. circinatum, F. fujikuroi [43] & F. verticillioides [42].
The mitochondrial genomes of Fusarium spp. contain a set of 14 “standard” mitochondrial
polypeptide-encoding genes, two rRNA-encoding genes, rnl (mtLSU) and rns (mtSSU),
and more than 20 tRNA-encoding genes [42]. The orientation and order of the genes are
conserved within the genus, with the exception of some of the tRNA-encoding genes [43].
The mitochondrial genomes of Fusarium spp. harbor variable numbers of introns, result-
ing in significant size variation between the different species [42, 43]. One of the introns
is located in the rnl gene, and encodes a small ribosomal protein Rps3; this intron is
conserved in the Pezizomycotina [44].

The region between rnl and nad2 was identified to be highly variable, and was baptized
as large variable (LV) region (Fig. 1.3) [42]. The region contains several tRNA genes, and
a large open reading frame (ORF) was found in all Fusarium spp. except in F. oxysporum
(represented by strain F11) [40, 42, 43]. The ORF was named LV-uORF since the ORF
had no functional prediction, it showed high levels of variability and it is located in the
LV-region [42]. Al-Reedy et al. [42] suggested that the LV-uORF may represent a gene
with unknown function and that it is under purifying selection. Because the LV-uORF
region has a higher GC content than the conserved protein encoding regions or the intron
encoded genes and because its codon usage differs significantly from other mitochondrial
genes, they suggested that the LV-uORF was acquired via horizontal gene transfer (HGT).

In conclusion, the mitochondrial genome of Fusarium shows complete conservation in
gene (ORFs not considered) content, order and orientation. Although tRNA gene content
does show some variation. The intron content of the lineages shows significant difference.
The LV-uORF is suggested to be under selective pressure and obtained by HGT.

From reference genomes to Pan-genomes

The first goal of genomic research was to construct reference genomes in order to cap-
ture the genetic potential of the given organisms. Consequently, reference genomes have
become in comparative genomics what type strains are in taxonomy: the representation
of the entire species by a single individual. Therefore, when looking for the genetic basis
of phenotype differences, such as virulence, between species, the reference genomes are
compared, and genes specific to the species are investigated. However, within species and
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Figure 1.3: The mitogenome of F. graminearum strain PH-1.
Green blocks: tRNA coding genes, blue arrows: genes or ORFs (no labels added for short
ORFs), yellow arrows: protein coding sequences, red arrows: rDNA coding sequence,
purple arrows: intron encoded homing endonuclease genes, gray box: the large variable
(LV) region with orf1931 (LV-uORF).

even within populations, there can be significant difference between individuals in genetic
content both at allele and gene level.

Early on in bacterial genomics, the large level of genomic diversity and plasticity
was identified, and the discrepancy between the genetic potential of a single individual
and that of a population of individuals was recognized. This has led to the idea of the
distributed genome hypothesis (DGH) [45, 46]. According to the DGH, each strain within
a population/species contains a subset of contingency genes from within the supra-genome
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(pan-genome), i.e., the supra-genome is distributed among many individual strains [45,
47]. Pan-genomes are the abstract representation of the genomes of all the strains that
are present in a group of individuals (a population or a species).

Two genome definitions are being used in the literature of pan-genomics, which could
lead to confusion and miscommunication. The first definition used for pan-genomics
defines genomes as the collection of genes encoded in the organism. This differs from
the genome definition used in genomics: the complete set of genetic information in the
organism, which is usually understood as the complete DNA (and/or RNA) sequence of
the organism. The first definition could be seen as a database or a list of annotation level
data that is frequently visualized as a Venn diagram. While the second one could be seen
as structural level data that is usually stored and visualized as a graph. Most sequence
level genomes have an annotation that links the two concepts together. In this thesis, the
second definition is used for genomes.

In recent decades, advances in next generation sequencing have made genomic research
more affordable and more accessible for research groups, leading to an exponential growth
of genomic projects and available expression & genome data. To take full advantage of
next generation sequencing data, a paradigm shift is needed: from focusing on reference
genomes to using pan-genomes [48]. However, reference genomes are still important for
understanding the genetic makeup of species, and are the best starting point for building
the pan-genome of the given species. Pan-genome based analysis can be used to identify
conserved, variable and strain specific regions within a group of genomes. Pan-genomes
can also be employed to contrast two populations or two species.

Tracking successful genotypes by mt DNA

I wished to evaluate the usability of the mitochondrial genome to monitor the distribu-
tion and spread of populations. The mitochondrial genome has a great potential for these
usages. Due to its high copy number within individual cells, the mitochondrial genome
is easy to access. Furthermore, it is mostly maternally inherited and it is less likely to
recombine than the nuclear genome [49]. In fungi, gender is not genetically determined,
and since maternal structures and meiosis require resources, the better adapted geno-
type is more likely to act as the maternal strain. Thereby, the mitochondrial genome
of the successful strains will be inherited by all of their offspring, while nuclear poly-
morphisms responsible for the increased fitness will be inherited according to Mendelian
laws. Although mitochondrial markers may be neutral to the pathogenic phenotype of the
successful population, due to maternal inheritance they should be present in all progeny
while nuclear markers related to the phenotype will only be present in half of the progeny.
I hypothesize that the mitochondrial genotype could be used to track the spread of the
successful nuclear genotypes in the population.
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Return of the mitochondrial DNA: Thesis outline

In this PhD thesis, I demonstrate how the technical difficulties leading to the neglect of
mitochondrial genomes can be overcome by next generation sequencing (NGS) and new
bioinformatics software tools. This allows the return of the mitochondrial DNA as an im-
portant marker for the understanding of the evolution of lineages both at intraspecies and
supra-species level. The results presented in this thesis show that comparative mitochon-
drial genome analysis can lead to important insights into the biology and evolutionary
history of the studied organism, in our case Fusarium.

Although high throughput sequencing methods are becoming more and more acces-
sible, the number of assembled and annotated mitochondrial genomes is lagging behind
that of nuclear genomes. In chapter 2, a new tool is presented that is able to selectively
assemble genomic regions from next generation sequencing reads, allowing the efficient
extraction of target regions (such as the mitochondrial genome or barcoding sites) from
large numbers of sequenced isolates. This software tool makes it possible to compare large
numbers of strains and multiple loci in a time, memory and storage economic way. This
tool was subsequently applied in all the research that is presented in this thesis.

Due to the reduced interest in mitochondrial sequences, only six Fusarium species had
published mitochondrial genomes prior to the start of the thesis project [40, 41, 42, 43].
Previous comparative mitochondrial studies have identified the large variable (LV) region
and the LV-uORF in Fusarium with the exception of F. oxysporum. To understand
the evolution of this region and that of the whole mitochondrial genome in general in
F. oxysporum, I analyzed the mitochondrial genomes of more than 60 strains (chapter 3).
Another important goal of this chapter was to clarify the phylogenetic relationships within
the F. oxysporum species complex (FOSC). Previous phylogenetic studies have recognized
2–4 clades as potential phylogenetic species within the complex. I wished to clarify this
situation using more than 60 strains, and analyzing 8 nuclear single copy genes, the nuclear
rDNA repeat region and the complete mitochondrial genome. A scaleable programmatic
implementation of the genealogical concordance species recognition method was used for
this work.

Previous comparative mitogenome analysis of F. fujikuroi species complex (FFSC)
by Fourie et al. has indicated that mitochondrial recombination is occurring between
species within this complex. Unfortunately, that study only included one representative
for each of the three major lineages within the FFSC, which limited the resolution of
the analysis and the strength of the conclusions. In chapter 4, I used complete mito-
chondrial genome sequences to clarify the evolutionary history of the F. fujikuroi species
complex (FFSC) and the FOSC by using an extended set of strains. In total, 38 strains
were analyzed: 26 strains from the FFSC and 9 representative strains were chosen from
the set of FOSC strains analyzed in chapter 3, two strains that are closely related the
FOSC, and F. redolens, which was used as the outgroup. A species tree was constructed
based on the concatenated alignment of 9 nuclear genes and the mitogenome to serve
as a reference. Individual gene trees were then compared to the species tree to identify
conflicts that may indicate hybridization events or horizontal gene transfer.

In chapter 5, I focused my analysis on the intraspecies variation in F. graminearum,
an important pathogen of cereal crops. Understanding the distribution and stability of
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variable sites is crucial to identifying candidate markers for population tracking. This
chapter contains the first study surveying mitogenome variability in a species that has
so many introns—intron regions make up more than half of the mitogenome of F. gra-
minearum—. In addition, I explored the possibility of using whole genome sequencing
reads of pooled DNA extracts of multiple isolates for the investigation of intraspecific
variation (chapter 5). Two approaches were used to explore the mitogenome variability
in the pooled data set: i) assembling the reads de novo, and ii) mapping the reads to a
reference sequence. Pooled sequences represent a scaleable solution for surveying popula-
tion and species mitogenome diversity. They also promote the transition to pangenomic
representation and analysis of supra-individual levels.

In the final chapter (chapter 6), I present how next generation sequencing (NGS) and
new bioinformatics software tools, make the return of the mitochondrial DNA—as an im-
portant marker for the understanding of the evolution of lineages both on the intraspecies
and supra-species level—possible. First, I discuss how selective genome assembly, in
particular, using GRAbB, can facilitate the assembly of mitochondrial genomes. Next,
the annotation methods are presented and discussed. Then, I summarize the results on
sequence variability of the mitochondrial genomes of Fusarium spp. and discuss the po-
tential of different regions as phylogenetic markers. The variability of the large variable
(LV) region of the mitochondrial genome is discussed in depth, and I present a hypothesis
for the origin of the different variants of the region. Following, I discuss the importance
and role of both introns and homing endonuclease genes in the evolution of mitochondrial
genomes. The hypothesis presented in the introduction for using mitochondrial sequences
for tracking populations is evaluated and discussed. Then, the potential of pan-genomics
for mitochondrial genomes is discussed, and how mitochondrial genomes could be used to
facilitate the development & validation of pan-genomic tools. Finally, the most important
conclusions are summarized and future perspectives are discussed.
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