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ABSTRACT

Leptographium wingfieldii is an invasive fungal species in Canadian forests which was
originally isolated in Europe (France and Greece). Leptographium wingfieldii and other fungi in
the order Ophiostomatales (Ascomycota) are vectored by arthropods, and they can be either
pathogenic to tree species or cause blue stain on sapwood in conifer (and hardwood) species.
These fungi are ecologically and economically significant due to their impact on forest
ecosystems and lumber industry. Whole genome sequences were obtained from Leptographium
wingfieldii and related fungi (including Leptographium procerum, Leptographium terebrantis,
Grosmannia aureum, Ophiostoma minus, and Ophiostoma piliferum). The mitochondrial
genomes of these fungi were assembled and found to contain autocatalytic group I and group II
introns, intron-encoded homing endonucleases along with intron-encoded reverse transcriptase
enzymes that have applications in genome editing. These elements contribute toward the genetic
diversity observed among the mitochondrial genomes studied. The study provided information to
generate a mitochondrial intron landscape, identified complex intron arrangements, and
demonstrated the correlation of mitogenome expansion with the number of introns. The whole
genome sequence data were also analyzed with regards to the presence of nuclear genome
encoded biosynthetic gene clusters (BGCs). This effort identified the presence of 205 BGCs
categorized into PKS I, PKS III, NRPS, RiPPS, Terpenes, and hybrid types and these could be
sources for potential antimicrobials and industrially important chemical compounds. The study
provides a platform for downstream biochemical characterization and heterologous expression of
the identified genetic elements, facilitating their functional annotation and explore their potential

for industrial applications.
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RESUME

Leptographium wingfieldii est une espece fongique envahissante présente dans les foréts
canadiennes et initialement isolée en Europe (France et Gréce). Leptographium wingfieldii et d'autres
champignons de 'ordre des Ophiostomatales (Ascomycota) sont transmis par des arthropodes et
peuvent étre pathogenes pour les especes d'arbres ou provoquer le bleuissement de 'aubier chez les
coniféres (et les feuillus). Ces champignons sont d'importance écologique et économique en raison de
leur impact sur les écosysteémes forestiers et 1'industrie du bois d'ceuvre. Des séquences génomiques
completes ont €té obtenues a partir de Leptographium wingfieldii et de champignons apparentés
(notamment Leptographium procerum, Leptographium terebrantis, Grosmannia aureum,
Ophiostoma minus et Ophiostoma piliferum). Les génomes mitochondriaux de ces champignons ont
¢été assemblés et contiennent des introns autocatalytiques des groupes I et 11, des endonucléases de
localisation codées par des introns ainsi que des enzymes de transcriptase inverse codées par des
introns, qui ont des applications en édition génomique. Ces ¢léments contribuent a la diversité
génétique observée parmi les génomes mitochondriaux étudiés. L'étude a fourni des informations
permettant de générer un paysage intronique mitochondrial, identifié des arrangements complexes
d'introns et démontré la corrélation entre 1'expansion du mitogénome et le nombre d'introns. Les
données de séquence du génome entier ont également été analysées concernant la présence de
groupes de genes biosynthétiques (GGB) codés par le génome nucléaire. Cet effort a identifié la
présence de 205 GGB classés en PKS I, PKS III, NRPS, RiPPS, terpénes et types hybrides. Ceux-ci
pourraient étre des sources potentielles d'antimicrobiens et de composés chimiques d'importance
industrielle. L'étude fournit une plateforme pour la caractérisation biochimique en aval et I'expression
hétérologue des €léments génétiques identifiés, facilitant leur annotation fonctionnelle et explorant

leur potentiel d'applications industrielles.
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GENERAL INTRODUCTION

Ophiostomatales is an order of fungi assigned to the Division Ascomycota. The Order
Ophiostomatales has undergone many taxonomic revisions, currently it includes 14 accepted
genera with a proposal of possible up to 24 genera (de Beer et al. 2022). Leptographium and
Ophiostoma are two well studied genera within the Ophiostomatales. Some members of
Ophiostoma and Leptographium are causal agents of plant diseases such as Dutch elm disease
(Ophiostoma ulmi), or conifer root diseases (Leptographium terebrantis) etc. In addition, many
members of these genera are blue stain causing fungi. These fungi frequently grow in bark beetle
galleries under the bark of infected trees and the fungal growth on the sapwood creates black and
blue staining on the sapwood due to melanin produced by the fungus. Although this stain has no
deleterious effects it is undesirable when sold as lumber. Blue stain therefore has a significant
economic impact on the forestry/lumber related industries. Either pathogenic or blue stain
causing, most members of Leptographium and Ophiostoma depend on bark beetles to propagate
in the forest environment. Bark beetles live under the bark of trees and carry fungal spores with
them, thus inoculate other trees as they migrate to new trees to establish their broods inside bark
beetle galleries. The fungus can provide nutrients for the beetles, and secondary metabolites
released by the fungus can potentially neutralize the plant’s immune response (Six 2012). This

creates a suitable environment for the beetles to propagate.

Fungal whole genome sequences offer an opportunity to explore mitochondrial genomes
and features of the nuclear genome. Mitochondrial genomes are a source of mobile introns and

intron-encoded homing endonuclease and reverse transcriptase enzymes. Those enzymes can be



utilized as genome editing tools. The mobile introns (group I and group II introns) are potentially
autocatalytic (i.e., self-splicing) and can be described as ribozymes (RNA molecules) that have
catalytic activities. Mitochondrial genomes can also provide sequences for fungal identification
and for studying fungal evolution and they can be applied to study generic and ordinal
relationships among fungi. The nuclear genomes might offer some insights into the categories of
secondary metabolites (SMs) these fungi can produce. The genes associated with SM production
are usually arranged in biosynthetic gene clusters (BGCs) and there are bioinformatics tools
available to predict the presence and position of these genes. Members of the Ophiostomatales
appear to produce SMs in part to attract insect vectors and in some instances SMs might facilitate
their insect vectors to have a better chance to invade trees (Six and Wingfield 2011). In addition,
there is considerable interest in fungal SMs as they may offer a range of natural products that are

of pharmaceutical value (Bérdy 2005; Keller 2019).

Leptographium wingfieldi and related taxa are the subjects for part of this study.
Leptographium wingfieldii was originally isolated in Europe (France and Greece) and it is
assumed the species was introduced into Canada (reviewed in Hausner et al. 2005). Exotic fungi
introduced to a different forest environment can pose ecological risks and challenges to the
native flora. Species of Leptographium can be challenging to be identified based on
morphological features, therefore it is necessary to have reliable DNA sequence-based methods

for their identification.

During this study the mitochondrial genomes of Ophiostoma minus and Ophiostoma

piliferum were explored and annotated as these species are considered serious blue-strain fungi



and are found in forest ecosystems in the Northern Hemisphere. These genomes provided an
opportunity to conducts a comparative analysis with other recently published mitochondrial
genomes for members of the Ophiostomatales. From this analysis the intron dynamics were
examined, and a mitochondrial intron landscape was established for this Order of fungi. This
work also identified novel intron configurations, nested introns, and side-by-side intron, in
Ophiostoma ips. Overall, this work on mitochondrial genomes of the Ophiostomatales, showed
the conservation of gene synteny, identified intron homing/insertion sites, and confirmed the

correlation of intron number with mitogenome size, as seen in other fungi.

Combined, whole genome sequencing and genomic mining allowed for the
characterization of mitochondrial genomes and nuclear biosynthetic gene clusters. This provides
a resource for those searching for homing endonuclease, ribozymes, nested intron arrangements,
potential sequence markers for taxonomic studies and the genetics of secondary metabolites

production for the Ophiostomatales.



CHAPTER 1: LITERATURE REVIEW



CHAPTER 1: LITERATURE REVIEW

1.1 LEPTOGRAPHIUM WINGFIELDII AND THE OPHIOSTOMATALES FUNGI -
BIOLOGY, TAXONOMY, AND ECONOMIC IMPORTANCE

Leptographium wingfieldii is a fungal species belonging to the order Ophiostomatales in
the class Sordariomycetes which is in the phylum Ascomycota. The fungal phylum Ascomycota
contains the largest number of fungi with diverse life histories and morphological features
ranging from unicellular yeast (Saccharomyces), filamentous members (molds such as
Penicillium species etc.) and multicellular “mushroom” like truffles (7Tuber), morels (Morchella
sp.), cup fungus (Peziza) etc. This phylum falls under the subkingdom Dikarya along with
Basidiomycota (contains the mushrooms). Most Ascomycota fungi are filamentous and the
characteristic feature of them is the formation of ascospores. Ascospores are sexual (meiotic)
spores generated for fungal reproduction and these spores are formed within an ascus (a sac-like
structure). The name ‘Ascomycota’ is derived from the term ascus and this group is also referred

to as the “sac fungi” (Lutzoni et al. 2004; Hibbett et al. 2007).

Ophiostomatales includes more than 300 species (de Beer et al. 2022), most of them are
non-pathogenic, however, some are plant pathogen (e.g., Dutch elm disease) and a few are
human pathogens (e.g., Sporotrichosis). The taxonomy of Ophiostomatales has undergone many
revisions due to a lack of definitive characters and many instances of convergent evolution of
morphological features shared among unrelated fungal groups (Hausner et al. 1993; Spatafora
and Blackwell 1994; Zipfel et al. 2006). With the availability of more molecular markers [such

as ITS regions, actin (ACT), beta-tubulin (TUB2), calmodulin (CAL) and the translation



elongation factor 1-alpha (TEF1-a) (Linnakoski et al. 2016; Yin et al. 2016; de Beer et al. 2016;
Jankowiak et al. 2017; Strzalka et al. 2020)], the order and its various genera have gone through
more revisions in recent years (de Beer and Wingfield 2013; de Beer et al. 2016; Jankowiak et al.
2017). According to Hyde et al. (2020), this order of fungi contains two families
Ophiostomataceae (11 genera) and Kathistaceae (3 genera), comprising a total of 14 well-defined
genera. However, more recently Ophiostomatales have been re-examined, specifically the
Ophiostomataceae. With a combination of genomic data and various nuclear markers, the finding
suggested that there is the possibility of up to 24 lineages in this order (de Beer et al. 2022).

The genus Leptographium is one of the genera in the Ophiostomatales and it is well known for
the association of its members with various tree diseases such as plant root disease and
frequently these fungi can cause blue stain on timbers. These fungi are saprophytic and thrive to
live on wood (sapwood) under the bark of the trees. Leptographium species are filamentous and
grow apically. The filamentous structure is called hyphae, and the complex network of hyphae is
called the mycelium. Leptographium species have septate hyphae which means their hyphae has
membranes (septa with pores) between cells. They can reproduce sexually by the formation of
ascospores (formed inside asci that are housed within perithecia-like structures) however,
asexual reproduction is more frequently encountered among these fungi. Indeed, for most
members of Leptographium one typically only observes the asexual structures (conidiophore
generating conidia). Historically the genus Leprographium was used to accommodate asexual
members (see Upadhyay 1982) but recently the taxonomy of the fungi has been revised to a
naming system (Wingfield et al. 2012) that avoids two names for fungi based on “asexual”

(anamorph) and “sexual” (teleomorph) reproductive features (reviewed in de Beer et al. 2022).



Leptographium species maintain an association with bark beetles. The fungi and the beetles share
a common habitat and mutually benefit each other. The bark beetles and their brood feed on the
fungi and the adult beetles carry fungal spores on their body, thus spreading these fungi from tree
to tree in the forest ecosystem. Usually, fungi produce certain chemicals (such as nitrogen,
sterols, and other nutrients) that feed the beetles and help them to survive under the bark by
possibly suppressing the plant immunity system (Bleiker and Six 2007; Lieutier et al. 2009; Six
and Wingfield 2011), however, research showed exceptions of those phenomena in mountain

pine beetles (Fortier et al. 2024).

There are at least 68 species in the genus Leptographium (Harrington and Cobb 1988;
Jacobs and Wingfield 2001), but only a few species have been studied so far with regards to
genomics. Species of Leptographium that have been studied at the genomic level so far are as
follows: L. procerum (Harrington and Cobb 1983; Jacobs and Wingfield 2001), L. lundbergii
(Jacobs et al. 2005), L. wageneri (Wagener and Mielke 1961), and L. terebrantis (Lee et al.
2006; Klepzig and Wilkens 1997). In general, there were frequent reports on these fungi, such as
studies on L. abietinum (McBeath et al. 2004), L. sinoprocerum (Lu et al. 2008), L. taigense
(Linnakoski et al. 2012a), L. olivaceapini (Davidson 1971; Yin et al. 2019), L. panxianense (Pan

et al. 2020), L. longiclavatum (Lee et al. 2005), L. conjunctum (Paciura et al. 2010) etc.

Leptographium wingfieldii is the species of interest of the current study. The
classification of Leptographium wingfieldii is as follows:
Kingdom: Fungi, Phylum: Ascomycota, Class: Sordariomycetes, Order: Ophiostomatales,

Family: Ophiostomataceae, Genus: Leptographium, Species: wingfieldii.



Leptographium wingfieldii was originally described from Europe (France and Greece,
Morelet 1988) but it appears this fungus has been recently introduced into North America along
with its bark beetle vector (Jacobs et al. 2004). The strains used in the current thesis were
collected from Northwest Ontario, Canada (described in Hausner et al. 2005). L. wingfieldii is a
potential pathogen on white pine and it is a blue stain causing fungus on various conifer species.
Blue stain is undesirable as it reduces the value of the lumber. In addition, as an invasive species,
it might have ecological impact by competing with other fungi and colonizing tree species that
may have little or no tolerance to this exotic species (Jacobs et al. 2004; Hausner et al. 2005).
This fungus was originally found in association with the bark beetle Tomicus piniperda.
However, due to the change in environment this fungus might create associations with native
beetle species (observed in Jacobs et al. 2004). Its long-term impact on the forest ecosystem is
still unknown and distinguishing this species from native species based on morphological
characters can be challenging. Thus, the study of the genomes of this fungus and related species
might offer opportunities for finding suitable genetic markers that can eventually be applied in
high throughput DNA markers assisted identification strategies (Bergeron et al. 2019; Capron et

al. 2020; Trollip et al. 2021).

1.2 FUNGAL GENOMICS, MITOCHONDRIAL GENOME AND MOBILE INTRONS

Fungal genomes consist of nuclear DNA and mitochondrial DNA. Although the
chromosome numbers, genome size, and number of genes in the genome are variable among

species, previous report showed the genomes range from 16.05 Mb to 43.82 Mb for the



Ophiostomatales fungi (de Beer et al. 2022). Neurospora crassa, a model filamentous fungus in
Ascomycota, has a 43 Mb sized genome organized in seven chromosomes and encodes for about
10,000 genes (Galagan et al. 2003). Ophiostoma ulmi and O. novo-ulmi — are members of the
Ophiostomatales that are estimated to have six chromosomes containing a 30-35 Mb genome
harboring 8,000 - 10,000 genes (Hintz and Peberdy 1989). Grosmannia clavigera - a closely
related fungus to L. wingfieldii - has a genome of 30 Mb with seven chromosomes which

contains about 9,000 genes (DiGuistini et al. 2009).

Mitochondrial genomes of fungi usually get sequenced as a part of whole genome
sequencing (WGS) efforts, where it is denoted as mitochondrial chromosome or chrM. However,
mitochondrial genomes are also independently sequenced when studies focus on fungal
mitochondria and its components, so the challenge in some instances is to recover pure mtDNA
from many fungi. Mitochondrial genomes in fungi usually code for 15 protein-coding genes, two
rRNA genes, and a complete set of tRNAs (covering all amino acids). The protein coding genes
are ATP synthase subunit genes (a#p6, atp8, atp9), NADH dehydrogenase subunit genes (nadl,
nad2, nad3, nad4, nad4L, nad5 and nad6), cytochrome oxidase subunit genes (cox!, cox2, cox3,
cob), and ribosomal protein coding gene (rps3). Two rRNA genes in mitochondrial genome are
small ribosomal subunit gene (7xs) and large ribosomal subunit gene (7n/), and there are about 20
- 26 tRNA genes in a mitochondrial genome (reviewed in Hausner 2003; Lang 2018). However,
there are exceptions, and in some fungi, there is an absence of afp and nad genes in the
mitogenomes, possibly due to gene loss by oxidative damage or transfer of organellar genes to

the nuclear genome (Buschges et al. 1994; Schikora-Tamarit et al. 2021).



Although having similar number of genes, the sizes of the mitochondrial genomes (or
mitogenome) among fungi are quite variable ranging from 11 kb (plus inverted repeats; in
Hanseniaspora uvarum, Pramateftaki et al. 2006) to 272 kb (in Morchella importuna, Liu et al.
2020). Size variation of the mitogenomes in the Ophiostomatales ranges from 23.7 kb to 150.9
kb and the variability is in part due to introns that are selfish elements frequently encountered in
the fungal mitogenomes (Zhang et al. 2019; Fonseca et al. 2021; Wai and Hausner 2021; Zubaer
et al. 2018; Zubaer et al. 2021; Mukhopadhyay et al. 2023). These elements are frequently
referred to as mobile introns as evidence has accumulated that shows these introns can move
from intron-containing alleles to cognate intron-less alleles (reviewed in Dujon 1989). There are
two types of mobile introns found in fungal mitogenomes, group I introns and group II introns
(Fonseca et al. 2021). They can be distinguished based on their splicing mechanisms, and they
are potential ribozymes as they can self-splice from the primary transcript (reviewed in Hausner
et al. 2014; Mukhopadhyay and Hausner 2021; McNeil et al. 2016). Ribozymes (catalytic RNA)
were first discovered independently by Sidney Altman and Thomas R. Cech, and they were
awarded the Nobel prize in 1989 for their efforts (Stark et al. 1978; Guerrier-Takada et al. 1983;
Cech et al. 1981; Zaug et al. 1983). Cech’s group reported the presence of a self-splicing group I
intron in the nuclear ribosomal large subunit gene from the protozoan Tetrahymena (Cech et al.
1981; Zaug et al. 1983). Later research showed that group I introns are widespread in viruses
(phages) and almost all life forms - archaea, bacteria, fungi, plants, and animals (Haugen et al.
2005; Lang et al. 2007; Simon et al. 2008; Huchon et al. 2015; Nawrocki et al. 2018; Jenkins et

al. 2022; Kobayashi et al. 2022).
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Group I introns can reside in the protein coding genes in fungal mitochondria and introns
are highly variable in their primary sequences. However, there is a pattern in the group I intron in
which the terminal base (3° end) of this intron sequence is usually a ‘G’ (referred to as the omega
G), and the last base of the upstream exon is usually a ‘T’. Despite their differences at the
sequence level, group I introns maintain a similar secondary and tertiary structure (Michel et al.
1982; Michel and Westhof 1990). Typically, there are ten paired regions/helical regions in the
secondary structure in group I introns, designated as P1 to P10 (P = paired). The paired (P1 to
P10) regions of group I are facilitated by complementary base pairings, and this is the key for
establishing a three-dimensional configuration that promotes self-splicing activity. Due to
variations in the intron core sequences and peripheral structures such as additional helical
regions or the absence of some helical components, group I introns are categorized into five
groups from IA to IE and further subdivided with designations such as IA1, IC2 etc. (Michel and

Westhof 1990; Zhou et al. 2008).

The splicing reaction of a group I intron consists of two transesterification reactions. The
splicing starts with an external GTP that initiates a nucleophilic reaction. This external guanosine
(G, referred to as the alpha-G) associates with the GTP-binding pocket in the P7 region and the
3’OH group of the external G will promote the transesterification reaction that releases the
upstream exon. The second transesterification reaction involves the 3’OH from the released
upstream exon. RNA folding of the intron enables all active components to be in close
proximity. The upstream exon 3” OH group will attack the downstream intron/exon junction
destabilizing the phosphodiester bond at this junction and thus releasing the intron and joining

the two exons. As stated previously these reactions are mediated by the intron RNA folding into
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a conformation that generates a catalytic RNA molecule. Splicing also requires the presence of
divalent cations (e.g., Mg+2) and in some instances protein factors (maturases) also enhance the
activity of the reaction (Stahley and Strobel 2006; Vicens et al. 2008). The intron/exon junctions
are moved into close proximity by the generation of the P1 fold (that includes the internal guide
sequence) and the P10 interaction that pairs a short segment of the downstream exon with a
sequence in the unpaired regions within the P1 helix. The end results of these interactions ensure
the proper splicing of the intron and accurate joining of the exons (Vicens and Cech 2006).
Usually, group I introns encode for open reading frames (ORFs). In fungal mitochondrial
genomes these ORFs can encode homing nuclease genes (HEGs). The products of these genes
are referred to as homing endonucleases (HEs) and they can catalyze the mobility of these
introns (Dujon 1989). It was shown early on that during mating HEGs (and their host introns)
display super-mendelian inheritance as they are preferentially passed on due to their mobility
that makes them invasive type elements, although in general they are sequence specific and
invade cognate loci (that lack introns) (Dujon et al. 1986). There are numerous examples in the
literature suggesting that these elements can move horizontally, therefore group I introns (and
their associated HEGs) can maintain a life cycle independent of the organisms that encode them

(Koufopanou et al. 2002; Megarioti and Kouvelis 2020).

Homing endonuclease enzymes usually cleave DNA molecules in a manner that
generates staggered ends. These endonucleases recognize and bind to a very specific string of 14
- 40 bp (depending on the type) long DNA sequence and HEs can either generate a double
stranded cut or a single stranded nick in the target DNA that in turn will activate the double

strand DNA-repair mechanism involving homologous recombination. This mechanism uses the
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cognate intron-plus allele as a template to repair the cut or nicked intron-minus allele (Stoddard
2005; Stoddard 2014). This mechanism is referred to as intron-homing, i.e., the intron is going
home making HEGs and their associated introns cite specific mobile units. There are two types
of HEGs found in fungal mitogenomes - LAGLIDADG and GIY-YIG type HEGs, categorized
based on short conserved amino-acid sequence motifs (Stoddard 2005; Hafez and Hausner
2012). Due to the HEGs specificity for a particular sequence, introns and their HEG partners can
usually be found in specific locations across many fungal species, and it is possible to generate
intron-maps using a reference species/sequence (Ferandon et al. 2010; Hafez et al. 2013; Guha et

al. 2017; Zubaer et al. 2019).

Group II introns are less frequently observed in fungal mitochondrial genomes in
comparison to group I introns. Group II introns are found in all domains of life (in bacteria,
archaea and organellar genomes of protists, plants, fungi and less frequently in metazoans). So
far, they have not been recorded from bacteriophages, but group II introns have been
characterized from conjugating transposons and the reverse transcriptases of group II introns
have been co-opted in some instance as components of prokaryotic defense systems against
invading genetic elements (phages) (Ferat and Michel 1993; Lambowitz and Zimmerly 2011;
Zimmerly and Semper 2015; McNeil et al. 2016; Gonzélez-Delgado et al. 2021). In contrast to
group | introns, a group II intron has six domains in its structure designated as domain I (DI) to
domain VI (DVI). The intron-encoded ORF can reside on the second (DII), third (DIII), or more
frequently in the fourth domain (DIV) (Michel and Westhof 1990; Toor et al. 2001; Simon et al.
2008; Hafez and Hausner 2011; Toor and Zimmerly 2002). The first and largest domain DI of

group II introns is referred to as the scaffold domain. It is critical in facilitating tertiary
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interactions that promote the proper folding of the intron including promoting interactions
between intron and exon sequences to define the intron/exon splice junctions. Typically, DI
includes exon binding sequences (EBS1 and EBS2) that can interact via H-bonding with the
intron binding sequences (IBS1 and IBS2) located in the upstream exon, these interactions
assemble the group II intron into a splicing competent structure. The splicing involves a two-step
transesterification reaction mediated by RNA folding and the presence of Mg+2 cations: here an
internal bulged adenosine’s 3’OH group from domain DVI reacts with the upstream intron-exon
junction; then the liberated upstream exon’s 3’OH reacts with the downstream intron-exon
junction releasing the intron and joining the exons together. (Michel and Ferat 1995; Daniels et
al. 1996; Toor et al. 2008; Toor et al. 2010). The branching pathway mediated by the bulged
internal adenine (referred to as the branch point) as described above results in the release of a
lariat shaped RNA intron molecule, this contrasts to the alternative reaction where the intron is
released as a linear molecule due to a hydrolysis reaction (McNeil et al. 2016; Mukhopadhyay

and Hausner 2021).

Group II introns sometimes harbor an ORF encoding a reverse transcriptase-like enzyme
that can mediate retro-homing - a form of intron homing that involves an RNA intermediate.
Reverse transcriptase enzymes as encoded in group II introns typically have four functional
domains which are as follows: 1. Maturase (X) domain (promotes proper intron RNA folding); 2.
DNA binding (D) domain; 3. Endonuclease (E) domain; 4. Reverse transcriptase (RT) domain.
After transcription of a gene containing a group II intron the intron encoded ORF (RT) can be
translated, and the released intron RNA lariat can combine with its reverse transcriptase

counterpart forming a ribonucleoprotein particle (RNP). The RNA component of the RNP with
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its 3’OH nicks the sense strand of the target DNA, and the Endonuclease (E) domain of the
reverse transcriptase enzyme makes a nick in the antisense strand of the DNA at the intron
insertion target site. The intron target site in part is guided by the EBS sequences located in DI of
the intron RNA. The intron RNA is reverse spliced into that gap present in the sense strand of the
DNA sequence. The reverse transcriptase (RT) domain uses the 3’OH end of the DNA antisense
strand as a primer and generates a cDNA by using the intron RNA as a template, thus forming a
DNA-RNA hybrid at the intron homing site. The RNA part of the DNA-RNA hybrid eventually
gets replaced with DNA by the host cell’s repair mechanism (Lambowitz and Zimmerly 2004;
Edgell et al. 2011). This process is referred to as retrohoming, as it is site specific but involves

an RNA intermediate that is eventually reversed transcribed by the intron encoded RT.

Due to their self-splicing ability and intron homing/mobility mechanisms, introns and
their intron encoded proteins (IEPs) can propagate themselves in the genomes and maintain a life
cycle independent of the host genome; it also appears to promote their ability for lateral transfer
across species boundaries. It should be noted that splicing of group I and II introns in many
instances does require intron and/or nuclear genome encoded factors, usually to ensure
appropriate intron folding and/or splicing efficiency (reviewed in Mukhopadhyay and Hausner
2024). It has been observed that when comparing fungal mitochondrial genomes, the intron
content is highly variable, and introns appear to be rapidly lost and gained. Goddard and Burt
(1999) when comparing mitochondrial genomes of members of the Saccharomycetales observed
that HEGs appear to be gained and lost along with their intron hosts in addition they noted many
examples of “degenerated” HEGs due to the presence of premature stop codons. From this work

they postulated an HEG/Intron life cycle. They argued that group I introns and their HEGs
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follow a scenario that best fits neutral evolution with regards to intron frequency (gain and loss)
and the intron mobility. First, a group I intron encoding a HEG invades an empty homing site,
however due to lack of selection the HEG is prone to accumulate mutations. This leads to the
erosion of the HEG and the loss of mobility for the host intron. Eventually the intron will get
lost, and this would generate a “new” target site that can be invaded again by a group I intron.
This establishes a cycle of intron invasion, loss of HEG, loss of intron, and eventually a
reinvasion by the intron to occupy the site again. This model suggests that at the population level
some active versions of the group I intron (with active HEG) can be maintained by chance
(drift), but many members would be at various stages of degradation. For an intron/HEG to
persist it must keep invading “new” or empty sites or it will become extinct. Alternatively, an

intron/HEG could escape this cycle if it benefits the host and is subject to selection.

The Goddard and Burt model has been widely accepted but the persistence of some
introns (biased gain and losses) and the rapid streamlining (rapid loss of introns/HEGs) of
mitochondrial genomes observed in some fungal lineages suggest that the Goddard and Burt
model may not apply to all mobile introns (Pogoda et al. 2019). Zubaer et al. (2018) argued that
for some group I introns “drift” may not be the best explanation for their persistence in some
fungal mitochondrial genomes. For some introns selection might promote their presence as they
may offer a benefit to the host genome such as fine-tuning gene regulation/expression for certain
genes as splicing can be a rate limiting step under the control of intron and nuclear encoded
factors in addition some introns encode genes such as the mL2450 group I intron that encodes
the ribosomal protein RPS3 (Wai et al. 2019). Zubaer et al. (2018) also postulated that there are

situations where introns share intron encoded splicing factors thus complementing each other in
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situations where one member lost a functional IEP, a form of mutualism among some introns that

would counter the loss/extinction predicted by models based on neutral evolution.

Introns and intron-encoded proteins are considered as selfish elements and maintain a life
cycle independent of the organism. However, reports showed that introns may have phenotypic
effects and possibly play roles important to the biology of the organism. Studies in the 1980s and
1990s showed a possible connection of senescence and the accumulation of circular versions of
excised group II intron derived plasmids in Podospora anserina (reviewed in Begel et al. 1999).
Although, this might be a consequence of other factors associated with triggering senescence in
Podospora (Osiewacz 2024). Introns were found to be essential for the normal function of
mitochondria where the introns play a role of regulators of gene expression in yeast (Rudan et al.
2018). Although group I and II introns have self-splicing capabilities many do depend on co-
factors in order to splice efficiently. The processing of transcripts does involve intron and
nuclear encoded factors that ensure that the intron RNAs assume splicing competent RNA folds.
The presence of introns could act as a rate limiting factor in gene expression and can affect the
organism’s overall metabolism (Rose 2019). The involvement of nuclear encoded splicing
factors for group I and II introns are a means of mitonuclear interplay that could make
mitochondrial gene expression respond to environmental and developmental factors (reviewed in
Mukhopadhyay and Hausner 2024). Transmissible mitochondrial hypovirulence, a phenomenon
where a pathogenic fungus becomes less virulent due to mitochondrial defects, is an example
where a splicing defective intron has an effect on the biology of fungi. It was reported that a
splicing defective group II intron in the rns gene could be the agent that causes hypovirulence in

Cryphonectria parasitica (chestnut blight fungus) by reducing the number of assembled

17



ribosomes (Baidyaroy et al. 2011). A mutation was found in isolates recovered from the last
remaining stands of American chestnut trees in Michigan (USA). The “hypervirulent” strains can
still infect and survive on their host trees but do not cause the devastating symptoms of their wild

type counterparts.

Introns and intron-encoded proteins have applications as gene editing reagents, and they
may have medical applications in pathogenic members as intron splicing would be a therapeutic
target (Liu and Pyle 2024; Parenteau and Elela 2019; Fedorova et al. 2023). Ribozyme type
introns are not found in mammalian genomes therefore group I and II introns offer targets unique
to pathogens that carry them. Homing endonucleases are very precise in recognizing a specific
DNA pattern/sequence and this specificity is crucial for their application in genome editing
(Stoddard 2005; Stoddard 2014; Hafez and Hausner 2012; Guha et al. 2017). HEs can be part of
a process that can mediate gene replacements or HEs can be used to generate mutations as
double-stranded cuts are usually repaired by non-homologous end joining, a process that is error
prone (Stoddard 2014). Recent developments in the CRISPR/Cas9 system are offering more
economic options compared to HEs. Although HEs are more precise in their recognition of DNA
targets, the cost of engineering HEGs for different target sites cannot compete against the cost of

generating guide RNAs for the RNA guided Cas9 or related systems (Guha et al. 2017).

Group I introns have been touted as agents that could be applied in “repairing” defected
mRNAs (Fiskaa and Birgisdottir 2010; Gomes et al. 2024); here trans-splicing group I introns
can be envisioned as allowing for defective exons being replaced by functional (non-mutated)

exons. Group II introns have been genetically engineered as bacterial genome edition reagents
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referred to as targetrons. Taking advantage of the EBS/IBS interactions that allow group II
introns and their associated RTs (as cofactors) to retrohome into genomic target sites, group II
introns can be engineered to insert into specific locations generating mutations (site specific

insertional mutations) (Enyeart et al. 2014; Befort and Lambowitz 2019).

1.3 COMPUTATIONAL TECHNOLOGY FOR THE IDENTIFICATION OF GROUP [
AND GROUP II INTRONS

Group I and group II introns have complex arrangements, and it is challenging to identify
their positions and type accurately. One of the challenges is the presence of IEPs in the introns
that complicate their identification where the programs fail to find the intron-exon boundaries
due to the overlap of IEP with intron-core and the presence of IEP makes it complicated for
computer programs to find the RNA folding partner. Another issue is their sequence variability;
Mobile introns are highly variable in their primary structure (nucleotide sequence) level but
conserved in the secondary structure. Based on their secondary structures group I and group II
introns can be assigned to various subcategories (Michel and Westhoff 1990; Hausner et al.
2014; Zimmerly and Semper 2015).

There are a few technologies available to experimentally determine the structure of RNA
molecules such as X-ray crystallography, NMR spectroscopy, cryogenic electron microscopy
(cryo-EM) etc. Those techniques in association with modeling software can potentially generate
high-resolution RNA structures. However, due to higher cost, longer time, and difficulties in

sample preparation, experimental approaches are still limited and are not feasible at this time for
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high throughput or rapid molecular structure determination of complex RNA molecules. Thus,
various computational technologies were developed to deduce RNA structures in silico. A lot of
the pioneering work on predicting RNA folds for group I and group II introns was done manually
by carefully working with curated data sets composed of fungal mitochondrial group I and II
intron sequences by Michel and co-workers (examples: Michel et al. 1982; Michel and Dujon

1983; Michel and Westhof 1990; Michel and Ferat 1995).

Over the last three decades various programs have been developed for the prediction of
the secondary structures of RNA sequences, such as Mfold (now referred to as UNAfold; Zuker
and Stiegler 1981), RNAfold (Hofacker et al. 1994), RNAstructure (Mathews et al. 2004) etc.
and similar software are commonly used for RNA structure prediction (Fallmann et al. 2017;
Opuu et al. 2022; Sato and Hamada 2023). Those programs use dynamic programming to
calculate minimal energy of a possible RNA secondary structure (Zuker and Stiegler 1981).
Another recent development is RNAcentral - a database and a set of tools based on sequence
similarity to deduce RNA structures (The RNAcentral Consortium; Petrov et al. 2017).
RNAweasel was developed for the identification of RNA structures from a given nucleotide
sequence, and this has been further developed and implemented in MFannot for annotating
mitochondrial genomes which are reservoirs of self-splicing RNAs (group I and group II introns)
(Lang et al. 2007). The MFannot program is dedicated to address and solve the challenges in
identifying and annotating group I and group II introns in the genomes. It uses manually curated
profile HMM models and ERPIN models, and recently is starting to incorporate covariance
models (CMs) to better identify group I and group II introns by recognizing evolutionarily

conserved signatures in the primary sequence and secondary structure (Lang et al. 2023).
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Another program named “Infernal” (Nawrocki et al. 2009; Eddy and Durbin 1994) works on a
covariance model (CM) that creates probabilistic profiles of an RNA family using multiple
sequence alignment data. The covariance models are statistical models that are used for
searching homologous RNA sequences by integrating the primary sequence data and structural
information. CM was developed on stochastic context free grammar (SCFG)-based RNA
analysis method which is a derivative of the context-free grammar (SGF) of the Chomsky
hierarchy of the transformational grammar theory (Sakakibara et al. 1994; Eddy and Durbin
1994). SGF deals with the palindromic language which is appropriate to apply for RNA
secondary structures that maintain a long-distance pairwise correlation. CM is sometimes
compared with profile-HMM where both models calculate position specific data, however, the
difference is that CM base-paired positions have dependency on each other. The use of CM in
the Infernal program made it useful in searching for homologs in a particular RNA family. In
Infernal v1.1, models have been generated for group I and group II introns from bacterial origin
(Nawrocki et al. 2018). Thus, the “cmbuild” function in the Infernal program can be used to
create a customized model specific for fungal group I and group II introns. The study by
Nawrocki et al. (2018) demonstrated that group I introns are present in archaeal genomes,

previously it was assumed members of the Archaea lack group I introns (Hausner et al. 2014).
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1.4 FUNGAL SECONDARY METABOLITES AND ITS RELATION TO

BIOSYNTHETIC GENE CLUSTERS

Fungi are great sources of natural products such as antibiotics, mycotoxins,
agrochemicals, pharmaceuticals, pigments etc. Those natural products are usually secondary
metabolites (SMs), which are not essential for fungal growth, reproduction or energy production
but advantageous for its survival in a competitive environment. The exploration of fungal
secondary metabolites played a great role in history proving the first ever antibiotic Penicillin.
Further many significant contributions were made by the fungal SMs in the field of medicine,
agriculture and industries (Zhgun 2023; Keller 2015). Traditionally, the discovery of SMs was
solely dependent on chemical analysis from fungal extracts, which was very limited to a few
organisms. In addition to that, fungi produce certain SMs only in certain natural environments
which can be easily missed under laboratory growth conditions. The modern approach using
genomic data - also known as genome mining - can overcome those issues by exploring genomic
sequences of fungi and unveiling the unexpressed genetic potential for SM production.
Combined with high throughput next generation sequencing protocols this process can be more
efficient compared to traditional methods (Atanasov 2021; Mosunova et al. 2021; Domingo-

Fernéndez et al. 2024).

The use of fungal extracts as natural products goes back to the early twentieth century
with the discovery of Penicillin during the second world war. Classical work on fungal
secondary metabolites was done by Harold Raistrick during the 1930s, who discovered many

compounds from Aspergillus, Penicillium and Fusarium (Schor and Cox 2018). This trend was
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common until the end of 1970s, however, due to repetitive rediscovery of the same chemicals,
commercial enterprises became more interested in artificial chemical synthesis rather than
hunting for natural products. That led to the “discovery void” for natural products or secondary
metabolites for a decade (Li and Vederas 2009). Interest in finding natural products grew again
in 1990 with publications of the first discovery of secondary metabolites gene cluster (SMGC) in
Penicillium chrysogenum (Diez et al. 1989; Diez et al. 1990; Smith et al. 1990) and this can be
considered as a milestone for the genomic phase of SM discovery. The idea of the involvement
of a cluster of genes in SM production first established from a gene cloning experiment to
transfer penicillin producing genes from Penicillium crysogenum to Neurospora crassa and
Aspergillus niger (Trail et al. 1995). Advancement of genetics and genomics played the main
role for the shift to a genome-driven approach for determining SMs in fungi by analyzing
biosynthetic gene clusters (BGCs) (van der Berg et al. 2007). The key idea of this method is that
a set of genes (usually 2 to 20) is involved with a secondary metabolite production so that
discovery of BGC can indicate the production of that compound (Yu et al. 2004; Clevenger et al.
2017). The genome-driven approach opened up new possibilities for discovering novel BGCs
and SMs; as it scans through the genomes and predicts all possible (cryptic, silent etc.) genes for
SM production. A recent study that involved a genus-wide genomic screen of 24 Penicillium
species indicated that there are 1,317 BGCs present within these species that show great potential
to produce novel compounds (Nielsen et al. 2017). The genus-wide screening also made the
whole process of SM discovery much faster by high throughput scanning of genomes using new
algorithms. Another study of high throughput detection of BGCs in 1000 fungal genomes and
their phylogenetic distribution is a good example that created an atlas to interpret and categorize

BGCs (Robey et al. 2021). This atlas reveals insights into the diversity, evolution, and functional
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potential of fungal BGCs, which are crucial for the production of secondary metabolites like

antibiotics and other bioactive compounds.

Fungal secondary metabolites are grouped based on their precursor and enzyme involved.
Examples of common precursors of SM are Acetyl-CoA, amino acid, prenyl diphosphate etc.
However, the classification of the secondary metabolites is better understood with the key
enzyme involved that catalyze the precursor into small molecules. Those enzymes are also found
encoded in the BSGCs as well. The enzymes involved in the metabolic pathways of SM
production are:

e Polyketides synthase PKS - multidomain enzyme

e Non-ribosomal peptides synthase NRPS - multidomain enzyme

e Terpene cyclase TC - one/two conserved domains

¢ Dimethyl-allyl-tryptophan synthase DMATS - one/two conserved domains
PKS is the most frequent among the SM groups. Both PKS and NRPS are large enzymes which
contain multiple domains for different functions. In fungi, there are two types of PKSs found:
type I PKS and type III PKS. Type I PKS can be further categorized into non-reducing (nrPKS),
partially reducing (prPKS), and reducing PKS (rPKS). Type I PKS enzymes catalyze acetyl-CoA
and malonyl-CoA by elongating their polyketide backbone (Cox 2007; Cox et al. 2018; Herbst et
al. 2018). Type III PKSs are comparatively smaller enzymes with a keto-synthase (KS) domain
that catalyzes acetyl-CoA (Shimizu et al. 2017). NRPS enzymes are multi-modular enzymes

where each module has three conserved domains (Zhang et al. 2016).
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The presence of conserved domains in those enzymes facilitate the search for the BGCs
in fungal genomes. Although there are different strategies for finding BGCs in a genome
(Ziemert et al. 2016), the mainstream approach of identifying BGCs is to find the genes encoding
enzymes involved in SM biosynthesis. Based on the enzymes involved, the SMs can be
categorized into five major classes — polyketides (PKs), non-ribosomal peptides (NRPs),
ribosomally-synthesized and post-translationally modified peptides (RiPPs), terpenoids, and
indole alkaloids. The genes that encode those enzymes can be determined by using BLAST
(Altschul et al. 1990) and HMMER (Eddy 1998; Finn et al. 2011). Further sophisticated tools
have been developed such as BAGEL (de Jong et al. 2006), CLUSEAN (Weber et al. 2009),
SMUREF (Khaldi et al. 2010), BiG SLiCE (Navarro-Muifioz et al. 2020; Kautsar et al. 2021) etc.,
but the antibiotics and Secondary Metabolite Analysis Shell (antiSMASH) program (Medema et
al. 2011; Blin et al. 2021) has become the most popular. Another notable development has been
done by Takeda et al. (2014), which works independent of the prior information of the types of
gene clusters in filamentous fungi, rather it looks for the arrangement of genes in a contiguous
fashion. Other approaches for BGC-identification can be based on comparative genomics,
phylogenetics, or based on target genes such as antibiotic-producing genes, transcriptional or
epigenetic regulators etc. Recent development of BGC and SM databases such as antiSM ASH-
DB (Blin et al. 2019), IMG-ABC (Hadjithomas et al. 2015), and MIBiG 2.0 (Kautsar et al. 2020)

are great resources for modern research in BGCs and SMs.

Once the BGCs are identified at the genomic level with the aid of different computational
tools and databases, the challenge remains to linking specific metabolites to their corresponding

biosynthetic gene clusters (BGCs). Caesar et al. (2023) presented a comprehensive metabolomics
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and genomics study of 110 fungi and established a method to link metabolite-gene cluster pairs
precisely. This study provides valuable insights into the natural products of fungi and how they
can be harnessed for biotechnological and pharmaceutical applications, highlighting key BGCs
associated with unique bioactive compounds. Kjerbelling et al. (2019) reviewed different
strategies ranging from genome mining to heterologous expression for associating fungal

biosynthetic gene clusters (BGCs) with their corresponding secondary metabolites.

1.5 BGCSs IN OPHIOSTOMATALES FUNGI

The natural reserve of SM is extraordinary, and the number would range in millions
(Keller 2019). Although fungi claim a small fraction of the SM produced by all life forms (e.g.,
plants, bacteria etc.), the amount and the significance of fungal SM is noteworthy. Fungi have
complex biochemical pathways that allow them to produce a range of industrially important
enzymes (such as cellulases, lipases, ligninolytic enzymes), mycotoxins, antimicrobials and other
valuable compounds such as alkaloids, pigments etc. (Bills and Gloer 2016). Discovered fungal
compounds have been listed and reviewed in different literature (Schueffler and Anke 2014;
Cacho et al. 2015; Goyal et al. 2017; Keller 2019). Although fungi have high potential for SM
production, the vast majority of the fungi have not yet been explored. Moreover, the species
explored were mostly limited to model organisms (Frisvad et al. 2007; Brakhage 2013). Thus, a
lot of potential groups of fungi including Ophiostomatales fungi were left mostly unexplored.
The earliest discoveries of SM in Ophiostomatales fungi were made by Ayer et al. (1983) using

traditional approaches. They studied Leptographium wageneri, and discovered phenolic
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compounds such as orcinol, orcinol monomethyl ether, 1,3,6,8-tetrahydroxyanthraquinone, and
the a-L-rhamnopyranosides of orcinol and orcinol methyl ether with antibacterial activity (Ayer
et al. 1983). Ceratocystis clavigera, C. ips, C. huntii, and C. minor (species later assigned to
Ophiostoma as O. minus, or in the case of C. huntii, Grosmannia) were examined and P-
phenethyl alcohol, tryptophol, prolylleucyl anhydride, tyrosol, 3-phenylpropane-1,2-diol (S), 6,8-
dihydroxy-3-hydroxymethylisocoumarin, p-hydroxybenzaldehyde, phenylacetic acid, p-
hydroxyphenylacetic acid, phenyllactic acid, p-hydroxyphenyllactic acid, and 2,3-
dihydroxybenzoic acid, ceratenolone, 6,8-dihydroxy-3-methylisocoumarin, 8-hydroxy-6-
methoxy -3-methylisocoumarin, 3,4-dihydro-6,8-dihydrox-y3 -methylisocoumarin, 3,4-dihydro-
3-methy 1-3,6,8-trihydroxy-3-methylisocoumarin, 3,4-dihydro-3-methyl-3.4,6,8-
tetrahydroxyisocoumar, and succinic acid were extracted (Ayer et al. 1985, 1986). Two new
xanthones, vertixanthone and hydroxyvertixanthone, two new -pyrones: vertipyronol and
vertipyronediol, 1-Hydroxy-8-methoxyanthraquinone, 1,8-dimethoxynaphthalene, B-sitosterol, B3-
sitosteryl palmitate, isoevernin aldehyde, 1,3,6,8-tetrahydroxyanthraquinone, 3,4-dihydro-3,4,8-
trihydroxy-1(2H)-naphthalenone, and mycoxanthone were extracted from Leptographium

wageneri var. pseudotsugae (Ayer et al. 1989).

Due to the discovery void in natural compounds that followed in the 1990s studies, no
reports could be found on the Ophiostomatales on SMs for decades. In recent years (since 2017),
discovery of biosynthetic gene clusters in Ophiostomatales and related fungi were reported. The
focus was on SMs that could be linked to plant pathogenicity or maintaining potential symbiotic
relationships with insect vectors. The genome mining approach was conducted to study the

genomes of Ophiostoma ulmi and O. novo-ulmi and a unique type of fujikurin-like gene cluster
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(OpPKS8), siderophore compound (OpNRPS1), and pyrones and resorcylic acids (OpPKS10, a
type III PKS) were found (Sbaraini et al. 2017). The fujikurin was previously reported as an
antifungal compound collected from Fusarium fujikuroi (Brady and Clardy 2000). Its chemistry
and BGC configuration were described by von Bargen (2015) showing four types based on
structural variation. Orthologues of fujikurin were found in both pathogenic and non-pathogenic
fungi and are expected to play a role in fungi interacting with plants as phytopathogens,
endophytes, entomopathogenic, or opportunistic agents (Sbaraini et al. 2017). In addition to their
ecological role, Sbaraini et al. (2017) mentioned their potential in biotechnological application

and synthesis of similar compounds that could be scaled for medicinal use.

A study has been conducted on genomic analyses to examine the diversity and
evolutionary patterns of polyketide biosynthesis gene clusters within the Ceratocystidaceae (in
the order Microascales) fungal family — a group of fungi historically aligned with the
Ophiostomatales due to similar life histories (Sayari et al. 2018). The study focuses on gene
clusters responsible for polyketide synthesis and their final products (such as melanin) and
explained their diversity across Ceratocystidaceae species and their evolutionary adaptation from

distinct origins.
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1.6 RATIONALE

The Ophiostomatales are a large group of economically important fungi, but their
mitochondrial and nuclear genomes so far have been poorly studied. Exploring mitochondrial
genomes might yield various novel intron configurations and nuclear genomes may offer insights
into the potential of members of the Ophiostomatales (specifically Leptographium) for producing
novel secondary metabolites. Mobile introns are composed of a ribozyme and in many instances
a protein coding component. Both types of products have applications in biotechnology and
therefore cataloging their locations (“intron landscapes”) is a valuable resource for future
workers. This may also provide insights into potential biases in the distribution of introns in
mitochondrial genomes and offer some insights into their evolutionary dynamics. Exploring the
nuclear genomes for biosynthetic gene clusters may be useful to assess the natural chemistry
potential for these fungi, secondary metabolites might be important in supporting the lifestyles of
these fungi such as their ability to colonize sapwood, be competitive towards other microbes and

establish associations with various insects.
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1.7 HYPOTHESIS AND OBJECTIVES

Mobile introns contribute towards the genetic diversity and sizes of the mitochondrial
genomes in members of the Ophiostomatales. Comparative mitochondrial genome
analysis should potentially yield new insights on the evolution of mitochondrial mobile
introns and the genetic diversity of mitochondrial genome for members of the

Ophiostomatales.

Members of the genus Leptographium encode biosynthetic gene clusters within their
nuclear genomes, potentially encoding for the production of secondary metabolites that
might be of pharmaceutical value. Applying bioinformatics tools should provide
information on the types of BGC these fungi possess and their potential impact on the

biology of these fungi.
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CHAPTER 2: THE MITOGENOMES OF OPHIOSTOMA MINUS
AND OPHIOSTOMA PILIFERUM AND COMPARISONS WITH OTHER
MEMBERS OF THE OPHIOSTOMATALES

2.1 ABSTRACT

Fungi assigned to the Ophiostomatales are of economic concern as many are blue-stain
fungi and some are plant pathogens. The mitogenomes of two blue-stain fungi, Ophiostoma
minus and Ophiostoma piliferum, were sequenced and compared with currently available
mitogenomes for other members of the Ophiostomatales. Species representing various genera
within the Ophiostomatales have been examined for gene content, gene order, phylogenetic
relationships, and the distribution of mobile elements. Gene synteny is conserved among the
Ophiostomatales but some members were missing the atp9 gene. A genome wide intron
landscape has been prepared to demonstrate the distribution of the mobile genetic elements
(group I and II introns and homing endonucleases) and to provide insight into the evolutionary
dynamics of introns among members of this group of fungi. Examples of complex introns or
nested introns composed of two or three intron modules have been observed in some species.
The size variation among the mitogenomes (from 23.7 kb to about 150 kb) is mostly due to the
presence and absence of introns. Members of the genus Sporothrix sensu stricto appear to have
the smallest mitogenomes due to loss of introns. The taxonomy of the Ophiostomatales has
recently undergone considerable revisions; however, some lineages remain unresolved. The data
showed that genera such as Raffaelea appear to be polyphyletic and the separation of Sporothrix

sensu stricto from Ophiostoma is justified.
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2.2 INTRODUCTION

Members of the Ophiostomatales are frequently associates of bark beetles that can serve
as vectors for these fungi. Some members are referred to as ambrosia fungi as they exist in
symbiotic relationships with wood boring ambrosia species (Vanderpool et al. 2018). Most
species of the Ophiostomatales are either non-pathogenic or weak pathogens; some species can
kill trees in combination with their beetle vectors or without any contribution by an arthropod
vector (Wingfield et al. 2017). Many members of the Ophiostomatales cause blue-stain of sap
wood in hard- and softwood species. Sap-staining fungi are responsible for considerable
economic losses in the Forestry sector due to difficulties in exporting stained timbers/lumber

products (Uzunovic and Byrne 2013).

Ophiostoma minus is an important agent of blue stain in various pine species (Klepzig
1998; Gorton and Webber 2000; Chang et al. 2019) and has been shown to be a potential
pathogen of pine (Gorton et al. 2004; Ben Jamaa et al. 2007). Ophiostoma piliferum is a serious
blue-stain agent on a variety of conifer species but it is not considered to be pathogenic on
softwoods (Linnakoski et al. 2012b). Both O. minus and O. piliferum have been reported from
many geographic regions and from a variety of hosts and they could represent species complexes
(Chakravarty et al. 1994; Gorton and Webber 2000; Hafez and Hausner 2011; Jankowiak and

Bilanski 2013; Bilto and Hausner 2016).

Only a few mitochondrial genomes have been characterized so far for members of the

Ophiostomatales (Abboud et al. 2018; Zhang et al. 2019). Fungal mitochondrial genomes encode
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genes involved in translation, such as the small and large ribosomal subunit RNAs (rns and rn/)
and a set of tRNAs, and protein components involved in electron transport chain and oxidative
phosphorylation. This includes parts of Complex I (subunits of NADH

dehydrogenase: nadl to nad6and nad4L; except for members of the Taphrinomycota and some
members of the Saccharomycetales), components of Complex III (cob) and Complex IV

(cox1, cox2, and cox3), plus members of Complex V (ATP synthase components: atp6, atp8, and
usually atp9). Many fungi encode a ribosomal protein (rps3) (Hausner 2003; Freel et al.

2015; Wai et al. 2019) and the RNA (rnpB gene) component for RNaseP has also been recorded
in some fungal mitochondrial genomes (Lang 2014). In addition, fungal mitogenomes can
encode potential orphan genes (genes with unknown functions and a lack of detectable
homologs) and in some members of the Ascomycota mitochondrial open reading frames (ORFs)
have been detected that appear to encode putative N-acetyltransferases and amino-transferases

(Wai et al. 2019).

Organellar introns in plants and fungi can be self-splicing (ribozymes). However, intron
splicing is enhanced by intron- and/or host genome-encoded (nuclear or mitochondrial) factors
(Lang et al. 2007; Hausner 2012; Schmitz-Linneweber et al. 2015). Based on intron RNA folds
(secondary structure) and their splicing mechanisms fungal mitochondrial introns can be
assigned to either group I or group II introns (Michel and Westhof 1990; Lambowitz et al. 1999).
There are a few instances of complex introns where an intron has inserted into another intron,
and these are sometimes referred to as twintrons or nested introns (Hafez and Hausner
2015; Deng et al. 2016; Deng et al. 2018; Guha et al. 2018; Zumkeller et al. 2020). Nested

introns can be composed of group I intron modules or a combination of group I and group II
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intron modules (Hafez et al. 2013; Guha and Hausner 2016; Guha et al. 2018). Group I and
group II introns can encode intron-encoded proteins (IEPs) that can catalyze the movement of an
intron from an intron-containing allele to cognate alleles that do not have introns (Dujon 1989), a
process that is referred to as intron homing or retro-homing, if mediated by reverse transcriptase
activity. Group I intron IEPs typically are homing endonucleases (HEs), which are DNA -cutting
enzymes that facilitate intron homing or maturases that facilitate intron splicing. There are
examples of intron IEPs that have maturase and HE activity (Belfort 2003; Caprara and Waring
2005). Two families of HEs, named after the presence of conserved amino-acid motifs, are found
in fungal mitochondrial genomes: the LAGLIDADG and the GIY-YIG families of HEs
(Stoddard 2014). HEs can be encoded by independent free-standing genes or their genes (HEGs)
are embedded within intronic sequences. It has been reported that HEGs can move independently
from their ribozyme partners (Mota and Collins 1988), although recent studies suggest that
intron-encoded HEG co-evolve with their ribozyme partners (Megarioti and Kouvelis 2020).
Finally, there are instances where group II introns encode HEGs; typically group II introns can
be ORF-less or encode reverse transcriptases (Toor and Zimmerly 2002; Mullineux et al.

2010; Hafez and Hausner 2012; Zimmerly and Semper 2015).

Herein, we report the mitochondrial genomes for O. minus and O. piliferum. As more
sequences for members of the Ophiostomatales become available mitochondrial DNA could
provide a resource for developing markers that allow for distinguishing among
various Ophiostoma species and allow for resolving some of the taxonomic issues that still need
to be addressed with regards to circumscribing species complexes and lineages

within Ophiostoma sensu lato.
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2.3 MATERIALS AND METHODS

2.8.1 Fungal Strains, Cultivation, and Preparation of DNA

A strain of Ophiostoma minus C262 [= WIN(M)495] [Northern Forest Research Centre,
Edmonton, AB, Canada; isolated from Pinus contorta; WIN(M) = University of Manitoba]; and a
strain of Ophiostoma piliferum UAMH 7459 [= NoF1929, = WIN(M)959; isolated near Nelsen,
BC, Canada from Populus tremuloides; UAMH = UAMH Centre for Global Microfungal
Biodiversity, Dalla Lana School of Public Health, University of Toronto] were grown at 20°C on
Malt extract agar plates (per 1 L: 20 g Agar, 30 g Malt extract, and 1 g Yeast extract). After 7
days of growth, small agar plugs (20 plugs: ~ 2 mm % 2 mm) were transferred into 500 ml of
YPD broth (per 1 L: 1 g Yeast extract, 1 g Peptone, 3 g Dextrose) medium. The cultures were
incubated for 7 days at 20°C and the mycelium was harvested using vacuum filtration.
Approximately four grams (wet weight) of mycelium were collected and DNA was extracted and

quantified using the DNA extraction protocol described previously in Abboud et al. (2018).

2.3.2 Sequencing and Assembly of Mitochondrial Genomes

One hundred ng of DNA in 75 pl of H20 was supplied to McGill University and Génome
Québec Innovation Centre (McGill University, QC, Canada) for shotgun Illumina sequencing
using the MiSeq platform. The DNA preparations were part of a set of 20 DNA samples that
were individually barcoded and thereafter pooled for sequencing (Abboud et al. 2018; Zubaer et
al. 2018). Average size reads were 250 nt and average quality was 35 and quality offset was 33.
The paired-end reads were trimmed to remove the barcodes/adaptor sequences and assembled de

novo into contigs and scaffolds with the A5-miseq pipeline [(Coil et al. 2015); McGill University
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and Génome Québec Innovation Centre; Canadian Center for Computational Genomics (C3G)].
For O. minus, a scaffold of 91,847 nt and for O. piliferum a scaffold of 69,966 nt could be
recovered. These scaffolds, based on BLAST searches against the NCBI non-redundant database,
contained mitochondrial sequences that showed matches with mitochondrial gene sequences

previously deposited for O. novo-ulmi subsp. novo-ulmi (GenBank accession number:

MG020143.1).

2.3.3 Annotation of Mitochondrial Genomes

The mitochondrial DNA sequences were annotated with the aid of the following
programs: MFannot and RNAweasel (Gautheret and Lambert 2001; Lang et al. 2007). The
MFannot program (setting genetic code 4; the mold, protozoan, and coelenterate mitochondrial
code) predicts protein-encoding genes, ribosomal RNAs (rRNAs), transfer RNAs (tRNAs),
potential intron/exon junctions, and intron types. In addition, the online tRNAscan-SE2 (Chan
and Lowe 2019) program was applied to the data set to verify the prediction of tRNA genes. For
a precise annotation, gene sequences were individually verified starting with aligning gene
sequences to similar sequences (acquired via BLASTn) in closely related fungi using the
MAFFT (Katoh and Standley 2013) and AliView (Larsson 2014) programs. Intron/exon
boundaries were predicted based on alignments with intron-less versions of cognate alleles from
other fungal species. The RNAweasel program (Lang et al. 2007) was used to identify tRNAs,
rRNAs, and intron types. All ORFs, introns, and intergenic spacers were identified using ORF
Finder (https://www.ncbi.nlm.nih.gov/orffinder/) and nucleotide 6-frame translation-protein
BLAST (BLASTX) searches against NCBI databases (Sayers et al. 2022). Feature tables were
generated and, along with the mitochondrial genome sequences, these were analyzed further with
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Artemis (Rutherford et al. 2000) to refine the annotation (GenBank accession numbers
MW122509.1 and MW 122508.1 for O. minus and O. piliferum, respectively). The output from
Artemis was adjusted and applied to Circos program (Krzywinski et al. 2009) for visualization of
the annotated mitogenomes showing the genes, tRNA, introns, and a feature-wise GC plot

(calculating GC for every genetic feature such as exon, intron, intergenic region, etc.).

Intron nomenclature for rns and rn/ introns was based on Johansen and Haugen (2001);
for mtDNA protein coding sequence (CDS) we used the Saccharomyces cerevisiae CDS
sequences to map introns (Guha et al. 2018), and for the nad genes we applied the nad sequences

from Neurospora crassa (Zubaer et al. 2019).

2.3.4 Comparative Mitogenomic Analysis

The O. minus and O. piliferum mitogenomes were compared with other available
sequences for members of the Ophiostomatales. In some instances, sequences were available in
NCBI as whole genome sequence data sets; see Supplementary Table 2.1 for accession numbers
(Van der Nest et al. 2014; Wingfield et al. 2015a; Wingfield et al. 2015b; Wingfield et al. 2016a;
Wingfield et al. 2016b; Wingfield et al. 2017; Vanderpool et al. 2018). The whole genome
assemblies were searched for mitochondrial sequences with BLASTn using the mitogenome
of O. novo-ulmi subsp. novo-ulmi (Abboud et al. 2018) as the query. The recovered scaffolds
were examined, annotated, and validated as described above utilizing MFannot, RNAweasel, and
MAFFT (assemblies and annotations are presented in ). A panintronic

landscape was visualized with the aid of the Circos program.
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2.8.5 RNA Folding of Selected Complex Introns

Group I and II intron classifications and their secondary core elements/folds were
predicted by the RNAweasel program (Lang et al. 2007). For group I introns the P1, P2, P5, P6,
P7.1 (and stem), and P9 helices were predicted by Mfold (Zuker 2003) and these helices were
supported by comparative sequence analysis (including multiple sequence alignments) with
related intron sequences. Group II introns were identified based on the highly conserved domain
V sequence and the group II intron RNAs were drawn with the aid of Mfold to optimize the
expected secondary and tertiary interactions known to stabilize group II introns RNAs in a
splicing competent fold (Toor et al. 2001; Michel et al. 2009; Marcia et al. 2013). Secondary
structure of introns and their features were based on existing models (Michel and Westhof 1990;
Jaeger et al. 1991; Deng et al. 2016; Guha et al. 2018). Sequence alignments with related introns
and their flanking boundaries sequences confirmed the intron boundaries and classifications. The
final introns folds were drawn using CorelDRAW Graphics Suite X6 (Corel Corporation,

Ottawa, ON, Canada).

2.3.6 Phylogenetic Analysis

A phylogenetic tree was generated to infer the phylogenetic position of O. minus and O.
piliferum among other members of the Ophiostomatales. Twenty-three mitogenomes were
available for the Ophiostomatales from the NCBI genome and GenBank databases. In addition,
sequences utilized in Abboud et al. (2018) and Zubaer et al. (2018) were also included to
evaluate the phylogenetic distribution of members the Ophiostomatales. The analysis was based
on concatenated amino-acid sequences of 13 mitochondrial proteins encoded by the following

genes: atp6, 8, cob, cox1-3, nadl—6, and nad4L. The scaffold representing the mitogenome
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of Ophiostoma ips (NTMBO01000349.1; scaffold 143) appears to be missing a small segment
that includes a#p$8, therefore a separate analysis based on 12 concatenated protein sequences was
conducted to confirm the position of O. ips. Forty-eight mitogenomes represented by
concatenated amino-acid sequences were aligned with the MAFFT program using its iterative
refinement method (FFT-NS-i). The aligned dataset was used for tree construction with the
MrBayes program (Ronquist et al. 2012) applying the mixed model setting, which finally
determined and used the best fit model as cpREV (Adachi et al. 2000). The analysis was
performed by running 1 million generations with sample frequency set at 1000. For the sampled
trees, the burn-in value was 25% to construct the majority rule consensus tree and for assessing
posterior probability values. Two Eurotiales mitogenomes (4Aspergillus

fumigatus and Penicillium digitatum) were used as outgroup of the tree and re-rooted

accordingly.

2.4 RESULTS

2.4.1 Organization and Features of the Mitochondrial Genomes

The newly obtained mitogenomes of O. minus and O. piliferum can be represented as
circular molecules of 91,847 and 69,966 nt, respectively (Figures 2.1A, 2.1B). The genomes
encode the following 14 protein coding genes: atp6, atp8, cob, cox1—cox3, nadl-nad6, nad4L,
and rps3. In addition, the genomes encode the following RNA structural genes: 27 tRNAs in O.

minus and 25 tRNAs in O. piliferum, plus the small and large ribosomal RNA subunit genes
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(rns and rnl, respectively). The ribosomal protein RPS3 is encoded by a group IA type intron
inserted within the rn/ gene. Other features noted are the fusion of the nad2 and nad3 genes and
the overlap between the nad4L and nad5 ORFs by one nucleotide, i.e., the last nucleotide of

the nad4L stop codon serves as the first nucleotide of the nad5 ORF. These gene arrangements
have been previously observed in other members of the Ophiostomatales and Ascomycota
(Aguileta et al. 2014; Abboud et al. 2018). The mitogenomes of O. minus and O. piliferum do not
appear to encode the a#p9 and rnpB genes. For both mitogenomes all genes are encoded by the
same strand and the gene order is as follows: cox!, nadl, nad4, atp8, atp6, rns, cox3, nado,

ral (including rps3), nad2, nad3, cox2, nad4L, nad5, and cob. Gene order is conserved across the
25 examined members of the Ophiostomatales and in 22 species we noted the presence of

the atp9 gene, located between nad3 and cox2.
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Figure 2.1: Circular representation of the mitochondrial genomes showing the tRNA (pointed
outward on the scale), protein coding genes (blue track), introns (red track), and genetic-feature-
wise GC graph (GC% was calculated for annotated features instead of fixed window, showed in
the innermost track). (A) The annotated mitochondrial genome of Ophiostoma minus; total size
of the circular genome is 91,847 bp (GenBank accession: MW122509.1). (B) The annotated
mitochondrial genome of Ophiostoma piliferum; total size of the circular genome is 69,966 bp

(GenBank accession: MW122508.1).
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Figure 2.2: Schematic representation of gene order and position of tRNA gene clusters for
members of the Ophiostomatales. Gene order is conserved across the 25 sampled
Ophiostomatales with minor variations in tRNA composition and the presence or absence of

the atp9 gene. Genes encoding for tRNAs is represented using their respective single-letter
amino acid codes. Intron-encoded tRNAs are represented by placing them under the gene that
encodes them. Plus (+) and minus (—) signs represent presence and absence of a gene,
respectively, and only applies to the a#p9 gene. See Supplementary Table 2.1 for GenBank NCBI

accession numbers.
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The synteny with regards to the tRNA genes are conserved among the examined
members of the Ophiostomatales (see Figure 2.2). Most tRNAs genes are arranged in clusters
located between the cox3 and nad6 genes (a cluster of 4-5 tRNA genes), the nad6 and rnl genes
(a cluster of 4-5 tRNA genes), and the largest grouping of tRNA genes was detected between
the rn/ and nad?2 genes (a cluster of 12—14 tRNA genes). In O. minus, one putative tRNA gene
appears to be encoded within an intron in the atp6 gene (atp6-il or atp6—-173). Between
the cox2 and nad4Lgene, all examined members of this order contain the tRNA gene for Arg (R);
between the rns and cox3 gene, the tRNA genes for Tyr (Y) and Asn (N), and the tRNA genes
for Cys (C) and Arg (R) are positioned between the cob and cox/gene. The intergenic region
separating the cox/ and nadl genes appears to be quite diverse with regards to tRNA genes with
16 members showing no indication for the presence of tRNA genes and others showing the
presence of tRNA genes for Asn (N), Arg (R) (intron-encoded, cox/—1281), Ile (I), Lys (K), Asn
(N), Phe (F), or X (a highly derived tRNA gene predicted to bind to phenylalanine; Lang et al.

2012).

2.4.2 Ophiostomatales and Their Mitogenome Intron Complement

For the examined members of the Ophiostomatales the mitogenomes range in size from
23,830 bp (Raffaelea sp. RL272) to >150 kb (Raffaelea quercivora). The smallest mitogenomes
belong to members of Sporothrix sensu stricto (Sporothrix schenckii: 26,095 bp; Sporothrix
globosa: 26,671 bp), and the available sequences for Graphilbum fragrans: 25,567 bp
and Hawksworthiomyces lignivorus: 27,092 bp. These smaller genomes are devoid of introns
except for the RPS3 encoding group IA intron located in the »n/ gene. In addition, the

mitogenomes of H. lignivorus and G. fragrans contain one additional intron in the cox/ gene.
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Mitochondrial intron numbers range from 1 to 64 introns per genome across the
examined Ophiostomatales mitogenomes (Supplementary Table 2.1 and Figure 2.3). Combined,
594 putative introns (complex/nested introns were treated as one item) were recorded based on
structural features, 573 could be assigned to be group I introns, 15 introns are group II type
introns, and six introns could not be assigned to any category. A total of 118 intron insertion sites
were identified across the various mtDNA genes. Among these, 94 insertion sites were noted to
be in protein coding genes with 55 sites in phase 0 (intron does not disrupt a codon), 19 in phase
1 (intron position after the first nucleotide of the codon), and 20 sites occupied a phase 2 position
(intron insertion after the second nucleotide in the codon) (Figure 2.3A). With regards to the
observed 594 introns, 505 were inserted in protein coding genes and among those 270 where in
phase 0, 109 in phase 1, and 126 introns in phase 2 (Figure 2.3A). The rRNA genes had 24 intron
insertion sites (18 within the rn/ gene and six within the rns gene); these sites accounted for 89
introns. Twenty intron insertion sites among the 118 intron insertion sites had 10 or more introns

present accounting for 246 introns.
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Figure 2.3: (A) Mitochondrial introns of the Ophiostomatales categorized according to intron
phasing on a gene-by-gene basis. (B) Representation of the relative frequencies of different types
of introns encoded open reading frames based on gene-by-gene basis (LAG, LAGLIDADG type
homing endonucleases/maturases; GIY, GIY-YIG type homing endonucleases; RT, reverse
transcriptases). (C) Relative distribution and number of mitochondrial introns recorded on a

gene-by-gene basis among the examined members of the Ophiostomatales.
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Figure 2.4: The panintronic landscape for the studied members of the Ophiostomatales. The
landscape was generated by Circos and shows all intron insertions sites and their frequencies.
More detailed intron landscapes showing intron types, intron-encoded protein types, and introns

phasing are shown in Supplementary Figures 2.1A-D.
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Group I introns were either ORF-less or encoded LAGLIDADG or GIY-YIG type ORFs.
Among the 15 group II introns, three were ORF-less, 9 encoded reverse transcriptase-like ORFs,
and three encoded LAGLIDADG type ORFs (see Supplementary Table 2.2 and Figure 2.3B).
Among the Ophiostomatales, the mS722 and mL952 group II introns encoded LAGLIDADG
type ORFs. The mL2450 group IA intron encodes the RPS3 protein and in a few instances the
rps3-coding sequence was fused in-frame to a LAGLIDADG HE-coding sequence (Gibb and
Hausner, 2005). Among the 25 mitogenomes examined, the intron-rich genes were as follows
(with total intron/insertion numbers listed in brackets):
coxI (161), rnl (78), cox2(65), cob (62), nadl (42), nad5 (42), nad2 (38), and atp6 (38).

The coxI gene was observed to have the most intron insertion sites at 29 (one element at cox/—
264 could not be classified) with the rn/ gene having 18 insertion sites (Figure 2.3C). The
panintronic landscape for the studied members of the Ophiostomatales is illustrated in Figure
2.4 and more detailed intron landscapes showing intron types, IEPs, and introns phasing are

shown in Supplementary Figures 2.1A-D.
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2.4.3 Phylogenetic Groupings Observed With Mitogenome Analysis

The phylogenetic analysis of 48 concatenated mitochondrial protein sequences including
25 species that belong to the Ophiostomatales yielded a topology showing the following
monophyletic groupings: Microascales, Hypocreales, Glomerellales, Sordariales, and
Ophiostomatales (Figure 2.5). Within the Ophiostomatales, several lineages could be identified
representing the following genera: Ceratocystiopsis, Graphilbum,
Hawksworthiomyces, Raffaelea sensu stricto, Ophiostoma sensu stricto, and Sporothrix (Figure
2.5). However, the mitochondrial sequences failed to show monophyly for species assigned

to Sporothrix and Raffaelea.
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Figure 2.5: Phylogenetic tree of mitogenomes showing the position of Ophiostoma minus and
Ophiostoma piliferum among members of the Ophiostomatales. The tree topology (50%
majority-rule consensus tree) was generated by the MrBayes program and involved 48
concatenated amino acid sequences. The tree is drawn to scale with branch length measured in
the number of substitutions per site. Posterior probability values are indicated at the nodes. NCBI
and GenBank accession numbers (except for Verticillium alboatrum, which refers to MitoFun
database) are indicated in square brackets. For the members of the Ophiostomatales, mitogenome
sizes, and total numbers of introns are listed for each genome. Taxonomic designations (Orders,
and Genera for the Ophiostomatales) are indicated on the relevant branches. Raf, Raffaelea;

Gra, Graphilbum; Est, Esteya; Grs, Grosmannia; Lep, Leptographium; Spx, Sporothrix sensu
stricto; Cop, Ceratocystiopsis; Oph, Ophiostoma sensu stricto; Hwk, Hawksworthiomyces;

Fra, Fragosphaeria.
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Figure 2.6: Graph depicting the relationship between mitogenome sizes and intron numbers per

mitogenome for the examined members of the Ophiostomatales.
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2.4.4 Phylogeny vs. Mitogenome Size and Intron Numbers

Mitogenome sizes and intron content are quite variable among the examined members of
the Ophiostomatales and do not necessarily correspond do the phylogenetic position of the
species examined. Genome sizes do correspond to the number of introns they contain with
smaller genomes containing few introns and larger mitogenomes being intron-rich (Figures 2.5,
2.6). Members of the genus Sporothrix sensu stricto appear to have smaller mitogenomes
ranging from 26.1 to 35.9 kb, whereas members of Raffaelea sensu stricto have mitogenomes
ranging from 23.8 to 137 kb. Mitogenome sizes for the clade that
includes Esteya, Leptographium, members of Raffaelea sensu lato, and Grosmannia range from
46.5 to >150 kb. This clade also includes the two largest mitogenomes, Grosmannia
penicillata and Raffaelea quercivora, both >150 kb. Members of Ophiostoma sensu stricto,
which include O. minus and O. piliferum, range from 65 to 97.8 kb. Only two members
of Ceratocystiopsis were available and their mitogenome sizes range from 39.8 to 90.3 kb, but
these two examples demonstrate that sharing a recent common ancestor does not imply similar
genome sizes or intron content. Intron numbers can be quite variable between or within the
various clades that comprise the Ophiostomatales (Figure 2.5), with the possible exception for
species belonging to Sporothrix sensu stricto. Plotting the intron number against the genome size
for each genome shows a linear relationship with a strong (86%) correlation between intron
numbers and genome sizes (Figure 2.6). Gene synteny and gene content is conserved among the
Ophiostomatales, so intron content is a significant factor with regard to mitogenome size and

variability (Figures 2.5, 2.6).
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2.4.5 Complex and Novel Introns

In this study we found five potential novel intron arrangements that have not yet been
reported for members of the Ophiostomatales (Gibb and Hausner 2005; Sethuraman et al. 2009;
Mullineux et al. 2010; Rudski and Hausner 2012; Hafez et al. 2013). In O. minus, the first intron
in the atp6 gene (atp6 il at position 81) encodes a double-motif LAGLIDADG ORF followed by
a tRNA for I and this intron contains a segment at its 5’ end that is a partial duplication of the
downstream exon. The cox/-281 intron in Leptographium lundbergii (LDEF01000080.1) and
in Raffaelea albimanens (PCDJ01000011.1) is composed of a group IB type intron that encodes
a double-motif LAGLIDADG is interrupted by a group IC2 intron module encoding a double-
motif LAGLIDADG. The cox2—657 intron in Raffaelea quercus-mongolicae (NIPS01000008.1)
appears to be composed of two group IC1 intron modules. Based on comparative analysis the
original “resident” IC1 intron encodes a GIY-YIG type ORF in the P9 loop and near the N-
terminal coding region of this ORF an ICI intron has been inserted. More complex or nested
introns were observed in the cob (cytochrome b; cob 14) and cox3 (cytochrome 3; cox3 i2) genes
in Ophiostoma ips (NTMB01000349.1) and these are described below in more detail. Plausible

RNA folds for the O. ips complex introns are presented in Figures 2.7, 2.8.
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Figure 2.7: Predicted cob 14 (cob-490) RNA fold composed of three intron modules (A—C).
Pairing regions [for group I introns: P1-P11; and domains (D) I-VI for the group II intron] are
labeled by purple text; tertiary interactions are shown by blue lines. Exon and intron sequences
are represented by lowercase and uppercase letters, respectively. Red arrows indicate intron-
exon/pseudoexon boundaries. Orange subsequence in uppercase letters is exon-mimicking
(pseudoexon) sequence, which is annotated as within cob 14’s downstream group IA1 intron
component (cob 14-C). Orange subsequence in lowercase letters is annotated as downstream
exon sequence (cob-EB). (A) cobl4’s upstream group A1 intron (cob 14-A) RNA secondary
structure model. (B) cob 14-B RNA secondary structure model. IBS, intron binding sequence;
EBS, exon binding sequence. Helical domains I-VI branching from a central linker sequence
(“six fingered hand”) shown. Potential tertiary interactions (Greek letters) are

indicated. (C) cob 14’s downstream group [A1 intron (cob 14-C) RNA secondary structure

model.
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Figure 2.8: Predicted cox3 12 (cox3—-640) RNA secondary structure model composed of two
intron modules. Pairing regions (P1-P11) are labeled by blue text; tertiary interactions are shown
by blue lines. Exon and intron sequences are represented by lowercase and uppercase letters,
respectively. Red arrows indicate intron-exon/pseudoexon boundaries. (A) cox3 12-A RNA

secondary structure model. (B) cox3 12-B RNA secondary structure model.
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A schematic overview of the O. ips cob i4 intron inserted at position 490 (relative to
the S. cerevisiae cob coding sequence; GenBank accession number: KP263414.1) is shown
in Figure 2.9. This complex intron consists of three distinct modules that contain all the
necessary components for splicing. The three modules are a group I intron that is interrupted by a
group II intron module and this composite element is inserted within the P1 loop of a group I
intron module (presumable the resident intron). The group II intron appears to be ORF-less and
is located within the P8 loop of the host group I intron module. The group I intron components
contain ORFs that encode double motif LAGLIDADG type homing endonucleases. There is a
short sequence separating the two group I intron modules. This so called “inter-intron module
sequence” could be used as a “pseudoexon” by the internal group I intron component for the
formation of the P10 helix or for the resident intron module for its P1 formation (Figures
2.9, 2.10). “Pseudoexon” is a term to describe intronic sequences that might be utilized during
splicing by serving as “temporary exon” sequences; ultimately “pseudoexon’ sequences are
assumed to be removed when all intron components have been spliced out. The P1 and P10
helices are essential in aligning sequences that are to be spliced out or spliced together. The
resident intron module can also form a P10 interaction with the downstream exon; this would
allow the entire complex intron to splice out as one unit. The two group I intron modules belong
to the same subtype (IA) and therefore the possibility exists that at the RNA level the two intron
module components (P1-P9) can interact with each other in various combinations that may allow

for various splicing pathways.
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Figure 2.9: cob- 490 intron schematic diagram. cob 14, the entire complex intron at cob 490
position. cob 14-A, cob i4’s upstream group IA intron; cob-EA, upstream exon; cob ORF-

A, cobi4-A’s ORF; cob 14-B, cobi4’s middle group IIB intron; cob 14-C, cob 14’s downstream
group IA intron; cob ORF B, cob i4-C’s ORF; cob-EB, downstream exon. LAGLIDADG
represents type of homing endonuclease ORF encoded by group I intron. The numbers in
brackets represent the position and length of each intron element relative to the start of cobi4. As
the two group I introns are of the same subtype, their interactions can be interchangeable;
components of the internal members can interact with components of the external member to

form paired regions.
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Figure 2.10: Proposed RNA “ratchet-like” splicing model for cob 14 (cob-490). As the group |
intron modules are both 1A types they have similar sequence elements that allow for the
formation of the helical regions between the two modules (P1-P9), thus functionally they can act
like tandem introns, i.e., side-by-side introns. Splicing occurs via a two-step process: (1) The
“upstream” intron initially splices out using a sequence, referred to as a potential pseudoexon,
located between the “upstream” and “downstream” introns, and identical to the first six
nucleotides of the downstream exon. (2) Subsequent splicing of “downstream” intron results in
joining of the upstream and downstream exons. cob-EA and cob-EB refer to upstream and
downstream exons, respectively. The pseudoexon and downstream exon are represented in green
in uppercase and lowercase, respectively. cob 14-A (purple) and cob 14-C (blue) refer to the
“upstream” and “downstream” introns, respectively. Proposed P1 and P10 interactions are shown

in gray circles.
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Figure 2.11: The cox3—640 intron schematic diagram. cox3 i2, the entire complex intron

at cox3—640 position. cox3 12-A, cox3 12’s upstream group IA intron; cox3-EA, upstream

exon; cox3 ORF-A, cox3 12-A’s ORF; cox3 12-B, cox312’s downstream group [A

intron; cox3 ORF-B, cox3 i2-B’s ORF; cox3-EB, downstream exon. Inter-intron sequence:
sequence separating cox3 i2-A and cox3 i2-B. LAGLIDADG designation represents the type of
homing endonuclease ORF encoded by group I introns. The numbers in brackets represent the

position and length of each intron element relative to the start of cox3 i2.
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The O. ips cox3 12 was confirmed as being cox3—640 relative to the S. cerevisiae
cox3 sequence (GenBank accession number: KP263414.1) with the total length of the intron
being 2964 nt. The cox3 12 based on MFannot and RNAweasel analysis combined with BLASTn
analysis was noted to be composed of two group I intron modules in a tandem arrangement
(Deng et al. 2016): an upstream group [A1 intron module (cox3 12-A) corresponding to cox3 i2
nucleotides 1-1386, and a downstream group IA1 intron module (cox3 12-B) corresponding
to cox3 12 nucleotides 1403-2964 (see cox3 intron schematic) (see Figure 2.11). This complex
intron also appeared to contain a sequence separating cox3 i12-A and cox3 12-B intron modules,
referred to as the inter-intron module sequence. The inter-intron module sequence was annotated
as corresponding to cox3 i2 nucleotides 1387-1402, and BLASTn did not show any related or
similar sequences in GenBank. It does not appear to be part of either intron module; in addition,
careful examination failed to reveal any sequences that could be utilized to form a suitable P10
interaction for the upstream intron module. That implies that the upstream intron module utilizes
the downstream exon for the formation of the P10 interaction, which results in the splicing of the
entire composite intron element. Similar tandem intron arrangements for the cox3—640 intron
were observed in Ceratocystiopsis brevicomis (PCDN01000199.1) and Grosmannia

penicillata (PCDK01000036.1).
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Supplementary Figure 2.1: Intron landscapes visualized with Circos generated diagrams. An
overview of the intron landscape is illustrated in Figure 2.4 in (A—D) more detailed maps are
presented maintaining the gene order as shown in Figure 2.4. Each panel shows one segment of
the mitogenome: (A) cox1, nadl; (B) nad4, atp6, rns, cox3; (C) rnl, nad2, nad3, atp9, cox2; (D)
nad4L, nad5, cob. Details were added with regards to intron types (subtypes), types of intron-
encoded proteins (L, LAGLIDADG type ORFs; G, GIY-YIG type ORFs), and intron phasing
[phase 0 = black lines, phase 1 = orange lines, and phase 2 = green lines, no phasing (for RNA

gene) = purple line].
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Supplementary Table 2.1: Comparison of the mitochondrial genomes and their intron complement for the studied members of the Ophiostomatales.

Name of the Organism NCBI Accession |Genome | Number of Introns in Genes Total Introns by
Size Species
atp6 | atp8 | atp9 | cob cox] |cox2 |cox3 |nadl |nad2 |nad3 |nad4 |nad4L |nad5 |nad6 |rnl rns
Ceratocystiopsis brevicomis PCDN01000199.1 90,376 3 0 1 5 10 5 1 3 3 0 1 1 2 0 3 0 38
Ceratocystiopsis minuta LZPB01000172.1 39,800 1 0 1 1 6 0 0 1 0 0 0 1 1 0 1 0 13
Esteya vermicola KY644696.1 46,507 1 0 0 3 4 2 3 1 0 0 1 0 1 0 2 0 18
Fragosphaeria purpurea PCDL01000017.1 57,056 0 0 0 1 3 0 0 0 0 0 0 0 0 0 1 0 5
Graphilbum fragrans LLKO01000061.1 25,567 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 2
Grosmannia penicillata PCDK01000036.1 150,891 4 0 1 7 15 8 4 4 7 0 1 1 5 0 6 1 64
Hawksworthiomyces lignivorus NTMA01000166.1 27,092 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 2
Leptographium lundbergii LDEF01000080.1 101,879 2 0 0 1 13 5 2 3 2 1 0 0 2 0 3 2 36
Ophiostoma ips NTMB01000349.1 97,849 3 N/A? |0 5 13 4 2 4 3 1 1 0 1 0 4 1 42
Ophiostoma minus [WIN(M)495] MW122509.1 91,847 3 0 nab |1 9 7 2 3 3 0 0 0 3 0 5 2 38
Ophiostoma novo-ulmi MG020143.1 65,095 2 0 N/AD |3 8 5 0 1 1 0 0 0 1 0 4 0 25
Ophiostoma piliferum [WIN(M)959] MW122508.1 69,966 2 0 N/AD |6 9 4 0 3 1 0 0 1 2 0 1 0 29
Raffaelea albimanens PCDJ01000011.1 137,049 2 0 1 6 8 4 3 2 5 0 1 1 9 1 6 0 49
Raffaelea ambrosiae PCDI01000067.1 89,461 3 0 0 5 8 3 1 3 1 1 0 3 0 6 1 35
Raffaelea arxii PCDHO01000124.1 95,042 1 0 1 4 15 3 2 2 3 1 2 0 4 0 5 0 43
Raffaelea lauricola PCDG01000206.1 70,090 2 0 0 2 6 3 0 3 1 0 0 1 0 0 3 0 21
Raffaelea quercivora PCDE01000018.1 152,890 0 0 4 0 2 3 0 0 1 5 0 7 1 35
Raffaelea quercus-mongolicae NIPS01000008.1 106,194 3 0 0 2 12 5 2 3 4 1 1 1 3 0 3 0 40
Raffaelea sp. PCDF01000414.1 23,830 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
Raffaelea sulphurea PCDD01000156.1 128,408 2 0 1 3 6 4 1 3 1 0 1 0 0 2 9 3 36
Sporothrix brasiliensis AWTV01000012.1 35,826 1 0 0 0 4 0 0 1 0 1 0 0 0 0 2 0 9
Sporothrix globosa LVYWO01000010.1 26,671 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
Sporothrix insectorum MK482392.1 31,500 0 0 0 0 3 0 0 0 0 0 0 0 0 0 1 0 4
Sporothrix pallida CMO003773.1 35,458 0 0 0 2 2 1 0 0 0 0 1 0 0 0 1 0 7
Sporothrix schenckii AB568600.1 26,095 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
Total Introns by Genes 38 62 161 65 23 42 38 11 42 78 11 594

* Mitochondrial scaffold incomplete and segment with a#p$8 is missing.

" atp9 is absent (as previously observed in Ophiostoma novo-ulmi (Abboud et al., 2018).
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Supplementary Table 2.2: Intron subtypes and intron open reading frames (ORF) recorded within the mitogenomes of the examined members of the

Ophiostomatales.
Gene Position? Phase Subgroup® Count® ORF¢ ORF count®
atp6b 521 2 IC2 4 GlY
572 2 IC2 16 GlY
atp8 N/A N/A N/A N/A N/A N/A
atp9 187 1 1A 6 GlY
cob 155 2 B 5 LAG
201 0 B 9 LAG
393 0 ID 14 GlY
406 1 1A 1 -
429 0 ID 2 LAG
437 2 B 4 LAG
490 1 1A 12 LAG
506 2 B 6 LAG
562 1 1A 2 LAG
820 1 1B 7 LAG
cox1 105 0 I 1 RT 1
212 2 B 13 GlY
216 0 I 1 - 0
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2501 N/A B 3 LAG

2507 N/A IC2 1 -
2529 N/A IC2 2 LAG
2585 N/A IA 7 LAG
2597 N/A I 1 - 0
ms 379 N/A I 2 RT 2
569 N/A IC2 1 LAG
913 N/A ID 3 LAG
952 N/A I 2 LAG 2
1210 N/A IC2 2 LAG
1383 N/A IC2 1 LAG
Total 119 95 N/A 594 N/A 12

a Position of intron insertion (insertion site) with respect to a reference sequence without introns; see Materials and Methods for more details

b Refers to most observed intron subgroup within the insertion site and was based mainly on predictions by MFannot/RNAweasel and manually identified
for those missed by the programs; U = undefined (i.e. no intron subgroup predicted by MFannot/RNAweasel and manually identified); more than one intron
subgroup can be associated with one insertion site

¢ Refers to the number of fungi containing the insertion; some insertion sites may encode for more than one intron, where “intron” refers to (at least) the
presence of elements composing the intron core

d Refers to the most observed Open Reading Frame (ORF) encoded within the intron insertion site; LAG = LAGLIDADG homing endonuclease, GIY = GIY-
YIG homing endonuclease, RT = reverse transcriptase, - = no ORF containing identifiable (based on BLASTx) motif

¢ ORF count was restricted to only ORFs encoded within group II introns where ORF's could be unambiguously identified; several cases where a group I
intron encoded multiple ORF's in various configurations (ex. one followed by another, one within another)

N/A = not applicable
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2.5 DISCUSSION

2.5.1 Mitogenomes of the Ophiostomatales

Fungal mitogenomes are usually represented as circular molecules and reported to range
in size from 12.055 to >500 kb (James et al. 2013; Zubaer et al. 2018; Liu et al. 2020a; Liu et al.
2020b). Linear versions have also been observed, and some circular version could actually exist
as linear concatemers generated by a rolling circle type DNA replication mechanism (Bendich
1993; Hausner 2003; Hausner 2012; Bullerwell and Lang 2005; Baidyaroy et al. 2011; Valach et
al. 2011; Chen and Clark-Walker 2018). Mitochondrial genome architecture and size are highly
variable among the fungi due to recombination events promoted by repeats and by the presence
and activities of mobile elements such group I and group II introns and intron-encoded proteins
(IEPs) (Aguileta et al. 2014; Wu and Hao 2014; Wu and Hao 2019; Franco et al. 2017; Repar
and Warnecke 2017; Deng et al. 2018; Stone et al. 2018; Zubaer et al. 2018; Kolesnikova et al.
2019; Kulik et al. 2020; Liu et al. 2020b). Like other fungi, most of the mitogenome variation
observed among the examined members of the Ophiostomatales is due to the absence and

presence of introns.

Gene order is conserved among the Ophiostomatales, and some minor variation was
observed with regards to the tRNA gene set and the absence or presence of the atp9 gene. It has
been suggested that the loss of the mtDNA-encoded atp9gene can be compensated for by the
presence of a nuclear-encoded version of this gene (Kanzi et al. 2016; Sellem et al. 2016; Franco

et al. 2017; Zubaer et al. 2018).
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Among the Ophiostomatales the number of mitochondrial introns and intron insertion
sites is variable, except for mL2450. The mL2450 group IA intron encodes rps3, a configuration
observed among many filamentous members of the Ascomycota. However, in some members of
the Ascomycota rps3 is a free-standing gene or missing from the mitochondrial genome
(Korovesi et al. 2018; Wai et al. 2019). For the latter, such as in some members of the
Capnodiales, (Wai et al. 2019) identified a nuclear-encoded ortholog of the mitochondrial-
encoded version of 7ps3. Among the metazoans and the fungi, the nuclear and mitochondrial
versions of 7ps3 have been shown to be required for initiating protein translation and appear to
have “moonlighting activities” by being involved in DNA repair, cell signaling, apoptosis, and
potentially in gene regulation (Neu et al. 1998; Kim et al. 2013; Wang et al. 2019; Seshadri et al.
2020). Maintaining the rps3 gene within the rn/ group I intron might be a fortuitous association
that provides the rps3 gene a locus embedded within an essential gene (7n/) presumably

transcribed at a high rate, and this may “protect” the intron from being eroded by drift.

2.5.2 Phylogenetic Analysis of Mitogenomes and Taxonomic Implications

The taxonomy of the Ophiostomatales has undergone considerable revisions in recent
years; currently the Order Ophiostomatales includes two Families, Kathistaceae and the
Ophiostomataceae. The latter includes the following genera:

Aureovirgo, Ceratocystiopsis, Fragosphaeria, Graphilbum, Hawksworthiomyces, Raffaelea
sensu stricto, Ophiostoma sensu stricto, and Sporothrix sensu stricto (Hyde et al., 2020). In
addition, there are groupings for which monophyly is not certain such as Leptographium sensu
lato (includes Grosmannia species, the Raffaelea sulphurea species complex, and Esteya

vermicola) and Ophiostoma sensu lato (de Beer and Wingfield 2013; de Beer et al. 2013a; de
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Beer et al. 2013b; de Beer et al. 2016a; de Beer et al. 2016b); the latter includes several smaller
lineages with uncertain taxonomic positions (referred to as lineages A, B, C, and D; de Beer et

al. 2016b).

The concatenated mitochondrial protein sequence data set confirmed the monophyly of
the Ophiostomatales, but it shows unresolved relationships among members that belong
to Leptographium, Raffaelea, Sporothrix, and Grosmannia, suggesting that future work should
include more members of Leptographium, Grosmannia, Graphilbum, Hawksworthiomyces,
Fragosphaeria, and Aureovirgo in order to resolve phylogenetic relationships among the
Ophiostomataceae. The original concept of Sporothrix was viewed to be a polyphyletic grouping,
and this lead to the designation of the Genus Hawksworthiomyces with Hawksworthiomyces
lignivorus (formerly Sporothrix lignivora) as the type species (De Beer et al. 2016a). Sporothrix
insectorum was shown (Zhang et al. 2019) not to group with species of Sporothrix sensu stricto,

and the current analysis aligns this species with Hawksworthiomyces lignivorus.

The analysis confirmed that the circumscription of Raffaelea sensu lato does not define a
natural grouping (De Beer and Wingfield 2013) with Raffaelea quercivora, R. quercus-
mongolicae, and R. sulphurea possibly awaiting the designation of a new genus that can
accommodate these ambrosia fungi. The placement of Fragosphaeria purpurea is unexpected as
it groups with Sporothrix insectorum and Hawksworthiomyces lignivorus. This finding needs to
be confirmed as previous studies based on nuclear markers placing Fragosphaeria purpurea very
distantly from species of Hawksworthiomyces (de Beer et al. 2016b). The internal transcribed

rDNA spacer sequences (ITS) recovered from the same genomic data set from which
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the Fragosphaeria purpurea mitogenome was derived matches (at 100% identity) ITS data
available in GenBank for F. purpurea (AB278192.1 -mitogenome; and MN511357.1 for ITS).
The ITS data for the Sporothrix insectorum (MK482392.1) strain included in this mitogenome
survey shares 99.47% identity with those available for F. purpurea; however, a strain

of Sporothrix insectorum (CBS 756.73; MH860798.1 — ITS) sequenced by Vu et al.

(2019) deviates from the above (MK482392.1), suggesting the species concept of Sporothrix

insectorumneeds to be re-evaluated.

2.5.83 The Mitogenome Intron Complement

Like a previous study (Zubaer et al. 2019), we observed that phase 0 introns outnumber
introns positioned in phase 1 or 2. We speculated that this was due to core creep where the IEP
coding region eventually extends to include the 5’ terminal intron sequence to fuse (in frame) to
the upstream exon (Edgell et al. 2011). This would enhance the expression of the IEP as it would
benefit from the host genes transcription and translation signals. This would entwine the intron
and the HEG that may have started out as independent elements but now coevolve to maintain

splicing and homing/mobility activities (Guha et al. 2018; Megarioti and Kouvelis 2020).

The sizes of the mitochondrial genomes among members of the Ophiostomatales appear
to be linked to the number of introns they contain. Similar observations have been made for other
fungal groups (Kanzi et al. 2016; Liang et al. 2017; Zubaer et al. 2018). Introns can be gained by
events that allow for cytoplasm to be exchanged between members of the same species or
different species that would allow for the fusion of mitochondrial organelles enabling intron

homing events and/or recombination between the different mtDNAs. The maintenance of introns
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has been assumed to be a matter of drift (neutral evolution) as a lack of selection would lead to
an accumulation of mutations that could be deleterious to the intron and/or its protein coding
components, leading to the eventual loss of the composite element (Goddard and Burt 1999).
Survival of these elements depends on inserting into new sites or reinvading sites where the
intron was lost, a continuous cycle of gain, degeneration, loss, and reinvasion. We noted that
members of the genus Sporothrix sensu stricto that are known to be pathogens on mammals have
the smallest mitogenomes. Proliferation of introns may not be compatible with the life histories

of these fungi.

Some introns could be beneficial such as those that encode proteins like RPS3 or in some
instances N-acetyltransferases or aminotransferases (Wai et al. 2019). The latter two examples
may provide metabolic flexibility for certain fungi, providing adaptive advantages (Duo et al.
2012). Mitochondrial introns have been associated with resistance to fungicides (Cinget and
Bélanger 2020) and hypovirulence (Baidyaroy et al. 2011). Introns are also a vehicle for
modulating gene expression as their removal can be a rate limiting step for the expression of the
genes (Rose 2019), for example, in Saccharomyces cerevisiae mitochondrial functioning is
linked to mitochondrial intron splicing (Rudan et al. 2018). Introns could be environmental
sensors (Belfort 2017), whereby splicing activity is influenced by environmental conditions and

allows for gene expression to be fine-tuned to certain environmental cues.
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2.5.4 Complex Introns

Complex introns are composed of several intron modules possible, the result of one
mobile intron invading another intron. We characterized the cox3 12 and cobi4 introns of O.
ips (GenBank accession number: NTMB01000349.1) using computational strategies. These
complex introns were composed of two and three intron modules, respectively, and could
provide a platform for alternative splicing that may optimize intron-encoded protein expression
and/or modulate host gene expression. For cox3 i2, a tandem group I intron, splicing was
predicted to occur as a composite unit, and the downstream intron was presumed to be the native

intron.

The O. ips cob 14 intron was more complex; here the resident group I intron within its P1
component houses another group I intron that has been invaded by a group II intron module. A
homing endonuclease ORF was detected within each of the two group I intron modules. For the
three intron modules, many possible splicing patterns could be envisioned. The group II intron
could modulate the splicing and expression of the internal group I intron component of this
complex intron (see Hafez et al. 2013; Guha and Hausner 2016; Guha et al. 2018) possibly
having been co-opted to regulate the expression of the IEP. Plausible RNA interactions can be
recognized that would allow for the group I modules to splice separately or as one composite
intron. Detailed deep RNA sequencing analysis combined with RT-PCR based experiments are
required to investigate if this insertion is a “zombie” intron (splices as one unit; Zumkeller et al.
2020) or a trintron where each module can splice individually or in various arrangements
(isoforms) during RNA processing of the cob transcript. As the group I intron modules have

similar sequence elements that allow for the formation of the helical regions (P1-P9)
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functionally they can act like tandem introns, i.e., side-by-side introns. A plausible pathway is
shown in Figure 2.10; a ratchet-like (see Hafez and Hausner 2015) mechanism could operate that
removes the first intron module thereby generating an intermediate RNA molecule that
regenerates suitable sequences for the second intron module to assume a splicing competent
RNA fold including P1 and P10 interactions that allow for its removal and joining of the flanking
exons. Splicing of the upstream intron component could generate a transcript whereby the
downstream located ORF is fused in frame with the upstream exon, optimizing the expression of
the downstream intron-encoded LAGLIDADG protein, a scenario we refer to as splicing-
mediated core creep (Guha et al. 2018) where transcripts are generated that fuse the downstream
located ORF sequence with the upstream exon. Similar splicing patterns demonstrating the
“plasticity” of intron RNA folds have been previously observed (Sellem and Belcour 1994; Turk
et al. 2013). Tandem type complex introns, such as O. ips cox3 12, have been observed and
described in the literature (Deng et al. 2016; Zubaer et al. 2018). These configurations need
closer examinations in future studies to understand their splicing pathways and impact on

mitochondrial gene expression.
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2.6 CONCLUSION

Comparing the mitogenomes of O. minus and O. piliferum with other available sequences
for members of the Ophiostomatales showed that gene synteny is conserved and variability is
mostly due to introns. The mitochondrial sequences show potential for resolving taxonomic
questions among members of the Ophiostomatales, and as more genomes become available
mitochondrial data will complement phylogenetic data based on nuclear markers. These insect-
vectored fungi are potentially invasive and are a concern with regards to the biosecurity of
forests; mitogenomics could provide a valuable tool in the identification and tracking of species
belonging to the Ophiostomatales. Exploring fungal mitogenomes is important as some introns
have the potential to serve as agents that can module gene expression and impact the phenotypes
of the fungi that accommodate them (Cinget and Bélanger 2020; Medina et al. 2020). These
types of introns could be considered the result of constructive neutral evolution whereby
complex systems evolve by non-adaptive mechanisms (such as drift) (Stoltzfus 1999; Gray et al.
2010; Lukes et al. 2011). In addition, ribozymes, complex introns (i.e., potentially co-operating
ribozymes), and intron-encoded proteins have applications in biotechnology as genome editing
tools and/or regulatory switches to control gene expression (Takeuchi et al. 2011; Guha et al.

2017; Belfort and Lambowitz 2019).
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CHAPTER 3: COMPARATIVE MITOGENOMICS OF
LEPTOGRAPHIUM WINGFIELDII — AN INVASIVE FUNGAL SPECIES
IN CANADIAN FORESTS

3.1 ABSTRACT

Leptographium wingfieldii is a fungal associate of Tomicus piniperda (the pine
shoot beetle) and pathogen of pines and this species is an agent of blue stain in sapwood
on infected trees. This fungus was first reported from Europe and has been recently
introduced to Canadian forests. Ten new mitogenomes have been sequenced and
characterized, including seven strains of L. wingfieldii, two strains of L. procerum and
one strain of L. ferebrantis. The data were combined with other members of the
Ophiostomatales collected from NCBI to gain more insight into the genetic diversity,
evolution, and systematics of these fungi. The size of the studied mitogenomes of
Leptographium species ranged from 41 kb to 126 kb with the number of potential mobile
introns embedded within these mitogenomes ranging from 13 to 45. These data show that
introns generate genetic diversity and confirms the contribution of mobile introns in
genome expansion in Ophiostomatales fungi. This study also uncovered complex intron
arrangements (twintrons) suggesting the potential of mobile introns generating complex

ribozymes that may have implications in gene regulation.
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3.2 INTRODUCTION

The Ophiostomatales (Ascomycota) currently includes 14 accepted genera, however there
could be up to 24 genera based on a recent analysis using four nuclear markers (de Beer et al.
2022). Some of the more recognized genera are Ophiostoma, Leptographium, Grosmannia,
Sporothrix, and Ceratocystiopsis (de Beer et al. 2022). Many fungi that belong to this order are
of economic importance as they can impact forestry including urban forests (Roy et al. 2014).
Some members are tree pathogens that cause wilt disease by colonizing the sapwood and
invading tissues needed for water and nutrient transportation. Other members are non-pathogenic
but can cause blue stains on sap wood on various hard and softwood species (Seifert 1993).
Blue-stain is a concern to the lumber industry as stained wood is less desirable in the market and

can be challenging to export (Uzunovic and Byrne 2013).

Many members of the Ophiostomatales are vectored by arthropods such as bark beetles
(Six 2012). There appears to be a symbiotic relationship between the insect vectors and many of
their fungal associates. In some instances, fungi have been implicated in facilitating the bark
beetle's ability to invade and develop within host trees (DiGuistini et al. 2011; Shi et al. 2012;
Liu et al. 2022; Zaman et al. 2023; Fortier et al. 2024). A genomic study on Grosmannia
clavigera revealed the presence of genes that could be involved in the detoxification of plant-
defense chemicals (DiGuistini et al. 2011). The relationship between fungi and the beetles were
historically assumed to be very specific to each other, but it has been observed that there is
flexibility in bark-beetles/fungus association (Six and Wingfield 2011). Fungi benefit in these

systems as the insects will provide a means of dispersal, however, in some instance insects may
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feed on the mycelium and essentially “farm” these fungi (reviewed in Vanderpool et al. 2018).
The association of fungi and beetles is therefore mutually beneficial and an important component
in pathogenesis and/or the spread of blue stains in forest ecosystems (Burgess et al. 2017).
Leptographium wingfieldii was first described in Europe as a fungal associate of Tomicus
piniperda (Morelet 1988), however, it has been recently isolated from introduced 7. piniperda
specimens in North America (Jacobs et al. 2004; Hausner et al. 2005). Although this fungus is
primarily associated with the pine shoot beetle Tomicus piniperda, which is native to Europe and
Asia, L. wingfieldii has now also been isolated from native North American beetles (Jacobs et al.

2004).

Many Leptographium species are associates of arthropods causing blue stain on sapwood,
and some are associated with tree diseases, and therefore, these are of economic concerns to the
forestry industry (Wingfield et al. 1993; Uzunovic et al. 1999; Uzunovic and Byrne 2013;
Harrington 1988; Eckhardt et al. 2004; Jacobs et al. 2004; Hausner et al. 2005). The movement
(export) of infected lumber/timer products combined with the migration of their bark beetle
vectors has facilitated some blue stain fungi to move into new ecosystems (Jacobs et al. 2004;
Hausner et al. 2005; Humble and Allen 2006). Introduced fungi tend to go undetected in the
early stages of their invasion and due to morphologically similar appearing native species
(Burgess et al. 2017; Santini and Migliorini 2022). To maintain the biosecurity of forests, it
would be beneficial to apply genomic data for the rapid generation of molecular markers to
identify fungi of economic concerns (Aylward et al. 2017; Trollip et al. 2021; Trollip et al.
2022). It has been argued that fungal mitogenomes may provide a source for molecular markers

suitable for fungal identification (Kulik et al. 2020; Kulik et al. 2021).
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Fungal mitochondrial DNAs (mtDNA) are usually illustrated as single circular
molecules, however, there is evidence to suggest that they can also be linear concatemers
composed of tandemly arranged mtDNA units (Valach et al. 2011; Lang 2018). The size
variation of fungal mitogenomes ranges from 12.055 to >500 kb (James et al. 2013; Zubaer et al.
2018; Liu et al. 2020). Previous studies showed that the mitogenomes of the Ophiostomatales
can range from 23.7 kb to about 150 kb (Zhang et al. 1999; Zubaer et al. 2021; Wai and Hausner
2021; Wai and Hausner 2022). The size variation is in large part due to the absence/presence of
potential mobile introns and intron-encoded open reading frames (ORFs) or intron-encoded
proteins (IEPs), along with intergenic spacers and the presence of non-conserved (or sometimes
referred to as unknown) ORFs (Hausner 2012; Zubaer et al. 2021). Mitochondrial introns can be
either group I or group II introns, differentiated by their splicing mechanisms and their secondary
and tertiary folds at the RNA level. The IEPs can catalyze intron mobility (referred to as intron-
homing) to cognate alleles and/or these IEPs enhance intron splicing efficiency by acting as

maturases (Prince et al. 2022).

Mitochondrial introns are considered as selfish elements which maintain their own life-
cycle independent of the organism. Propagation of introns among different species probably
involves cytoplasmic exchange for the opportunity of mitochondrial fusions and of intron-
homing. Organellar introns and intron-encoded genes appear to follow neutral evolution
accumulating mutations leading to degeneration and eventual loss of the element (Goddard and
Burt 1999). Although mobile introns are assumed to be neutral and/or selfish elements, it has
been suggested that introns can have an impact in the organism’s molecular biology and gene

expression (Rudan et al. 2018). The presence of introns could act as rate limiting factor in gene
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expression and can affect the organism’s overall metabolism (Rose 2019). Introns in some
instances could be part of the adaptation (“fine tuning” gene expression) of an organism to a
particular environment and lifestyle (Rudan et al. 2018). Mitochondrial introns have been
implicated to mechanisms related to hypovirulence and resistance to fungicides (Baidyaroy et al.
2011; Cinget and Belanger 2020). Mobile introns have also been suggested to have been co-
opeted to serve as biosensors, and organellar introns could be targets for biocontrol agents and
targets of antifungal drugs (Duo et al. 2012; Belfort 2017; Liu and Pyle 2021; Liu and Pyle 2024;
Fedorova et al. 2018; Albert et al. 2023). In addition, components of group I and II introns such
as the ribozymes, homing endonucleases, and reverse transcriptases have been developed into
gene/genome editing reagents and other biotechnology tools (reviewed in Hafez and Hausner
2012; Enyeart et al. 2014; Stoddard 2014; Guha et al. 2017; Belfort and Lambowitz 2019).

This work is part of an ongoing effort to study the evolution of mitogenomes for members of the
Ophiostomatales (Abboud et al. 2018; Zubaer et al. 2019; Zubaer et al. 2021; Wai and Hausner
2021; Wai and Hausner 2022; Mukhopadhyay et al. 2023). Herein, we focus on L. wingfieldii, an
invasive species in Canadian forests, to gain new insights into their mitogenome diversity, such
as intron composition, genomic architecture, and on the evolution and systematics of the

Ophiostomatales.
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3.3 MATERIALS AND METHODS

3.8.1 Fungal cultures and DNA purification

Seven strains of Leptographium wingfieldii, two strains of Leptographium procerum and
one strain of Leptographium terebrantis were sequenced for this study (Table 3.1). Some of
these fungi were originally isolated from the pine shoot beetles (Tomicus piniperda) collected in
northwestern Ontario, Canada (Hausner et al. 2005). Fungal strains were grown on Malt-Extract
Agar (MEA; 30 g/L malt extract, 20 g/L agar, and supplemented with 1g/L yeast extract) media
(slants and plates) at room temperature (23° C) for 8 to 10 days. For long term preservation,
fungi were maintained on agar (MEA) slants at 4° C. For nucleic acid preparation fungi were
first cultured on agar plates and from there inoculums (10 to 12 small agar blocks ~ 2 mm) were
transferred to 250 ml Erlenmeyer flasks containing 100 ml of PYG broth (1 g/L peptone, 1 g/
yeast extract, 3 g/L D-glucose). The liquid cultures were incubated at room temperature for up to
10 days. Fungal mycelium was harvested from liquid cultures by vacuum filtration through a

Whatman Grade 1 filter paper in a Buchner funnel.

Mycelium was transferred to a pre chilled mortar and ground up with a pestle and acid
washed sand as previously described (Wai and Hausner 2021). The recovered nucleic acids were
treated with RNase A (final concentration 100 pg/mL) as recommended by the manufacturer
(ThermoFisher). The DNA preparation was resuspended in 100 uL of H20 at 30 ng/uL and sent
to MicrobesNG (Unit 1-2 First Floor, The BioHub, Birmingham Research Park, 97 Vincent
Drive, Birmingham B15 2SQ, UK) for Illumina sequencing. DNA preparations for strains
WIN(M)661 and WIN(M)662 were sequenced by Génome Québec using the MiSeq platform

(Innovation Centre, McGill University). Here for each sample 75 pL. of DNA (~ 1 pg) was
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supplied within an Eppendorf 96-well twin.tec® PCR plate (Cat. No. 951020401) sealed with
VWR® aluminum foil (Cat. No. 60941-074). The DNAs from different fungal samples were

barcoded and combined into a single MiSeq run as described in Aboud et al. (2018).

3.3.2 Genome sequencing, assembly, and annotation

Genome sequence reads generated by Illumina platforms were initially analyzed with
programs available through the online Galaxy platform (Galaxy (usegalaxy.eu); Afgan et al.
2018). The reads from MicrobesNG were assessed using FastQC v0.11.9 and assemblies
(contigs) were generated by using SPAdes v3.15.4 (setting the “--careful” option and assembly
graph option; Bankevich et al. 2012). The Galaxy NCBI BLAST+ blastn tool (Camacho et al.
2009) was used to search through the generated contigs for sequences of interest (rDNA internal
transcribed spacer regions, ITS; and beta-tubulin sequences, BT) including contigs/scaffolds
corresponding to fungal mtDNAs. To recover reads for the mitogenomes from the whole genome
data set the program Bandage (Wick et al. 2015) was used to examine the assembly graph files
generated from SPAdes, and the program GetOrganelle (Jin et al., 2020) v1.7.5, with the
organelle type set to fungus mitogenome (i.e., -F fungus_mt) was also applied to the Illumina
generated sequencing reads. In a few instances, the program MIRA (Chevreux et al. 1999) was
used to extract mitochondrial-derived reads. The mitochondrial scaffolds were annotated with the
online MFannot program (Lang et al. 2007; Prince et al. 2022; RNAweasel and MFannot
(https://megasun.bch.umontreal.ca/RNAweasel/)). tRNAs, rRNAs, and intron types were
predicted by MFannot and tRNAs were also screened by using the tRNAscan-SE 2.0 program

(Chan and Lowe 2019). tRNA structures were generated using R2DT program (Sweeney et al.
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2021), and sequence alignment was performed in MAFFT program (Katoh et al. 2019) to
investigate tRNA duplication. The annotations generated by the MFannot program were further
refined with the Artemis program (Rutherford et al. 2000). The genomes and gene synteny were
visualized in the Circos (Krzywinski et al. 2009) program. Additional mitogenomes were
obtained from GenBank and from the Sequence Read Archive (SRA; Leinonen et al. 2011). Data
obtained from SRA were assembled and annotated as described above and as previously

described (Wai and Hausner 2021; Zubaer et al. 2021).

The raw sequence data can be accessed via NCBI BioProject PRINA1136001 and the
Sequence Read Archive (SRA) accession numbers are reported in Table 3.1. The summary data

for the various genomes sequenced in this study are provided in Supplementary Table 3.1.

3.8.3 Intron landscape

Building on previous data and analysis for mapping organellar introns (Zubaer et al.
2021), all newly obtained L. wingfieldii and L. procerum sequences along with three L. wageneri
sequences from the NCBI database were examined for the position and types of introns. Initially,
group | and group II introns were identified by the MFannot program. The introns found by
MFannot were validated by multiple sequence alignment (MSA) with intron-less versions of
genes using the MAFFT program (setting: E-INS-i; Katoh et al. 2019). Sequence alignments
were generated for all protein coding genes from the listed fungi (Table 3.1) with the genes of
Tolypocladium inflatum (NCBI accession NC 036382.1). T. inflatum has no introns in their
protein coding genes and can be used as the reference genome for intron nomenclature in protein
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coding genes (Zhang and Zhang 2019). The rns and rnl sequences were compared with
corresponding sequences of Escherichia coli (NCBI accession AB035922.1) with regards to

intron annotations and naming as described in Johansen and Haugen (2001).

3.3.4 Phylogenetic analysis

The current Leptographium dataset was incorporated into the reference dataset from our
previous phylogenetic dataset for the Ophiostomatales (Zubaer et al. 2021). The final dataset
consisted of 82 amino acid sequences prepared by extracting and concatenating 13 mitochondrial
protein amino acid sequences from each mitogenome. The mitochondrial protein sequences were
concatenated in alphabetical order as follows: atp6, atp8, cob, cox1-3, nadl—4, nad4L, nad5—6.
The ATP9 amino acid sequence was not included as some members of the Ophiostomatales have
lost this gene from their mitochondrial genomes (Zubaer et al. 2021; Wai et al. 2021;
Mukhopadhyay et al. 2023). The sequence data were aligned in MAFFT (Katoh and Standley
2013), and the output used to generate the phylogenetic tree in MrBayes program (Huelsenbeck
and Ronquist 2001; Ronquist et al. 2012) using the same models and parameters previously
described (Zubaer et al. 2021). The concatenated amino acid sequences of Aspergillus fumigatus
and Penicillium digitatum (Eurotiales) were used as outgroups of the tree and the tree was

visualized in FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).
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3.4 RESULTS

3.4.1 Organisation and features of the mitochondrial genomes for Leptographium wingfieldii
and related species.

The mitochondrial genomes when assembled can be visualized as circular molecule and
three examples representing one strain for each of L. wingfieldii, L. terebrantis and L. procerum
are shown in Figure 3.1. For the Leptographium species examined, the expected set of fungal
mitochondrial genes were observed (Hausner 2003; Lang 2018; Zubaer et al. 2021), including 15
protein coding genes: ATP synthase genes (atp6, atp8 and atp9), cytochrome oxidase genes (cob,
coxl, cox2 and cox3), NADH dehydrogenase genes (nadl, nad2, nad3, nad4, nad4L, nad5 and
nado6), ribosomal protein S3 gene (ps3), and two rRNA genes: small subunit ribosomal RNA
gene (rns) and large subunit ribosomal RNA gene (rn/) (Figure 3.1). The rps3 gene is located
inside a group IA intron in the rn/ gene, which is a characteristic feature of mitogenomes for all
members of the Ophiostomatales and many filamentous members of the Ascomycota
(Sethuraman et al. 2009; Wai et al. 2021). All genes are found on the sense (+) strand of the

DNA, and the arrangement of genes is the same in all the mitogenomes of Leptographium spp.

In the current dataset, all the genomes showed a continuous gene arrangement of nad?2
and nad3 gene, where start codon of nad3 is situated just after the stop codon of nad?2 gene. For
the nad4L and nad5 genes, only L. procerum genomes show the single nucleotide overlap
between them, where the last base of the stop codon in nad4L is used as the first base of the start
codon in nad5. Other Leptographium species have one intergenic base separating the nad4L and

nad5 genes.
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Table 3.1: List of fungi examined for mitochondrial genomes in this study, including the GenBank/SRA accession numbers, genome

sizes, and intron numbers per gene.

Name of the Accession Genome Number of Introns in Genes Total

Organism (GenBank, Size (kb) Introns
. atp6 | atp8 | atp9 | cob cox1 | cox2 | cox3 | nadl | nad2 | nad3 | nad4 | nad4L | nad5 | nad6 | rnl ns .

and Strain SRA) in

Species

L. wingfieldii 0OP973817, 73.295 0 0 1 4 6 4 1 1 2 0 0 0 1 0 3 0 23

WIN(M)1181 SRR31369142

L. wingfieldii OP973811, 74.809 1 0 1 4 6 4 1 1 2 0 0 0 1 0 3 0 24

WIN(M)1192 SRR29915607

L. wingfieldii 0OP973812, 73.291 0 0 1 4 6 4 1 1 2 0 0 0 1 0 3 0 23

WIN(M)1205 SRR30606355

L. wingfieldii OP973813, 73.291 0 0 1 4 6 4 1 1 2 0 0 0 1 0 3 0 23

WIN(M)1238 SRR30606179

L. wingfieldii 0OP973814, 73.291 0 0 1 4 6 4 1 1 2 0 0 0 1 0 3 0 23

WIN(M)1240 SRR30334524

L. wingfieldii 0OP973815, 73.291 0 0 1 4 6 4 1 1 2 0 0 0 1 0 3 0 23

WIN(M)1281 SRR30040522

L. wingfieldii OP973816, 76.976 0 0 1 4 7 4 1 1 2 0 0 0 2 0 2 1 25

WIN(M)1330 SRR30675533

L. procerum 0OP936079, 41.446 1 0 0 1 4 0 0 1 1 0 1 1 1 0 2 0 13

WIN(M)661 SRR31509245

L. procerum OP963998, 41.443 1 0 0 1 4 0 0 1 1 0 1 1 1 0 2 0 13

WIN(M)1211 SRR31364221

L. terebrantis OP973818, 69.476 0 0 1 3 7 4 1 0 2 0 0 0 1 0 2 0 21

WIN(M)662 SRR31509650

L. wageneri SRR14246565* | 124.497 2 0 1 4 11 4 0 4 3 1 0 1 3 0 8 2 44

var.

pseudotsugae

L. wageneri SRR14246566* | 118.26 1 0 1 3 11 4 0 4 4 1 0 1 3 0 7 2 42

var. wageneri

L. wageneri SRR14246613* | 126.48 2 0 1 4 11 5 0 4 3 1 0 1 3 0 8 2 45

var.

pseudotsugae

Total Introns in Genes 8 0 " 44 91 45 8 21 28 3 2 5 20 0 49 7 342

*Third party sequences (read files from SRA database) were collected from NCBI. GenBank accession unavailable for those organisms. Mitochondrial ggnome sequence and annotation can
be accessed in the supplementary data file.
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Figure 3.1: The mitochondrial genomes of (A) Leptographium wingfieldii, (B) L. terebrantis,
and (C) L. procerum. The genomes are presented on circular scales according to their genome
size on a scale of kilobases (i.e., one tick mark is 1 kb). Circular representation of the
mitochondrial genomes generated by the program Circo showing the tRNA (pointed outward on
the scale), protein coding genes (blue track), introns (red track), and genetic-feature-wise GC
graph (GC% was calculated for annotated features instead of fixed window, showed in the

innermost track).
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Figure 3.2: Secondary structure comparison of the ##nM gene (upstream to nad2 gene in L.
procerum, left) the duplicated t7nL (as seen in upstream to nad?2 gene in L. wingfieldii and L.
terebrantis, right). The comparison shows three substitutions (highlighted in yellow) including

one substitution in the anti-codon loop.
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The mitochondrial genomes of Leptographium code for 26 tRNAs that contain the
complete set for coding for all 20 amino acids. Multiple copies were recorded for #7nS (2 copies),
trnR (2 copies), trnL (2 copies) and trnM (3 copies). An additional copy of ##nM is found in L.
procerum upstream the nad2 gene. At the same location, the #nL genes was observed (instead of
trnM) in the mitogenome of L. wingfieldii and L. terebrantis. Sequence alignment and secondary
structure comparison of these versions (located upstream of nad?) of trnM and trnL gene showed
that there are three substitutions including a mutation in the anti-codon that appears to potentially
convert trnM to trnL (Figure 3.2, Supplementary Figure 3.1). The tRNA genes found to be
concentrated in certain regions of the mitogenomes. For example, thirteen tRNA genes are
situated downstream of the rn/ gene and 4 tRNA genes are upstream of the rn/ gene. The pattern
of tRNA arrangement is conserved among the Leptographium species (Figure 3.1,

Supplementary Table 3.2).

3.4.2 Mitogenome expansion, mobile introns, and complex introns

The genome sizes of L. terebrantis and L. wingfieldii strains range from 69.476 kb to
76.976 kb, respectively, while the mitogenomes for the two examined L. procerum strains ranged
from 41.443 to 41.446 kb. The L. wageneri var. wageneri and L. wageneri var. pseudotsugae
mitogenomes are larger, comprising 118.260 to 126.480 kb (Table 3.1). The genome size
differences among the Leptographium species examined are related to the number of introns. The
plot of intron numbers (intron insertion sites) and genome size shows a linear trend (Figure 3.3),
which supports our previous finding of introns being the major factor in mitochondrial genome

expansion among members of the Ophiostomatales (Zubaer et al. 2021).
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Introns were found in all conserved mitochondrial protein coding genes (except rps3) and
rRNA genes except for atp8 and nad6 genes. The presence of introns in a gene was mapped with
regards to the reference Tolypocladium inflatum for protein coding gene positions, and E. coli for
rRNA gene (rns and rnl) positions. A pan-genomic intron landscape is presented for all intron
homing sites observed among the examined Leptographium species in Figure 3.4. In total, 55
intron insertion sites were identified in the dataset, and a total of 342 introns were found
distributed in those intron sites across the studied 13 mitogenomes (Table 3.1, Supplementary
Table 3.3). The 2450 position in rn/ gene (mL2450 in Johansen and Haugen 2001 notation) was
occupied in all members by a group IA intron that encodes the rps3 gene. The cox! gene was
found to have the highest number of intron insertion sites (91 introns), with the »n/ and cob gene
having 49 and 45 intron insertion sites. Among the 342 recorded introns, there were two group II
introns were found: one is cox1-216 found in the strains of L. wageneri, and another one is rns-
952 (mS952 in Johansen and Haugen 2001 notation). The mS952 group II intron encodes IEPs
that are LAGLIDADG type homing endonucleases (HEs) in L. wingfieldii WIN(M)1330 and
strains of L. wageneri. This group II intron was previously described by Mullineux et al. (2011).
The remaining introns found in this study are group I introns mostly harbouring homing
endonuclease genes (HEGs) that encode IEPs that can be assigned to the LAGLIDADG or GIY -

YI1G HE families and some introns lacked ORFs.

Group I intron RNAs can fold due to complementary sequences hydrogen bonding and
thus forming paired (P) regions (helices) that are referred to as P1 to P10 with single-stranded
loop sequences connecting the helices (Michel and Westhof 1990). Based on variations within

the primary, secondary, and tertiary structures, group I introns have been arranged into
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categories: classes IA to IE and these can be further subdivided, e.g., A1, IC3 etc. (Michel and
Westhof 1990; Hausner et al. 2014). For more details on the various types of introns, such as

group I intron categories and potential ORFs, see Supplementary Table 3.3.

Among the introns found in this investigation, there is a complex intron noted in position
281 in cox! gene in L. wageneri strains. Complex introns are designated as intron arrangements
where an intron is either nested or fused to another intron. Here, a group IB intron appears to
have been invaded by a IC2 type group I intron. The resident IB intron encodes a double-motif
LAGLIDADG OREF possibly in P1 and the OREF is interrupted by the IC2 module that encodes a

double-motif LAGLIDADG OREF in P9.
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Figure 3.3: Correlation graph of genome size vs intron insertion sites for the 13 Leptographium
genomes examined in this study. Intron numbers are on the x-axis and genome sizes are on the y-

axis. The graph shows a linear trend with strong correlation.
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Figure 3.4: The pan-intronic landscape for the 13 Leptographium mitogenomes examined in this
study. The landscape shows all the intron-homing sites and intron frequencies on those positions.
The graph was prepared by using a vertical scale ranging from 0 to 15. The intron-homing sites
are positioned on the reference genes represented in the outer track using a scale of number of

base pairs.
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Figure 3.5: Phylogenetic tree for members of the Ophiostomatales along with sequences from
other Orders in the Sordariomycetes to verify the position of Leptographium wingfieldii and
other Leptographium species. For the Ophiostomatales, nodes that define different genera are
designated with a single letter as follows C: Ceratocystiopsis, S: Sporothrix, O: Ophiostoma, D:
Dryadomyces, L: Leptographium, H: Harringtonia, R: Raffaelea. The tree was generated by
MrBayes using the concatenated and aligned mitochondrial amino acid sequences of thirteen
conserved protein coding genes from 82 fungal samples. Aspergillus fumigatus and Penicillium
digitatum were used as outgroups. The branches are drawn to scale, where the length
corresponds to the number of substitutions per site. Posterior probability values are indicated at

the nodes.
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3.4.3 Phylogeny of selected members of Leptographium

The phylogenetic tree was constructed based on 82 mitochondrial genomes including 10
Leptographium genomes sequenced during this study (Figure 3.5). In addition, we extracted
mitogenomes from GenBank and from data available at the Sequence Read Archive (SRA) for
strains representing L. lundgergii, L. wageneri var. wageneri and L. wageneri var. pseudotsugae
(Shumway et al. 2010; Leinonen et al. 2011). We included 80 sequences representing various
Orders that belong to the Class Sordariomycetes, and two sequences from the Order Eurotiales
serving as the outgroup. The phylogenetic tree provides support for the monophyly of sequences
sampled from the Glomerellales, Hypocreales, Microascales, Ophiostomatales, and Sordariales.
The Ophiostomatales form a single clade containing 47 species and these supported the
monophyly of the following genera: Ceratocystiopsis, Sporothrix, Ophiostoma, Fragosphaeria,
Hawksworthiomyces, Graphilbum, Esteya, Dryadomyces, Leptographium sensu stricto,
Grosmannia, Harringtonia, and Raffaelea. With regards to all seven studied sequences for the
Leptographium wingfieldii strains (including the WIN(M)1181, the ex-paratype), they clustered
together with sequences from L. terebrantis, and L. lundbergii. The three sequences that
represent L. wageneri var. wageneri and L. wageneri var. pseudotsugae were positioned on a
slightly deeper node and sequences obtained for strains of L. procerum were the branch from the
node that supports the monophyly for the sampled members of Leptographium sensu stricto.
Overall, the phylogenetic tree agrees with the generic concepts recently proposed for the
Ophiostomatales by de Beer et al. (2022). The limited mitogenome-derived data on L. wageneri
var. wageneri and L. wageneri var. pseudotsugae does support the latest proposal that these
varieties should be recognized as distinct species, Leptographium wageneri and Leptographium

pseudotsugae, respectively (Choi et al. 2023).
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3.5 DISCUSSION

3.5.1 Genomic variations in Leptographium

The mitogenomes of Leptographium species sampled in this study encode the typical
genes observed in fungal mitogenomes, which include 15 protein coding genes, 2 rRNA genes,
and a set of tRNAs for all 20 amino acids (Lang et al. 2018). Gene synteny among the examined
Leptographium species was found to be conserved. In general, mitogenome synteny is conserved
for all members of the Ophiostomatales that have been characterized so far (Abboud et al. 2018;
Zubaer et al. 2021; Wai and Hausner 2021; Mukhopadhyay et al. 2023). Leptographium
mitogenomes show the presence of the azp9 gene, while some other members of the
Ophiostomatales appear to lack a#p9 (see Wai et al. 2021). Previous studies also noted the one
nucleotide overlap, and continuous/fused gene arrangements found between nad4L and nad5

genes and nad? and nad3 genes, respectively (Zubaer et al. 2018; Wai et al. 2021).

It has been reported that tRNAs in mitogenomes can be subject to duplication and gene
loss, explained by the tandem duplication/random loss (TDRL) model (Jiang et al. 2016).
However, duplication may also give rise to a tRNA with different amino acid preference by
accumulating mutation in the anti-codon bases — a process called tRNA remolding (Jiang et al.
2016). tRNA remolding was previously reported for Ceratocystiopsis pallidobrunnea (Wai and
Hausner 2022) and in other fungi (Song et al. 2024); in C. pallidobrunnea a duplicated trnM
appeared to change to #rn. Similar situation was found in the current study where one mutation
changed the anticodon of t7rnM to trnL as found in L. wingfieldii and L. terebrantis. However, the
final impact of the mutation in the anticodon is not clear as the amino acid acceptor stem remains

unchanged.
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A characteristic feature of most fungal mitogenomes is the distribution of tRNAs with a
bias to being located upstream and downstream of the rnl gene (Zubaer et al. 2018; Wai et al.
2019). The examined Leptographium species showed a similar trend of tRNAs clustering around
the rn/ gene in the mitogenome and the remaining tRNAs usually being located between the
following genes: rns/cox3, cox3/nad6, cox2/nad4L, and cob/coxI. This might generate transcripts
that ensures that the 7n/ RNA is co-expressed at a similar rate as the flanking tRNAs. In addition,
it has been assumed that in mitochondria the location of tRNAs might serve as signals for RNA
processing of the primary (assumed to be polycistronic) transcripts, referred to as the punctuation
model (Ojala et al. 1981; D’Souza and Minczuk 2018; Golik 2024; Zhang et al. 2023). There is
support for this model in fungal mitochondria for some polycistronic transcripts (reviewed in
Varassas and Kouvelis 2022), but in the Ophistomatales there are genes that are not flanked by
tRNAs (see supplementary Table 3.2) so other, not yet identified processing motifs may be

important in resolving those transcripts.

3.5.2 The intron complements of the Leptographium mitogenomes

Fungal mitochondrial genomes frequently contain group I and group II introns. These
elements are potential ribozymes with self-splicing activity, but under cellular conditions
splicing is most likely assisted by either intron- or nuclear-encoded maturases/splicing factors
that promote intron RNA folding into splicing competent configurations (Lang et al. 2007;
Mukhopadhyay and Hausner 2024). The intron landscape map (Figure 3.4) shows that intron

insertion sites or homing sites are conserved among different species. Intron bias for being

119



“intron-rich” in the cox/ gene is found to be a common phenomenon in members of the

Ophiostomatales (Zubaer et al. 2021; Wai and Hausner 2021).

A complex intron was detected in this study at position cox/-281, and this illustrates the
dynamic nature of these elements that are under continuous pressure to insert into new locations
for their survival to avoid extinction (Goddard and Burt 1999). Nested intron arrangements are of
interest as they may have the potential to evolve new complex ribozymes or generate regulatory
elements that can be resolved by splicing pathways that can enhance the expression of the
individual’s intron module’s open reading frames (Wallweber et al. 1997; Guha et al. 2018;
Zubaer et al. 2021). The resolution of complex introns may also impose a rate limiting step in the
expression of the host gene. The possible splicing pathways for the cox/-281 intron will be
explored in future studies as this may impact RNA processing of primary transcripts and gene
expression of the components that are present on polycistronic mRNAs along with the genes that

host these types of complex/nested introns.

The dependence of organellar introns on nuclear- and intron-encoded factors for efficient
splicing links nuclear responses to environmental conditions to mitochondrial gene expression
(Prince et al. 2022; Mukhopadhyay and Hausner 2024). It is therefore possible that the
organism’s life history along with drift and selection might be impacted by the presence of
introns. Within the Ophiostomatales, members that are animal pathogens typically have small
mitochondrial genomes with few introns (Teixeira et al. 2014; Abboud et al. 2018). Conversely,
those members causing blue-stain tend to have larger mitogenomes with higher number of

introns (Zubaer et al. 2018; Mukhopadhyay et al. 2023). The current results showed that the
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number of introns and genome sizes are similar in L. wingfieldii and L. terebrantis, while
varieties of L. wageneri show larger mitogenomes with higher number of introns. Overall
findings in the current study confirm previous reports on the Ophiostomatales where introns are a

major factor in mitogenome expansion (Zubaer et al. 2021; Mukhopadhyay et al. 2023).

3.5.3 Phylogenetic analysis of mtDNAs from various members of the Ophiostomatales

The current study utilized mitogenome-derived data for addressing the taxonomic
position of L. wingfieldii within the Ophiostomatales. The data showed L. wingfieldii, L.
terebrantis, and L. lundbergii are closely related to each other, whereas L. procerum was found
to be a more distantly related to L. wingfieldii. The current mitogenome data also suggests that
genera Esteya and Dryadomyces, share a recent common ancestor with Leptographium and along
with Grosmannia all four genera are monophyletic. Leptographium was traditionally considered
to be the asexual (anamorph) state of Grosmannia. This is still a complex issue as some members
of Grosmannia do indeed form Leptographium-like asexual states and some members of

Leptographium produce perithecia (reviewed in Zipfel et al. 2006; de Beer et al. 2022).

With the introduction of the single name nomenclature for fungi (Hawksworth et al.
2011), Leptographium has priority as the older generic name. However, the position of some
lineages of fungi with Leptographium-like anamorphs within the Ophiostomatales has not been
resolved (Zipfel et al. 2006; De Beer and Wingfield 2013; Jankowiak et al. 2018). Moreover,
studies have shown that there are at least two clades (with the corresponding type specimens:

Leptographium lundbergii and Grosmannia penicillata) that group members of the
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Ophiostomatales with Leptographium-like asexual states. This validates the genera
Leptographium and Grosmannia (De Beer and Wingfield 2013; Nel et al. 2021; de Beer et al.

2022).

The mitogenome-based data also supports the division of the genus Raffaelea sensu lato
into three genera, which have recently been erected: Dryadomyces, Harringtonia, and Raffaelea
(de Beer et al. 2022). This study suggests that mitogenomes should be further explored as a
taxonomic marker for species identification and verifying and delimitating generic boundaries

for members of the Ophiostomatales.

3.6 CONCLUSIONS

Leptographium wingfieldii, L. procerum, and L. terebrantis are saprotrophs and they are
sometimes associated with tree mortality (Harrington 1988; Hausner et al. 2005; Jacobs and
Wingfield 2001, 2013; Mensah et al. 2021). Varieties of L. wageneri, are known causal agents of
black stain root disease (Bennett et al. 2021). Leptographium wingfieldii, a potential tree
pathogen, has been recently introduced into Canadian forests. It comes with challenges of
adaptation and risks to the native forest ecology. This fungus invades sapwood of certain
conifers and maintains symbiotic/mutualistic relationships with bark beetles, and thus pose a risk
of an outbreak of a plant disease. Mitogenomes offer a suite of potential markers that can aid in

the identification of invasive fungi and in resolving taxonomic issues within the
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Ophiostomatales. Exploration of the mitogenome and mobile elements in L. wingfieldii and
related species is potentially beneficial to understand the biology and taxonomy of this species.
Characterizing mitogenomes and cataloging introns and other novel intron derivatives is a
resource for locating ribozymes and intron-encoded proteins (homing endonucleases and reverse

trancriptases) that have applications to biotechnology.

Supplementary Figures.
Supplementary data are available for this Chapter at https:

https://cdnsciencepub.com/doi/10.1139/cjm-2024-0179
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CHAPTER 4: BIOSYNTHETIC GENE CLUSTERS IN MEMBERS OF
LEPTOGRAPHIUM WINGFIELDII AND RELATED TAXA

4.1 ABSTRACT

Leptographium wingfieldii belongs to the order Ophiostomatales. It is a pathogen of pines
and an agent of blue stain in sapwood on infected trees. This fungus is vectored by bark beetles
such as Tomicus piniperda (the pine shoot beetle). The movement of bark beetle and their fungal
associates can have severe ecological and economic impacts. Based on previous surveys
conducted on the Leptographium collection housed as part of the WIN collection (University of
Manitoba), several fungal candidates that showed antimicrobial activity while being challenged
with multidrug resistant bacterial strains of Staphylococcus aureus. Those fungi were examined
in more detail and studied at the genomic level to investigate the genetic basis of their
antimicrobial activities. The whole genome of seven strains of Leptographium wingfieldii, one
strain of L. procerum, one strain of L. aureum, and one strains of Penicillium citrinum were
obtained using the Illumina sequencing platform. The taxonomic identity of the Leptographium
strains was confirmed by applying five different nuclear marker genes (ITS2, ACT, CAL, TEF,
B-TUB). The sequence data (reads) were assembled in SPAdes and the contigs were submitted
to a fungal specific antiSMASH program to identify potential biosynthetic gene clusters. A
comparative analysis using the BiG-SCAPE program showed the relationships among
biosynthetic gene clusters (BGCs), and their clustering with known BGC families. The analysis

revealed 205 BGCs which are related to 97 BGC families. The gene clusters of the studied
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Leptographium strains were further annotated using BLAST to provide a reference for other

members of the Ophiostomatales.

4.2 INTRODUCTION

Leptographium wingfieldii is a fungus that belongs to the order Ophiostomatales in the
phylum Ascomycota. L. wingfieldii was originally described in Europe (Morlet 1988) and later
was recognized as an invasive species in Canada (Jacobs et al. 2014; Hausner et al. 2005). Being
a newly introduced species, this fungus poses a risk to the Canadian forest ecology. Although L.
wingfieldii was not found to be a significant pathogen to conifers in Canada, it can cause blue
stain on sapwood which is an undesirable characteristic for the lumber industry (Uzunovic et al.
1999). Stained lumber is less desirable for export and therefore limits the marketing of affected
lots of wood products. This fungus is primarily associated with the pine shoot beetle Tomicus
piniperda and maintains a symbiotic relation by helping beetles to live under the bark of host
trees by presumably producing secondary metabolites that appear to stabilize the effect of the
hosts immune system (Jacobs et al. 2004; de Beer and Wingfield 2013; Zaman et al. 2023). In
general, there are examples where bark beetles or similar arthropods feed on blue stain fungi and
keep farming them for their survival (Vanderpool et al. 2018). Fungi get the advantage by being
vectored to other trees in the forest with the movement of beetles that carry their spores. The
association of the fungi and beetles were initially thought to be species specific, however, it has
been observed that members of the Ophiostomatales can cooperate with other beetles (and vice

versa) (Six and Wingfield 2011). To adapt to a new environment, fungi can enter into a
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symbiotic relationship with native bark beetle species, thus spreading more efficiently in a new
location, colonizing the forest, eventually posing a risk in the forest environment (Six and

Winfield 2011; Linnakoski et al. 2012a; Linnakoski et al. 2012b).

The filamentous fungi in Ascomycota can be an abundant source of natural products such
as antibiotics, toxins, pigments etc. (Keller 2015). For example, Penicillin (Penicillium sp.;
Fleming 1929), aflotoxin (Aspergillus sp.; Sweeney and Dobson 1998), Lovastatin (Aspergillus
terreus; Alberts et al. 1980), Fumonisins (Fusarium verticillioides; Gelderblom et al. 1988),
Cyclosporin (Tolypocladium inflatum; Borel et al. 1976), Eleniol (Ophiostoma quercus; Oh et al.
2010), Terbinafine (Sporothrix schenckii; Cordoba et al. 2018), Ophiocordin (Ophiostoma sp.;
Takahashi et al. 1998) etc. Thus, L. wingfieldii can be considered a potential producer of
valuable secondary metabolites with industrial and medical importance. Secondary metabolites
(SM) - a derivative of primary metabolites - are not involved in the primary function of an
organism such as growth and reproduction. But they can provide the organisms with an
advantage to survive while living with stress in a competitive environment. So called
biosynthetic gene clusters (BGCs) are associated with the production of secondary metabolites
(SMs). Secondary metabolites are usually derivates of Acetyl-CoA, however, they can also be
derivatives of aromatic amino acids (Nielsen and Nielsen 2017). They are categorized based on
the major enzyme that is related to their production. The major classes of SMs are Polyketides
and Non-ribosomal peptides, and these are categorized based on the enzymes involved in their
synthesis: Polyketide synthase (PKS) and Non-ribosomal peptide synthase (NRPS). Besides
those two major types of SMs there are terpenoids, alkaloids, and post-translationally modified

peptides. PKSs are structurally and functionally diverse. They are categorized in three types —
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PKS I, PKS II, and PKS III based on their structure and enzymatic function (Chan et al. 2009;
Cox and Simpson 2009). In fungi, pathways involving PKS are most frequently encountered
(87% of all BGCs), but only two types of PKS enzymes are usually encountered in fungi (PKS I
and PKS III); PKS II so far has only been reported from bacteria (Jenke-Kodama et al. 2005).
PKS-I is the best studied enzyme involved in SM production, and it encodes for a large
multidomain protein involved in the production of many important SMs, PKS I is comprised of
the beta-ketoacyl synthase (KS), acyl carrier protein (ACP) and acyl transferase (AT) domains.
Some versions of PKS I may also contain domains for starter acyltransferase (SAT), thioesterase
(TE), C-methyltransferase (MET), and product template domain (PT) etc. (Kroken et al. 2003;

Cox 2007).

Discoveries of SMs from fungi traditionally involved chemical analysis from fungal
extracts. Although traditional strategies resulted in the discovery of important SMs, the re-
discovery of the same compounds in other fungi plus the advancement of chemical synthesis
discouraged scientists and industries from working on screening fungi for SMs. Instead, the
focus shifted on synthetic compound development rather than exploring natural sources for
molecules. After a few decades of discovery void of new antibiotics, with the progress of
genomics technologies, the screening organisms for SMs has become again become more
fashionable. Screening for the potential production of different SMs combined with exploring
genomic data. Dereplication strategies have made genomic mining an attractive alternative to
traditional methods. By genome mining, it is possible to predict the possible production of
valuable chemicals from a fungus, including revealing their cryptic genotype and potential to

produce novel secondary metabolites. Many BGCs remain latent, their expression dependent on
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specific conditions. Consequently, when fungi are cultivated in laboratory settings, they often
fail to produce SMs. Therefore, genome mining can be a preliminary screening strategy for

finding fungal strains that warrant further experimental and chemical analysis.

As stated previously, SM producing is dependent on multiple genes that can be arranged
in clusters. These clusters of genes that are responsible for producing SMs, are referred to as
biosynthetic gene clusters. Usually there are 2-20 genes that can make up a BGC. The genes of a
BGC are grouped together and are in the same genomic region and they can be expressed
together (Shwab and Keller 2008; Osbourn 2010). It has been proposed that the coordinated gene
expression of BGCs provides a selective advantage postulated from the observation that genes
encoding enzymes and regulatory factors involved in the production of SMs are often physically
clustered together in fungal genomes. This organization enables their coordinated regulation,
allowing fungi to rapidly and efficiently produce SMs in response to environmental stimuli
(Khaldi and Wolfe 2011; Rokas et al. 2020). A typical BGC contains core genes that encode
enzymes responsible for the primary steps in synthesizing the secondary metabolite. These core
genes are often flanked by additional genes whose products play roles in supporting the
biosynthetic process, such as regulating BGC gene expression, post-translational modifications
of core enzymes, modification of the secondary metabolite, and facilitating cellular transport

(Brown et al. 2012; Osbourn 2010).

The early studies on members of the Ophiostomatales producing secondary metabolites
were performed from 1983 to 1989 by Ayer and coworkers. They extracted natural products

from Leptographium wageneri, and Leptographium (=Verticicladiella) sp. (Ayer et al. 1989).
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Recently, a study has been conducted on the Dutch-elm disease causing agent Ophiostoma ulmi
and O. novo-ulmi and it was found that the fujikurin-like gene cluster (OpPKSS) is present in
their genomes (Sbaraini et al. 2017). Apart from the search for industrially or medically
important compounds, a few studies were conducted to elucidate the disease-causing genes and
toxic compounds produced by members of the Ophiostomatales (DiGuistini et al. 2011; Ibarra
Caballero et al. 2020; Lah et al. 2017; Sayari 2018). Previous study in search of novel
antimicrobial compounds from Leptographium spp. screened over 100 strains against multi-
drug-resistant Staphylococcus aureus (Ibrahim 2020). That study found 13 Leptographium
strains showed antimicrobial activity against resistant bacteria. The current study is exploring the
genomes of strains of Leptographium wingfieldii and related fungi that were previously found to

be potential producers of medically important small molecules.
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4.3 MATERIAL AND METHODS

4.3.1 Fungal strains and their culture

Leptographium wingfieldii and related fungal species collected from forests in Canada
and were stored at 4°C on malt extract agar slants (MEA, 30 g malt extract (VWR life science,
Ohio, USA), 1 g yeast extract (Bacto™, Dickinson & Co., Maryland, USA) and 20 g
bacteriological agar (Bacto™ BD) per liter) in the WIN collection (Department of
Microbiology, University of Manitoba, Winnipeg, MB, Canada). Ten fungi including five strains
of Leptographium wingfieldii, two Leptographium sp. (species not determined), one strain of
Leptographium procerum, one strain of Grosmannia (=Leptographium) aureum, and one strain
of Penicillium citrinum were selected for the current study based on previous work suggesting
the production of secondary metabolites with antimicrobial activity. The fungal strains were
inoculated and grown on MEA plates at room temperature (23°C) for 7 to 10 days. The mycelia
were transferred to 100 mL ME broth (30 g malt extract and 1 g of yeast extract (Bacto™ BD)
per liter. The fungi were harvested from the broth after 7 to 10 days of growth at room
temperature. These cultures were used for DNA extraction. For long term preservation, the fungi

were cultured on 10 mL MEA slants and submitted to a culture collection facility (Table 4.1).

4.3.2 DNA extraction and genome sequencing

Fungal mycelia were harvested by vacuum filtration from the ME broth. DNA were

extracted from those mycelia by using Cetyltrimethylammonium bromide (CTAB) buffer [2%
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CTAB (Fisher Scientific), 100 mM Tris-HCIL, pH 8 (Fisher Scientific), 20 mM
Ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific), 1.4 M NaCl] followed by
chloroform-extraction and ethanol precipitation (as previously described in Hausner et al. 1992).
Extracted nucleic acids were dissolved in sterile water and treated with RNase and the DNA
solutions were finally transferred into 1.5 mL microcentrifuge tubes. DNA concentrations were
quantified with a NanoDrop and 100 pl (30 ng/ul) of DNA were shipped to MicrobesNG at the
Birmingham University (UK) sequencing facility (Illumina MiSeq platform). The resulting
sequence reads were assembled (using the tools provided in GALAXY') and genome

completeness was assessed using the BUSCO program (Manni et al. 2015).

4.3.3 Taxonomic identification

Five different nuclear markers (ITS2, ACT, CAL, TEF, B-TUB) were used to identify
and confirm the taxonomic identity of the studied fungi (Strzatka et al. 2020). Sequences of these
marker genes were searched for by using Leptographium wingfieldii WIN1181 sequence as
queries with blastn in NCBI GenBank database. Similar sequences were downloaded and sorted.
The genome sequences (contigs) were searched using the NCBI blast+ program as implemented
in the Galaxy platform and copies of the five different marker genes were extracted from all
genomes used in this study. Each partial gene set was aligned with the MAFFT program (Katoh
and Standley 2013), and the alignments were analyzed with MrBayes (Ronquist et al. 2012)
program (using GTR substitution model and 500 sample frequency running for a million
generations with 25% burnin of samples) for establishing phylogenetic relationships. The

phylogenetic trees for five different marker genes were used for the identification of the
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unknown strains of Leptographium and to confirm the taxonomic identity of the Leptographium

wingfieldii.

4.3.4 Identification and characterization of BGS from the draft genomes

[Nlumina sequencing generated paired end-reads that were assembled into contigs by the
SPAdes program (Bankevich et al. 2012). The genomic reads were submitted into the NCBI
SRA database (Table 4.1). The assembled contigs were uploaded onto the antiSMASH program
(Blin et al. 2023) with strict and relaxed settings for each of the genomes to find all strong
matches and more distant matches. The previously known BGCs from databases with strict
search were identified and their potential products’ structures were obtained from ChemSpider
(https://www.chemspider.com). The resulting unknown “hits”’/matched genes of a BGC were
subjected to the BLAST program to find their potential identity and putative gene function. The
BiG-SCAPE program (Navarro-Muioz et al. 2020) was used to perform a comparative analysis

to categorize the BGCs into clusters using all the antiSMASH results as the input data.
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4.4 RESULTS

4.4.1 Genome sequencing and completeness

Genome sequences of seven strains of Leptographium wingfiedii, a strain of L. procerum,
a strain of L. aureum, and a strain of Penicillium citrinum were sequenced and the reads were
further assembled to generate contigs. From the contigs, the genome size of L. wingfieldii and
related fungi were determined (Table 4.1). The genomic contigs were assessed for completeness
by estimating the presence of complete genomic information using the BUSCO program. The
analysis was based on reference genomes from the corresponding taxonomic lineage
(Sordariomycetes for Leptographium, and Eurotiales for Penicillium). All genomes yielded
BUSCO scores ranging from 95% to 97.5%, indicating that the genomes are 95% to 97.5%
complete with respect to the expected set of single-copy orthologous genes (Figure 4.1, Table

4.1).
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Figure 4.1: Genome completeness results obtained from the BUSCO program showing the
number of single copy orthologs that are complete (C), present as a single copy (S), fragmented
(F), duplicated (D) and missing (M). The number of duplicated orthologs was very low

suggesting the was little or no contamination of these genomes with other DNAs.
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Table 4.1: List of fungi sequenced, their NCBI SRA accession, genome size, and their genome

completeness scores (based on single copy orthologs) from BUSCO analysis.

Species Strain NCBI SRA | Genome | BUSCO Genome completeness score (%)
Accession Size
Complete | Complete Fragmented Missing
(Mb)

and single | and

copy duplicated
L. wingfieldii | WIN(M)1181 | SRR31369142 | 32.2 94.7 0.1 1.8 34
L. wingfieldii | WIN(M)1192 | SRR29915607 | 31.9 95.0 0.1 1.8 3.1
L. wingfieldii | WIN(M)1271 | SRR30014474 | 30.0 95.7 0.1 1.2 3.0
L. wingfieldii | WIN(M)1240 | SRR30334524 | 32.1 95.7 0.1 1.2 3.0
L. wingfieldii | WIN(M)1238 | SRR30606179 | 32.1 96.9 0.1 0.3 2.7
L. wingfieldii | WIN(M)1205 | SRR30606355 | 32.1 96.2 0.1 0.7 3.1
L. wingfieldii | WIN(M)1330 | SRR30675533 | 32.4 96.2 0.1 0.8 3.0
L. procerum WINM)1211 | SRR31364221 | 295 96.9 0.1 0.4 2.6
L. aureum WIN(M)809 SRR31365496 | 31.1 95.2 0.1 1.1 3.6
P. citrinum WINM)519P | SRR31383536 | 34.5 97.5 0.3 0.6 1.5
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4.4.2 Taxonomic identification of Leptographium sp.

Two strains (WIN(M)1205 and WIN(M)1330) of Leptographium were unknown with
regards to species identity. It was also necessary to confirm the taxonomic identity of the other
strains used in this study. For Ophiostomatales species designations can be challenging due to
lack of morphological characters and convergent evolution (de Beer et al. 2022). The
phylogenetic trees of the five marker genes confirmed the identities of WIN(M)1205 and
WIN(M)1330, as being Leptographium wingfieldii. These strains of L. sp. grouped among the
other strains of L. wingfieldii from our collection and L. wingfieldii sequences collected from the
NCBI GenBank database. Five different trees based on different marker gene sequences show

similar results, confirming the identities of the species used in this study (Figure 4.2).
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Figure 4.2: Taxonomic position of the Leptographium wingfieldii and identification of the
unknown strains inferred from the phylogenetic trees based on the applied marker
genes/sequences (A) ACT: actin, (B) TUB2: beta-tubulin, (C) CAL: calmodulin (D) ITS: internal
transcribed spacer (E)TEF1-a: translation elongation factor 1-alpha extracted from the
sequenced genomes, and sequences collected from NCBI Genbank database. Trees show the
position of Leptographium wingfieldii sequences and confirm the identities of the
Leptographium spp. (WIN(M)1205 and WIN(M)1330). The tree topology (50% majority-rule
consensus tree) was generated by the MrBayes program and visualized in the FigTree program

(Rambaut 2014).
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4.4.3 BGCs in Leptographium genomes

The BGCs were identified from the analysis with antiSMASH for every genome in our
dataset, and all BGCs were further annotated and tabulated in the . The
antiSMASH search with strict setting for the genomes showed 13 to 16 BGCs. From each
genome of L. wingfieldii, there were three strong matches with previously annotated BGCs by
the antiSMASH search. The compounds are squalestatin S1 (Terpene), neosartorin (PKS), and
naphthalene (PKS) which are present in L. wingfieldii strain WIN(M)1181 and WIN(M)1205.
The other L. wingfieldii strains (WIN(M)1192, WIN(M)1271, WIN(M)1240, WIN(M)1238,
WIN(M)1330) contain those three BGCs in addition there is an extra copy of neosartorin. L.
procerum WIN(M)1211 has five known BGCs which are squalestatin (Terpene), clavaric acid
(Terpene), shanorellin (PKS), bikaverin (PKS), and phyllostictine A (hybrid). Leptographium
(=Grosmannia) aureum WIN(M)809 has eight known BGCs that are squalestatin (Terpene),
clavaric acid (Terpene), dichlorodiaporthin (PKS), rosamicin (PKS), and scytalone (PKS).
Penicillium citrinum WIN(M)519P has seven known BGCs, ucs1025a (hybrid), squalestatin
(Terpene), equisetin (PKS), sorbicillin (PKS), naphthopyrone (PKS), and trypacidin (PKS). All
those known compounds’ structures are depicted in Figure 4.3. The gene arrangement of
squalestatin and naphthalene in strain WIN(M)1181 and WIN(M)1205 were found to be
identical. However, the gene arrangements of neosartorin BGCs do not share any similarities
(Figure 4.3). All the strains have the core biosynthetic gene, additional biosynthetic genes,
transport related genes, and other genes in their neosartorin BGCs, but the arrangement of those
genes showed no pattern. Five strains of L. wingfieldii have a second copy of neosartorin, but the

two copies from the same genome are completely different in gene arrangement. Only exception
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of this high variability in gene synteny is the WIN(M)1192 and WIN(M)1271 which have

identical gene arrangement (Figure 4.3).

With the relaxed search setting in antiSMASH, members of Leptographium showed 19 to
25 BGCs in their genomes. The BGCs were further categorized and summarized based on their
types such as PKS I, PKS III, NRPS, terpenes etc. A total of 205 BGCs were found among all
the examined genomes of the study and the majority (86 BGCs) of the total BGCs are PKS I
(Table 4.2). Those BGCs were further analyzed by the BiG-SCAPE program to establish their
relationships with known BGC families from Pfam and MiBIG database. The 205 BGCs can be
assigned into 97 BGC families based on BiG-SCAPE analysis and the program assigned similar
BGCs into the same BGC families (Table 4.2). The comparative analysis also revealed the gene
arrangement within the BGCs and represented BGC-clusters in cladograms, reflecting overall
sequence similarities. In addition to the clustering, singletons were identified, which did not
group with any clusters, indicating that these BGCs are unique to particular genomes. The BGCs
clustered into 23 families, and 74 BGCs remained singletons. Clustered BGCs in each family

showed similar gene synteny with minor variations (Table 4.3).
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Figure 4.3: (A) The structures of small molecules potentially produced by previously known
BGCs based on the antiSMASH database. (B) The neosartorin producing BGCs from
Leptographium wingfieldii strains. The gene synteny in BGCs, the dark red color represents the
core biosynthetic gene, light red represents additional biosynthetic gene, blue color represents

transport-related gene, and gray color represents other genes related to the BGC.
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Table 4.2: List of BGCs in Leptographium species and related fungi found from antiSMASH
analysis in strict and relaxed settings. The BGCs are also tabulated in categories such as PKS,

NRPS, terpenes etc.
Species Strain Number of BGCs | Number of BGCs | BGC numbers in categories
(strict) (relaxed)
PKS | PKS NRPS/ | Terpene | RiPP/Ri Hybrids
1 i NRPS- PP-like
like

L. wingfieldii WIN(M)1181 14 19 9 1 7 2 0 0
L. wingfieldii WINM)1192 16 20 10 1 6 2 0 1
L. wingfieldii WIN(M)1271 15 20 10 1 7 2 0 0
L. wingfieldii WIN(M)1240 16 20 10 1 6 2 0 1
L. wingfieldii WIN(M)1238 15 19 9 1 6 2 0 1
L. wingfieldii WIN(M)1205 14 18 9 1 6 2 0 0
L. wingfieldii WIN(M)1330 15 20 10 1 7 2 0 0
L. procerum WIN(M)1211 13 19 4 1 7 4 0 3
L. aureum WIN(M)809 13 25 7 1 5 3 9 0
P. citrinum WIN(M)519P 16 25 8 0 12 1 0 4
Total number of BGCs 147 205 86 9 69 22 9 10
Number of BGC Family matches 97 28 9 33 9 11 7
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Table 4.3: The list of BGC clusters formed in BiG-SCAPE analysis for Leptographium species. BGC clusters are categorized
according to the corresponding BGC family. Number of clusters and singletons belong to BGC types are tabulated followed by BGC
families and clustered BGCs that are presented in cladograms to visualize the similarities and variations in gene arrangements in

BGCs in different Leptographium genomes.
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4.5 DISCUSSION

The current study sequenced the whole genome for Leptographium wingfieldii for the
first time, along with the sequences for L. procerum, L. aureum, and P. citrinum. The genomes
were found to be nearly complete based on the BUSCO analysis. The genome size of
Leptographium species ranges from 29.5 to 32.4 Mb that is in the range of other studies that
investigate genomes for members of the Ascomycota (Mohanta and Bae 2015). Genome data is a
source to extract the nuclear marker genes/sequences for taxonomic identification in eukaryotes.
Sometimes use of a single marker gene fails to provide the correct taxonomic validation, this is a
common issue for fungi (Liicking et al. 2021). The current dataset had two strains unresolved for
species designation, which in this study could be confirmed as L. wingfieldii based on the
phylogenetic trees built using marker genes/sequences. Multiple marker genes are also necessary
because sometimes a gene is missing or not retrievable for a species. The dataset included
WIN(M)1181 strain of L. wingfieldii which is an ex paratype (Zubaer et al. 2024) that increased
the confidence of the fungal identification. In addition to the species confirmation, the
Grosmannia aureum fungal strain was found to be clustered with Leptographium species thus it
confirms its proposed placement in the genus Leptographium as Leptographium aureum, that
was also reported previously based on various nuclear marker genes/sequences (de Beer et al.

2022).

The known BGCs in L. wingfieldii are squalestatin, neosartorin, and naphthalene.
Squalestatin was previously extracted from Aspergillus sp. and Phoma sp. It is an inhibitor of

squalene synthase enzyme which is responsible for converting farnesyl pyrophosphate to
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squalene in cholesterol biosynthesis. Previous studies suggested that squalestatin can be used as a
cholesterol lowering agent, this compound can also be used in certain carcinogenic tumors that
depend on cholesterol pathways (Bergstrom et al. 1993; Bonsch et al. 2016). Gene arrangement
of squalestatin BGCs in L. wingfieldii were found quite conserved suggesting their similar
functionality among all the L. wingfieldii strains. Naphthalene is a simple aromatic hydrocarbon
well-known for its toxic and repellent properties. Naphthalene can be produced by fungi for
multiple functions such as chemical defense, quorum sensing, stress response etc. (Cerniglia et
al. 1978). Neosartorin was previously studied in Aspergillus fumigatus and Aspergillus
novofumigatus (Frisvad and Larsen 2016; Matsuda et al. 2018). Structurally, neosartorin belongs
to the bis-naphthopyrone family of natural products which are part of fungal defense against
predatory organisms (Xu et al. 2019). It showed antibacterial effect against broad-spectrum
gram-positive bacteria (Ola et al. 2014). Unlike squalestatin or naphthalene BGCs, the BGCs for
neosartorin is highly variable. Except for WIN(M)1181 and WIN(M)1205, the rest of the L.
wingfieldii strains present a second copy of neosartorin BGC. The gene arrangement of the
second copy is different from the first copy; thus, it can be assumed that it may not have
originated from duplication or duplication happened early in the evolution of these fungi and the

second “copy” via drift changed significantly from the original ancestral version.

While L. wingfieldii strains showed similar BGCs, other Leptographium species (L.
procerum and L. aureum) presented different types of BGCs. L. procerum has clavaric acid,
bikaverin, phyllostictine BGCs. Clavaric acid is an inhibitor of farnesyl transferase that can have
implication in cancer therapy (Jayasuriya et al. 1998). Bikaverin is a red pigment and mycotoxin

previously found in Fusarium fujikuroi, which is also assumed to contribute to plant disease
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(Wiemann et al. 2013). Phyllostictine were reported to have herbicidal property and being
necrotic to plant tissues (Evidente et al. 2008). L. aureum potentially produces rosamicin,
dichlorodiaporthin, scytalone etc. Rosamicin is an antimicrobial compound effective for gram-
negative and gram-positive bacteria. It was found effective to treat infection by Mycoplasma sp.
and Ureaplasma sp. (Crowe and Sanders 1974; Baumueller et al. 1977). Dichlorodiaporthin is a
mycotoxin (Zhang et al. 2022), and Scytalone is a key intermediate for the biosynthesis of
melanin which is crucial for fungal pathogenicity and protection against environmental stress
(Bell et al. 1976). Apart from Leptographium species, BGCs are in P. citrinum is different and
they tend to produce different types of natural products. The latter is not surprising as P. citrinum
belongs to a different Order of fungi with different life histories and therefore this species (and
other members of the Eurotiales) maintain BGCs that potentially benefit them in their survival
and fitness. This species was included to provide an outgroup that was expected to contrast

significantly with the examined species of Leptographium.

Among the number of BGCs identified by antiSMASH program, only a few provided
“hits” with previously known BGCs. The majority of the BGCs and their products are not
known. One must keep in mind that antiSMASH predictions are based on what is in the curated
database. In the future the addition of more fungal genomes, such as for members of the
Ophiostomatales, should enable antiSMASH to make improved predictions for more fungi.
The antiSMASH program categorizes BGCs with the currently applied database matching the
key enzyme (or core enzymes), and majority of the BGCs found belong to the PKS I group. PKS
I enzymes synthesize a wide range of structurally diverse polyketides. Further using BiG-SCAPE

program, similar BGCs in different Leptographium genomes can be clustered together into 23
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groups; they can be speculated as having evolutionary relatedness and belonging to the same
BGC family. With minor variation, the clusters showed genetic resemblance in gene arrangement
among the Leptographium species. The singleton BGCs, which were not in clusters with others,
could be to a particular strain and should be further studied for their novel characteristics. In
addition to the clustered BGC and some singleton showed matches with databases such as
MIBIG or Pfam, there are some unknown BGCs that might produce novel natural products that

should be explored in future studies.

4.6 CONCLUSION

Leptographium wingfieldii and related species were found to have the potential to
produce natural products that can be used as antimicrobials. The genome mining approach
revealed many biosynthetic gene clusters (BGCs) that are common among the examined
Leptographium species but also some unique BGCs have been noted for some strains. The
current study provides a valuable resource for further exploration for a specific BGC and its
product(s). It also provides an understanding of Leptographium genomes and potential diversity

of BGCs in the Ophiostomatales.
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GENERAL CONCLUSION

Leptographium wingfieldii is a blue stain causing fungus that infests pine trees and
maintains a symbiotic relation with the bark beetle Tomicus piniperda. This fungal species was
originally reported in Europe, and was introduced to the forests of Northwestern Ontario,
Canada. Introduced species can pose a risk on the forest ecology in Canada. The current thesis
uncovers the genomic information and annotated genes involved in the production of BGCs and
the mitochondrial genome along with its mobile intron components. This is the first study that
examines the genomics of Leptographium wingfieldii, and other related Ophiostomatales fungi
(L. procerum, L. terebrantis, L. aureum, O. minus, O. piliferum). The whole genome mining of
the sequenced organisms along with sequences collected from the NCBI databases were
performed to establish an understanding about Ophiostomatales fungi and their mitochondrial
genomes, including their taxonomy, common genomic features, genome evolution, potential
production of natural products, and evolutionary dynamics of mitochondrial selfish elements

(group I & II introns, and IEPs).

The mitogenomes of O. minus and O. piliferum were compared with mitogenomes of
other members of the Ophiostomatales to explore gene content, gene order, phylogenetic
relationships, and the distribution of mobile genetic elements (group I and II introns and homing
endonucleases). The study found that gene order is largely conserved among the
Ophiostomatales, with minor variations in tRNA composition and the presence or absence of the
atp9 gene. It highlighted that mitogenome size differences among Ophiostomatales, ranging

from 23.7 kb to 150 kb, are correlated with the number of introns in the genomes. The Sporothrix
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sensu stricto species exhibiting smaller mitogenomes due to intron loss. This dynamic intron
evolution is further highlighted by the discovery of complex or nested introns composed of
multiple intron modules, indicating that these introns contribute significantly to mitogenomic
plasticity. These complex introns suggest that several introns can sometimes target the same
insertion site, or sometimes mobile introns insert into existing introns (resident introns). The
resolution of these complex introns may involve several splicing events to ensure the proper
removal of all components to ensure that the host gene is functional. These complex introns
should be explored in more detail with regards to their splicing pathways and it is somewhat
speculative but maybe the removal of these complex introns is a rate limiting step that may
impact the expression of the “host” gene. Introns may provide an opportunity of fine-tuning gene
regulation. The phylogenetic analysis in this study supported recent taxonomic revisions within
the Ophiostomatales, providing evidence that some genera, such as Raffaelea, may be
polyphyletic. It also validated the separation of Sporothrix sensu stricto from Ophiostoma,
offering clarity on the taxonomy of these fungi. By exploring phylogenetic relationships, genome
structure, and mobile genetic elements, this study provides a comprehensive understanding of the
genetic diversity, genome evolution, and possible ecological adaptations of Ophiostomatales
fungi as intron loss (or mitogenome streamlining) was observed in members of the Genus

Sporothrix that are animal parasites.

The mitochondrial genomes of Leptographium species with a focus on the exotic
Leptographium wingfieldii showed that the mitogenomes for this group ranged from 41 kb to 126
kb in size, again the size variation appears to primarily be driven by mobile introns, which

contribute to genome expansion and complexity. The introns were found to be the main
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impacting factor for the observed mitogenome expansion. Other key findings include the
presence of conserved gene arrangements, a high density of introns in certain genes like cox/ and
rnl, and complex intron arrangements (e.g., twintrons in cox/ gene in L. wageneri, where a IC2
intron is nested in IB intron), which may play roles in gene regulation and adaptation.
Phylogenetic analysis confirmed that L. wingfieldii is closely related to L. terebrantis and L.
lundbergii, while L. procerum is more distantly related. The study suggested that mitogenome
sequences can be used as a marker for identifying invasive fungi and resolving taxonomic

challenges.

Finally, this work also explored the nuclear genomes of L. wingfieldii and related species
to identify the biosynthetic gene clusters. The impetus for this study was that some of the
examined strains were found in a previous study to possess antibacterial activity against the
multi-drug-resistant bacteria. The genomes showed 19 to 25 BGCs in Leptographium and these
were further categorized and studied comparatively. BGCs in Leptographium can be assigned to
following categories: PKS I, PKS III, terpenes, NRPS, RiPPs and hybrid types. These fungi
potentially produce squalestatin, neosartorin, naphthalene, rosamicin, bikaverin, scytalone and
other natural products that are either mycotoxins, pigments, antibacterials, or metabolic
inhibitors. These compounds can potentially be applied in medical or other industries. However,
this will require more detailed chemistry work to isolate, purify and identify the chemical
structures of these compounds. In addition, work is needed on their toxicity to mammalian cells
and mode of action. This study should be followed up with more detailed transcriptomic work to

assess which gene clusters are actively expressed. Plus, detailed metabolomic studies are needed
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on these fungi to potentially correlate the presence, expression of BGCs with the presence of

certain metabolites (i.e., SMs).

The current thesis studied the nuclear and mitochondrial genomes of L. wingfieldii and
related fungi. Future research on the mitogenomics of blue-stain fungi such as Leptographium
wingfieldii and other Ophiostomatales species should focus on further elucidating the functional
roles of mobile introns, complex intron arrangements, and their encoded proteins on the
organisms’ biology and utilize them as biotechnological tool. These elements, while
traditionally viewed as selfish genetic elements, may have adaptive significance in fungal
survival and possible pathogenesis. Fungal natural products have a significant role in human
history and the filamentous fungi in Ophiostomatales also have the potential to produce some
important novel compounds. Further research on those BGCs discovered in this study and
devising a heterologous expression system in more suitable fungal model systems for more

functional characterization can open a new paradigm in the genome mining research.
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