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Abstract

Members of the Ophiostomatales are of economic concern as many are blue-stain
fungi including some plant pathogens. The taxonomy of these fungi has been chal-
lenging due to the convergent evolution of traits associated with insect disper-
sal. This project involved comparative sequence analysis of fungal mitochondrial
genomes belonging to Ophiostomatales (phylum Ascomycota), which are also rich
reservoirs of mobile genetic elements. The work is divided into two chapters. The
first chapter is focused on three members of Leptographium sensu lato with inflated
mitogenomes owing to abundant introns, including complex intron arrangements.
Phylogeny based on mitogenome-derived protein sequences and nuclear markers
helped in confirming the separation of Leptographium and Grosmannia species. The
second chapter investigates the mitogenomes of nine strains of Ophiostoma ips with
a varied global distribution which were sequenced and compared with other members
of the Ophiostomatales. A mitogenome intron landscape demonstrated the distri-
bution of the mobile genetic elements and provided insight into the evolutionary
dynamics of introns among members of this group of fungi. Examples of complex or
nested introns composed of two or three intron modules have been observed in some
species, and RNA-Seq analysis suggests possible splicing pathways with regard to
resolving complex introns in Ophiostoma ips. Mitochondrial DNA and RNA data for
several members of the Ophiostomatales provide the basis for further studies relating

to alternative splicing, evolutionary intron dynamics, and taxonomic studies.
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CHAPTER 1. LITERATURE REVIEW

1.1 The Fungi

Fungi are a diverse group of eukaryotic organisms, some of which have environmental
and economic signi cance. They have a widespread global distribution. Fungi are
heterotrophs (osmotrophs), and they obtain their nutrients by enzyme section and
cell wall uptake processes (i.e., extracellular digestion). Their ecosystem-specic
roles are diverse including decomposition, nutrient cycling, and nutrient transport
(Dighton, 2007). Some are involved in symbiotic associations (lichens) while many
are well-known pathogens on other plants and animals.

The role of fungi extends to applications in agriculture and food (processing,
spoilage), biocontrol, and therapeutics (disease, pharmaceutics, poisons/toxins)
(Guijarro et al., 2017; Katoch and Pull, 2017; Kernaghan et al., 2017; Macas-
Rubalcava and Sanchez-Ferrandez, 2017; Narladkar et al., 2015; Oro et al., 2018;
stergaard and Olsen, 2011; Ribera et al., 2017).

The de nition of fungi and organisms that belong to this group is not strict due
to some unique features or traits (absence or challenging identi cation of synapomor-
phies; characteristics or traits derived from an ancestor) (reviewed by Richards et
al., 2017). They have diverse ecological and morphological characteristics (can exist
as haploid or diploid, asexual, sexual, or both or parasexual, and can be yeast-like,
lamentous, mushroom-like, etc.). Environmental conditions also in uence their
morphology. Since traditional classi cation methods rely on phenotypic and func-
tional observations, members of di erent fungal clades and lineages often give rise to
taxonomic confusion. More recently, sequencing and phylogenetic approaches have
been explored to study fungal taxonomy and biodiversity. A phylogenetic study us-
ing molecular data might contribute to the separation of several organisms that were
once considered fungi, including the Oomycota (also known as water molds) and the
slime molds (a polyphyletic group). For simplicity, the term fungi will be used to
refer to organisms that belong to subkingdom, Dikarya, with an emphasis on fungi

belonging in the phylum Ascomycota (unless otherwise stated), for the remainder
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of this thesis.

The Order Ophiostomatales (Sordariomycetidae, Ascomycota), was described
by Benny and Kimbrough (1980) accommodating the single family Ophiostomat-
aceae. The Order includes species that are often associated with diseases a ecting
plants (Dutch EIm) and animal/human (sporotrichosis). They are mostly vectored
by wood-infesting insects such as bark beetles (Wing eld et al., 1993; Seifert et al.,
2013). De Beer et al. (2022) carried out comprehensive phylogenetic studies to
unravel some of the taxonomic concerns within the Ophiostomatales. The Ophios-
tomatales as currently de ned accommodates a single family, the Ophiostomataceae
(De Beer et al., 2013a), which was initially described in 1932 (Nannfeldt, 1932).
Currently 16 genera are accepted for the inclusion in the Ophiostamatles, however
there could be up to 24 genera based on a recent analysis using four nuclear markers

(De Beer et al., 2022).

1.2 Fungal Mitogenomes and their Variability

Mitochondria have been proposed to have originated from an ancient endosymbiosis
of an ancestral free-living Alphaproteobacteria, which was integrated into the host
cell (Carvalho et al., 2015; Munoz-Gomez et al., 2017). Sometimes referred to as
the powerhouse of the cell, mitochondria are known for their essential role in energy
metabolism, while also being crucial for carbohydrate, fatty acid, nucleic acid, and
protein metabolism, apoptosis, disease, etc. Mitochondria house their own genome
(mitochondrial DNA - mtDNA or mitogenome), with independent replication and
inheritance, mainly encoding genes essential for protein synthesis and energy pro-
duction. Throughout evolutionary history, a majority of early mt genes have been
shuttled to the nucleus, and this has resulted in nuclear-encoded mt proteins that
are translated by the cytosolic ribosomes and subsequently transferred to the mi-

tochondria. Therefore, extant mtDNA mainly contains protein-coding genes that

4
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are directly involved in oxidative phosphorylation, ATP production (ATPases) and
translation (Verma et al., 2018). In most cases, a complete tRNA complement cov-
ering all twenty amino acids is also noted in the mitogenomes (Mukhopadhyay et

al., 2022, 2024).

The mitogenome architecture is variable among eukaryotes, with circular mi-
togenomes assumed to be more common among fungi, however there are some linear
mitogenomes (linear concatermers) that have been described in yeasts sucBash-
haromyces cerevisiagAscomycota) (Williamson, 2002; Formaggioni et al., 2021).
Typical mitogenomes in Ascomycota and Basidiomycota (Subkingdom Dikarya)
fungi have a conserved core genome with 14 protein-coding genes, along with riboso-
mal and tRNA genes and a gene encoding for Ribosomal protein S3 (rps3) involved
in protein synthesis. In some species of yeast, an exception to this conserved gene
arrangement was observed in the form of an absence of the set of NADH dehydro-
genase subunit genes (complex ) (reviewed by de Zamaroczy and Bernardi, 1986;
Sanko et al., 1992; Zivanovic et al., 2005). This absence seems to have been com-
pensated for, by a nuclear counterpart, NADH:ubiquinone oxidoreductases (NADH
dehydrogenases), which can act as alternatives for NAD(P)H oxidation carried out
by complex | (De Vries et al., 1992; Overkamp et al., 2000; Videira and Duarte, 2002,
Carneiro et al., 2004). This compensation also seems to be the trend for other genes
missing as part of the \typical" composition, such as for genes encoding for ATP
synthase subunit 9 (atp9) and rps3 (Lavn et al., 2008; Dequard-Chablat et al., 2011,
Sellem et al., 2016). Sometimes, the mitochondrial rps3 (reviewed in Hausner, 2003)
can be encoded within anmnl intron or be found as a free-standing gene or is nuclear
encoded (Wai et al., 2019). Among the members of the Ophiostomatales, though
gene order is highly conserved, some minor variations may be observed in terms of
the tRNA gene set and the presence and absence of tip9 gene which might be
compensated by the presence of a nuclear counterpart (Sellem et al., 2016; Franco et

al., 2017; Zubaer et al., 2018). In addition, a few fungal mtDNAs appear to encode
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a putative N-acetyltransferase (Dw et al., 2012; Zhang et al., 2017). Overall, gene

content seems to be dynamic, which contributes to mtDNA size variability in fungi.

1.2.1 Organellar Introns and Other \Sel sh" Elements

Introns, or intervening sequences, are segments that are transcribed but removed
from a transcript before translation can proceed. There are several categories of in-
trons, such as tRNA introns, nuclear spliceosomal introns, and group (Gr) | and Gr
Il introns (Parenteau and Elela, 2019). Introns are ubiquitous in eukaryotic genomes
and have long been considered as ‘junk RNA' but the huge energy expenditure in
their transcription, removal, and degradation indicate that they may o er a signi -
cant evolutionary advantage (Frumkin et al., 2019; Za agni and Kadener, 2019). It
has been speculated that Gr | and Gr Il introns which are potential ribozymes, could
have evolved in the RNA world (Koonin et al., 2006) whereas spliceosomal introns
are potentially derived from Gr Il introns that colonized the nuclear genome during
eukaryogenesis (Martin and Koonin, 2006; Lang et al., 2007; Jo and Choi, 2014).
In comparison to the impact of nuclear spliceosomal introns on gene regulation and
expression, less is known about the contribution of organellar Gr | and Il introns
towards cellular processes.

Organellar genomes can be quite variable in size due to the absence and presence
of introns; however, little is known about the mechanisms that promote intron gain
and loss and why in some instances, the organellar genomes are devoid of introns,
or in extreme examples where introns comprise most of the nucleotides that make
up the genome (Dujon, 1989; Lambowitz and Zimmerly, 2004; Fedorova and Zin-
gler, 2007). Organellar introns are potential mobile elements that can self-splice
and, thus, minimize their impact on the host genes they have invaded. However,
these introns can encode protein factors that catalyze their mobility and promote
splicing. Additional genome encoded factors also appear to have been co-opted to

enhance splicing and mobility. Although models have been developed that suggest
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that organellar introns are neutral elements, their reliance on genome encoded fac-
tors or in some instancestrans-acting intron-encoded splicing factors would suggest
that more complex evolutionary models may be needed to explain the biology of
these elements (Lamb et al., 1983; Copertino and Hallick, 1991). The splicing of
organellar introns could be a rate limiting step that can a ect the expression of the
genes in which they are embedded. Complex organellar introns composed of two
or three intron modules have been characterized in some genomes and these might
be platforms for alternative splicing (AS) or serve as molecular switches for modu-
lating gene expression (Copertino and Hallick, 1991; Copertino and Hallick, 1993;
Drager and Hallick, 1993).Cis- and trans-splicing combined with the possibility of
these elements to transpose to new locations within genomes or between genomes
provides a mechanism for generating genetic diversity. Gr | and Gr Il intron are
\building blocks" and these mobile or self-splicing modules can lead to the forma-
tion of complex-introns, variable gene architectures, and promote organellar genome
evolution (Hafez and Hausner, 2015).

Organellar introns are mainly classi ed as self-splicing introns that are either
Gr | and Il type introns, based on di erences in their splicing pathways and RNA
secondary structural features. Sequence conservation among Gr | or Gr Il introns is
very low, but conservation among these elements can be found at the structural level
(Anziano et al., 1982; van der Horst and Inoue, 1993; Adams et al., 2004; Michel et
al., 2009). Gr I and Il introns can have embedded open reading frames (ORFSs) that
encode for intron-encoded proteins (IEPs) (Jacquier and Dujon, 1985; Matsuura et
al., 1997; Sellem and Belcour, 1997; Ho et al., 1997; Caprara and Waring, 2015;
Belfort and Lambowitz, 2019).

Gr | and Il introns at the RNA level assume RNA folds that generate the active
sites needed for the splicing reactions to be initiated ( g. 1.2; Mukhopadhyay and

Hausner, 2021).
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Figure 1.2: Secondary structure models for Group | and Il introns
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Gr | intron RNAs contain helical or paired regions referred to as P1 to P10 (some
Gr I introns can have additional paired regions) with loop segments connecting the
helical regions. The P1 helix includes a segment referred to as the internal guide
sequence (IGS) which promotes the formation of the P10 helix, which ultimately
coordinates the positions of the upstream and downstream exon sequences. The
P7 helix includes a GTP binding pocket that recruits the GTP needed to initiate
the splicing process. Gr | intron RNAs can self-splice by forming RNA folds where
the P3 and P7 plus proximal P4, P5, P6, and P9 paired helical domains comprise
the catalytic core components and the P1 and P10 helices generate the substrate
domain. This RNA con guration brings the splice sites (intron/exon junctions) into
proximity with each other. Gr | introns are classi ed into various subtypes based on
variations within the primary, secondary, and tertiary structures (Lambowitz and
Zimmerly, 2004; Haugen et al., 2005; Vicens and Cech, 2006; Burger et al., 2009;
Glanz and Kuck, 2009; Bonocora and Shub, 2009). These subtypes (IA to IE) can
be further subdivided (e.g., 1A1, IC3, etc.) (Michel and Westhof, 1990; Suh et al.,
1999; Jackson et al., 2006).

Gr Il intron RNA can be visualized as 6 stem-loop domains (referred to as
domains DI to DVI) emerging from a central wheel. When ORFs are present they
tend to be embedded within DIV. Domain | is the largest domain and is referred
to as the sca old domain that in part co-ordinates the folding and interactions of
the other components of the Gr Il intron RNA. So called exon binding sequences
(EBSs) are embedded within DI that can interact via H-bonding with intron binding
sequences (IBSs) that are located within the exons anking the Gr Il intron. The
bulged adenine (A), referred to as the branch point, is located in DVI (Haack et
al., 2019). DV is the most conserved segment of Gr Il introns, and it is important
in facilitating the interactions of DVI with the upstream intron{exon junction by
coordinating the position of two Mg2+ ions that permits the 2OH on the budged

adenine to destabilize the phosphodiester bond (PDE) that links the upstream exon
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with the intron (Jacquier and Rosbash, 1986; Peebles et al., 1986; Peebles et al.,
1987; Jacquier and Michel, 1987; Daniels et al., 1996; Lambowitz and Zimmerly,
2004). Like Gr I introns, sequence conservation among Gr Il introns is minimal
except for DV and the intron boundaries, with GUGYG and AY (Y = pyrimidines)

de ning the 5°and 3 ends, respectively. Various subtypes of Gr Il intron have been
recognized based on structural features and the nature of EBS and IBS interactions
(Costa et al., 2000; Pyle, 2010). Gr Il intron RNAs found in organellar genomes
can be classied into two major subgroups: IIA and IIB. These can be further
divided into 1AL, 11A2, 1IB1, and 11B2 (Michel and Ferat, 1995; Nagy et al., 2013;
Smathers and Robart, 2019; Liu et al., 2020). Most mitochondrial Gr Il introns can
be assigned to subgroup 1AL, and many chloroplast Gr Il introns can be assigned
to subgroup 1IB (Toor et al., 2001). Gr ll-like introns lack the standard Gr Il core
structure, either due to loss of domains DI-IV or massive divergence from related
Gr Il introns (Robart and Zimmerly, 2005; Dabbagh and Preisfeld, 2016). Such
degenerate Gr Il introns were identi ed in mRNA genes of chloroplasts in euglenoid
protists, having a conventional Gr Il-type DVI domain with a bulged A residue, a

streamlined version of DI, and absence of DII-DV (Copertino and Hallick, 1993).

Gr |l introns are widespread and have been reported from nuclear rDNA (18S and
26S RNA genes) in fungi, protozoans, metazoans (Peebles et al., 1986; Peebles et al.,
1987; Daniels et al., 1996; Beagley et al., 1996; Lasker et al., 1998; Muller et al., 2002;
Pyle, 2010; Xu et al., 2013; Huchon et al., 2015; DePriest et al., 2016; Bernardino et
al., 2017; Schuster et al., 2017; Corsaro et al., 2019; Johansen et al., 2021), bacterial
genomes, phages and viruses, archaeal genomes, and they are encountered frequently
in mitochondrial and plastid genomes (reviewed in Hausner, 2012). With regard to
metazoans, Gr | introns have been noted in the mitochondrial genomes in members
of Placozoa, Anthozoa, and Porifera (Huchon et al., 2015; Corsaro et al., 2019;
Johansen et al., 2021). Noteworthy recent discoveries include putative Gr | introns

in the nuclear rDNA internal transcribed spacers (ITS) in several fungi and closely
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related unicellular organisms, such ablitosporidium (Corsaro and Venditti, 2020),
Polychytrium (Goryunov et al., 2021),Amoeboaphelidiumand Nuclearia (Goryunov

et al.,, 2021). These ITS Gr | introns have been named spintrons (spacer introns)
and examples of these introns have also been reported in sharks (Shivji et al., 1997).

Gr Il introns also have a wide phylogenetic distribution and are found in bacteria
and the organellar genomes of plants, fungi, protists, and animals (Bonen and Vo-
gel, 2001; Dellaporta et al., 2006; Huchon et al., 2015). Though they are completely
absent from nuclear eukaryotic genomes, they are hypothesized as the ancestors
of spliceosomal introns during eukaryotic evolution (Palmer and Logsdon, 1991).
There are rare occurrences of Gr Il introns in some sponges (Huchon et al., 2015)
and bilaterian animal genomes, an example beingcgtochrome oxidas€cox1) gene-
associated Gr Il intron in the mitochondrial genome of the carnivorous polychaete
Nephtyssp. (Vales et al., 2008). In bacterial and archaeal genomes, Gr Il introns
have been identi ed which either entirely lack an ORF or encode novel reverse tran-
scriptase (RT) ORFs and this indicates that certain lineages have adapted unusual
RNA features, beyond being a retroelement (Simon et al., 2008). The vast majority
of mitochondrial introns in angiosperms are of the Gr Il type (Bonen, 2008).

It is speculated that Gr | introns are potential ancestors to the tRNA
(bulge{helix{bulge) introns and Gr Il introns are potential ancestors to the nu-
clear spliceosomal introns (Brown et al., 2014) (g. 1.3 A, B; Mukhopadhyay and
Hausner, 2021).
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Figure 1.3: Probable evolutionary fates of self-splicing introns
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Bulge{helix{bulge (BHB) introns are found within the tRNA genes (tDNAs) of
the archaea and they may have evolved from Gr | intron ancestors but recruited
tRNA endonucleases and ligases for intron removal (Schmidt and Matera, 2020).
The canonical BHB structural motif is usually found at the exon-intron boundaries
within the anticodon loop of pre-tRNA consisting of a 4 base-pair (bp) helix anked
on each 38 side with 3 nt in the bulge (Nawrocki et al., 2018). There have been
reports of possible tRNA introns in fungal mitochondrial genomes but they do not
appear to t into any known category of intron-type elements (Deng et al., 2021).
Within chloroplast genomes, Gr Il introns are frequently embedded within tRNA

genes (Stern et al., 2010).

Among the fungi, Gr | introns are more frequently encountered compared to Gr I
introns, however Gr | introns are not widespread among the Chlorophyta organellar
genomes. Lichenization and maintenance of lichen symbiosis might have facilitated
horizontal transfer of introns between symbionts, an example being chloroplast Gr
| introns in the chlorophyte algae, Trebouxiophyceae (Del Hoyo et al., 2018). There
is some speculation that plant organellar Gr I introns could have been horizontally
transferred from fungal organellar genomes. It has also been speculated that introns
located in the metazoan mitochondrial genomes may have been acquired via hori-
zontal gene transfer (HGT) possibly mediated by viruses or by predation on fungi

by some animals (Hausner, 2012; Johansen et al., 2021).

Gr Il introns are more commonly distributed in both the mitochondria and
chloroplast of the Chlorophyta. Organellar lineages of Gr Il introns have been rec-
ognized that are the mitochondria-like lineage (ML) and the chloroplast-like lineage
(CL) and this phylogenetic distribution is viewed to be indicative of their endosymbi-
otic origins of the chloroplasts and mitochondria and the co-evolution of their IEPs
with the ribozyme intron RNA partners (Zimmerly et al., 2001; Lambowitz and
Zimmerly, 2011). In plants, mitochondrial and chloroplast gene expression involves

splicing of introns from the coding regions. In both chloroplast and mitochondrial
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genomes of the angiosperms, Gr Il introns tend to dominate, and these are usually
found associated with the cytochrome (cyt) complexes and within ribosomal RNA

and tRNA genes.

There have been reports demonstrating that organellar introns can promote
genome size variation and genome rearrangement (Kroeger et al., 2009; Wu and
Hao, 2014). For example, among fungal mitogenomes characterized Tommates
species Polyporales Basidiomycota), a huge variation was seen in intron numbers
between di erent species due to intron gain and loss events, along with the discov-
ery of novel introns, not detected before in Basidiomycota (Chen et al., 2021). A
unique gene arrangement was also reported in the mitogenomeTofbinellus oc-
cosus(Basidiomycota), with a speci c bias for intron insertion downstream of a T
base, preferably in the downstream site of a GT or AT, which might be a result of

insertion or homing biased for speci ¢ conserved sites (Cheng et al., 2021).

Plasmids are genetic elements that can replicate autonomously from the main
genome and they appear to persist by being cryptic (i.e., no phenotype/neutral) and
in many instances by encoding at least one component required for their replication
(Gri ths, 1995). These elements can potentially move between di erent species and
in some instances these elements can insert by recombination into the mitogenome

(Gri ths, 1995; Ferandon et al., 2008).

Plasmid-like elements (pIMEs) that are derived from regions of the organellar
genome have been found in a variety of organisms, with the best-studied examples
found among the fungi (Hausner, 2003) such &. cereviseagDujon and Belcour,
1989), Aspergillus amstelodami(Lazarus et al., 1980),Podospora anserima (Begel
et al., 1999; Albert and Sellem, 2002)Qphiostoma novo-ulmi(Abu-Amero et al.,
1995), andCryphonectria parasitica (Monteiro-Vitorello et al., 2009). Among the
true plasmids, at least three broad categories can be recognized: (1) circular plasmids
usually encoding a DNA polymerase (Gri ths, 1995); (2) linear plasmids with termi-

nal inverted repeats encoding either a DNA or an RNA polymerase or both (Klassen
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and Meinhardt, 2007); and (3) retroplasmids, which are linear or circular plasmids
that usually encode an RT (Kennel and Cohen, 2004). Although true plasmids are
mostly cryptic in nature, some plasmids have been associated with mitochondrial
instabilities and senescence, the latter usually due to insertion of the plasmid into
the mtDNA (Gri ths, 1992; Maheshwari and Navaraj, 2008; van Diepeningen et
al., 2008; Nargang and Kennell, 2010), such as Neurosporaspecies, insertions are
associated mutagenic e ects and respiratory de ciencies and senescence (Court et

al., 1992).

Miscellaneous features such as fragmented versions of both RNA and DNA poly-
merases have also been found in the mtDNAs of a few fungi, and these vestigial
polymerase genes appear to be related to those found in true mitochondrial plas-
mids (Hermanns and Osiewacz, 1994). It is possible that these fragmented genes
result from plasmid integration via recombination with the chromosomal mtDNA
and that integrated plasmid sequences have degenerated over time in the absence of
selection pressure. Linear plasmids with terminal inverted repeats might encode one
or more ORFs such as phage-type single subunit DNA and/or RNA polymerases
(dpo and rpo, respectively); in some instances, thdpo and rpo genes can be car-
ried by two di erent plasmids (Kempken, 1995). In general, linear plasmids are
cryptic (Formighieri et al., 2008; Himmelstrand et al., 2014). In a study orJrnula
criterium (Pezizales) by Mukhopadhyay et al. (2022), four introns were identi ed
along with a mitogenome segment derived from an integrated linear plasmid, how-
ever, no evidence of inverted repeats or duplications anking this putative plasmid
insert were detected. It has been postulated that linear plasmids can capture tRNA
genes and possible non-coding ORFs (ncORFs) that might be bene cial to the host
mitogenome thus ensuring the maintenance of the plasmid sequence, although it has
been noted that over time the plasmid sequences (inverted repeatipo and/or rpo
etc.) can erode due to mutations (Ferandon et al., 2008). In many fungi, mtDNA size

variability may also be due to the presence of AT-rich intergenic spacers comprising
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signi cant portions of that mtDNAs. Although these sequences might be strictly
sel sh DNAs, they might have regulatory functions or be DNA elements that are
in a symbiotic relationship with their host's genome, for example, a non-coding se-
guence motif is the GC-rich Pstl palindromes that are widely distributed throughout
the Neurosporamitochondrial chromosome (Yin et al., 1981). Their structural con-
servation may be due to their potential for being involved in detrimental mtDNA
recombination events, and for being sites of initiation of either DNA replication,

transcription initiation or primary sites for the processing of transcripts.

1.2.2 Splicing Mechanisms of Group | and Il introns

Self-splicing introns can be classi ed into di erent groups (I, 1) based on RNA fold-
ing characteristics. The autocatalytic function of these introns depends on proper
folding of the RNA molecule into a conserved three-dimensional structure involving
several interactions including secondary and tertiary hydrogen bonding, base stack-
ing, and coordination of monovalent and divalent cations (Kim and Cech, 1987;
reviewed by Burke, 1988; Chastain and Tinoco, 1992; Copertino and Hallick, 1993;
Adams et al., 2004; Stahley and Strobel, 2005). These introns are capable of metal-
dependent self-splicing in vitro but may or may not require additional protein factors

in vivo (Cech et al., 1981; Guo et al., 1995; Chien et al., 2009; Brown et al., 2014). It
is interesting to note that although these introns possess highly conserved secondary
and tertiary structures, the primary structures can be quite divergent, even within
introns of the same subgroup (reviewed by Davies et al., 1982; reviewed by Saldanha
et al., 1993).

The basic splicing reaction of Gr | introns (g. 1.4; Mukhopadhyay and Haus-
ner, 2021) is transesteri cation involving two nucleophilic attacks, rst by a free
guanosine (G) nucleoside co-factor, releasing th8081 on the upstream exon and
the second attack (mediated by the ®H on the upstream exon), excising the intron,

and joining the anking exon sequences to form the spliced mature RNA.
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Figure 1.4. Schematic representation of splicing for Group | introns
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Gr |l introns may also transpose to new sites (ectopic integration) involving RNA
intermediates through the process of reverse splicing. This involves a released Gr | in-
tron RNA that can insert into a homologous or heterologous RNA facilitated by com-
plementary base pairing between the intron IGS and complementary exon RNA se-
guences. Birgisdottir and Johansen (2005) investigated the site-speci city of reverse
splicing of a Gr | intron located in ribosomal RNA. They used the twin-ribozyme
intron (with two active sites derived from two Gr | intron modules) from the myx-
omycete Didymium iridis to show that Gr | introns can target rRNA molecules in
a site-speci ¢ manner through reverse splicing (Birgisdottir and Johansen, 2005).
This study showed that reverse splicing is a mechanism that provides Gr | introns
with a mobility mechanism.

The Gr Il intron splicing pathway ( g. 1.5; Mukhopadhyay and Hausner, 2021)

also consists of two transesteri cation reactions.
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Figure 1.5: Schematic representation of splicing for Group Il introns
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In the rst reaction, the 2%H of an internal branch-point A, located near the
3% end of the intron attacks the ¥ splice site (ss). This reaction, referred to as the
\branching pathway", releases the 8exon and produces a branched lariat interme-
diate that is stabilized by a $-2°linkage at the branch-point A (Haack et al., 2024).
In the second reaction, the newly released@H of the 5’ exon attacks the 3 ss,
resulting in the ligation of the 5 and 3 exons and excision of the intron lariat. The
reversibility of the transesteri cation reactions allows the potential of reverse splic-
ing of the excised intron into RNA or DNA molecules containing sequences that
could base pair with the intron and exon binding sequences (Podar et al., 1998;

Smathers and Robart, 2019).

For splicing to occur, the 8and 3 exon sequences must be recognized by intron
sequences in order to position the scissile phosphates in the active site (Lambowitz
and Zimmerly, 2004). In the pre-catalytic structure, there is coordinated docking of
the branch point and both splice sites in the active site before splicing (de Lencastre
et al., 2005). This coordination requires two Mg2+ ions (Toor et al., 2008). Inter-
estingly, in both Gr Il introns and spliceosomal introns, the removal of the branched
helix from the active site is required to allow the 8 exon to enter and for the second
step of splicing to proceed (Galej et al., 2016). In the post-catalytic lariat structure,
the nucleobase component of the bulged A is disordered, and the lariat-PDE bond
is located approximately 20A from the active site indicating that, after the rst
step catalysis, necessary reactants and products of the rst step move out of the
active site to make room for reactants of the second step. Thé& &d 3 ends of
the intron, in close proximity to the lariat bond, interact with each other through
the rst nucleotide, forming a non-canonical base pair with nucleotide A (Robart
et al., 2014). Gr Il intron splicing is facilitated by intron and host genome encoded

factors.

Some Gr Il introns encode a RT-like protein and these contain a maturase domain

that can recognize its parent intron RNA by forming strong and highly specic
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interactions with a speci c RNA segment that is located within D4 of the intron.
This protein-RNA interaction orients the IEP in a spatial position that facilitates
splicing (Zhao and Pyle, 2017). In some instances, Gr Il introns can be spliced
out by hydrolysis where a water molecule or hydroxyl residue initiates the rst step
leading to the release of a linear intron RNA molecule (Robart and Zimmerly, 2005);

the second step is the same as for the branching pathway (g. 1.5).

In addition to canonical splicing, a peculiar backsplicing reaction observed in
various intron types, sometimes generates a class of circular RNAs (circRNAS) in
diverse eukaryotic species (Zhang et al., 2016; Mo et al., 2019). Two auto-catalytic
complex Gr | introns that are harbored by the mitochondrial genomes of mushroom
corals (Corallimorpharia) and one of these introns is processed by back-splicing (Chi
et al., 2019). It has been suggested that in the latter example, backsplicing could
generate transcripts more suitable for the expression of intron-encoded ORFs (Chi

et al., 2019).

Another variation of \standard" intron splicing is trans-splicing (Glanz and
Kuck, 2009). Trans-splicing allows for fragmented genes (gene segments transcribed
from di erent loci) to be assembled at the RNA level as intron components anking
the separated exons can assembletians and, therefore, facilitate the joining of the
anking exons generating a contiguous transcript (Nadimi et al., 2012; Dolan and
Muller, 2014; Kamikawa et al., 2016). Plant mitochondria, in particular among the
angiosperms, and to a lesser degree in the gymnosperms, ha&as-split genes in
which rearrangements have occurred due to various recombination events within Gr
Il introns (Mower, 2020; Guo et al., 2020) so that exons (and anking half-introns)
are dispersed within the genome, independently transcribed and the mRNA is gener-
ated through splicing intrans by assembling the intron components into the proper
intron fold (Mitsuhashi et al., 2019). Trans-splicing of organellar introns can be as-
sociated with the requirement of RNA editing and multiple protein co-factors (Fare

et al., 2012; Kuck and Schmitt, 2021).
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In a study of the model Gr Il intron L1.LtrB from Lactococcus lactis it was
reported that the intron RNA can reverse splice into cellular RNAs by reverse
splicing utilizing EBS{IBS interactions and the ectopically integrated intron RNAs
can interact with upstream alternative circularization sites located on the intron-
interrupted mRNA these promote intergenictrans-splicing products, such as novel
Gr Il intron splicing products with mRNA fragments inserted at the spice-junctions.
These might provide new functions and mechanisms for generating genetic diversity
(LaRoche-Johnston et al., 2018). Although this is not an organellar intron example
it illustrates the versatility and potentially, adaptability of Gr Il intron RNAS in

promoting genetic diversity.

1.2.3 Intron-encoded Proteins: Homing Endonucleases, Re-

verse Transcriptases, and Maturases

Gr | and Gr Il introns are commonly referred to as "mobile introns' as they can
move from an intron-containing allele to a cognate intron-less allele; this is some-
times referred to as \homing", or \retrohoming" for Gr Il introns (g. 1.6, 1.7;

Mukhopadhyay and Hausner, 2021).
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Figure 1.6: Mobility pathway of the Group | introns through homing
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Figure 1.7: Mobility pathway of Group Il introns through retrohoming
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Mobility can be attributed to the presence of IEPs, such as homing endonucle-
ases (HEs) for Gr I introns and RTs for Gr Il introns. The IEPs for both types
of introns have also been associated with maturase activities that facilitate (or en-
hance) the autocatalytic properties of these elements at the RNA level to meet the
cellular demand for rapid transcript maturation and RNA turnover. Maturases are
assumed to bind to intron RNAs and promote the formation or stability of splicing
competent RNA folds (Zlotorynski, 2019; Moran et al., 1995; Gramespacher et al.,
2019; Raghavan and Minnick, 2009).

Historically, the link between the mobility of Gr | introns and the intron-encoded
HEs was determined by research on the \omega" intron (mitochondrial DNAnNI
intron) in yeast (Dujon et al., 1976; Colleaux et al., 1988). From these pioneering
studies till now, it has been shown that HEs are usuallyis-acting and target-
speci ¢ with some minor variability permitted in their homing or cleavage site an
adaptation to prevent being eliminated due to neutral mutations at their target sites.
Indeed, it has been recorded that the HE sequence-degeneracy usually corresponds
to wobble positions within the reading frames of protein-coding host genes at the

HE recognition site (Edgell et al., 2004; Scalley-Kim et al., 2007; Barzel et al., 2011).

Homing is initiated by HEs that are site-speci c DNA endonucleases that recog-
nize a specic target sequence in an intron-less allele, ranging from 14 to 44 bp in
length (Chevalier and Stoddard, 2001). HEs are typicallgis-acting by catalyzing
the mobility of the genetic element that encode them. HEs introduce a double-
stranded break (DSB), in the intron-less alleles triggering the host DSB-repair or
synthesis-dependent strand annealing mechanism utilizing the intron/containing al-
lele as a template to repair the break in the recipient intron-less allele. The end
result is the non-reciprocal transfer of the intron-containing composite element (in-
tron including the HE gene or HEG) into the intron-less allele (Jackson et al., 2006;
Jacquier and Michel, 1987). In some instances, regions anking the introns are also

moved along to the new site along with the actual intron sequence due to gene
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conversion.

There are currently six recognized classes of HEs, named after the conserved
amino acid motifs: LAGLIDADG, H-N-H, His-Cys box, GIY-YIG, PD-(D/E)xK,
and EDxHD (Stoddard, 2014). In fungal mitogenomes, the most abundant families
are the LAGLIDADG and GIY-YIG HEs. In addition to these known classes, there
are probably more classes yet to be characterized. For example, F-Cphl encoded by
ORF117 of cyanophage S-PM2 to represent a new HE family, de ned by the motif
DHHRN (Fang et al., 2018). Another novel example of a HE-derived element is the
yeast mating-type switching endonuclease HO, which has become a domesticated
member of an unorthodox homing genetic element family and it deviates from the
classical de nition of a HE in the sense that it does not propagate its own DNA
sequence (does not "home') and has rather been adapted for other normal cellular

functions (Coughlan et al., 2020).

Some IEPs encoded by Gr | introns have dual maturase and HE activity and
some HEs may have lost their DNA cutting activity and only act as maturases
(Belfort, 2003). It has been reported that HEGs can move independently from
their ribozyme partners (Mota and Collins, 1988), although recent studies suggest
that intron encoded HEGs co-evolved with their ribozyme partners (Megarioti and

Kouvelis, 2020).

Among the organellar genomes, the LAGLIDADG HE family is most frequently
encountered. These enzymes can have one or two LAGLIDADG domains. The
single motif LAGLIDADGs are active as homodimers and recognize sites that are
palindromic in nature (18{22 bp with recognition exibility). In contrast, double
motif LAGLIDADGSs are active as monomers and are not restricted to palindromic
DNA target sequences allowing these elements to be more exible in adapting to
new target sites (Lamb et al., 1983; Gimble, 2000; Chevalier et al., 2005). Usually,
LAGLIDADG HEs cut at their DNA binding site. The second most abundant HE

family consists of the GIY endonucleases, characterized by a conserved amino acid
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motif GIY-(X10{11)-YIG and these act as monomers that tend to cut upstream of
their DNA binding site (Kowalski et al., 1999). These HEs, like the LADGLIDADGS,
can be free-standing ORFs but may also be located within mobile Gr | introns in the

fungal mtDNASs, in algae, and in the chloroplast DNA of plants (Stoddard, 2005).

LAGLIDADG HEGs can be components of Gr | and less frequently of Gr Il
introns (Toor et al., 2001; Belfort, 2003). HEGs can move along with their host
introns or they can self-propagate within and in between genomes (Hausner et al.,
2014). A GIY-YIG type endonuclease has also been found to be encoded within
a Gr Il intron (Copertino and Hallick, 1991; Lang et al., 2002). A LAGLIDADG
HE encoded by a Gr Il intron located within the small ribosomal subunit gene
(rns) in the lamentous fungus Leptographium truncatumdemonstrated to have the
capacity of provide a means of mobility for its host introns but did not display any
maturase activity (Mullineux et al., 2010). This study provided the rst biochemical
analysis of a Gr Il intron that encodes a Gr | intron derived LAGLIDADG HE rather
than a RT. Intron homing dependent on a group-Il intron-encoded HE was also
studied in the maize smut funguslstilago maydis(Pfeifer et al., 2012). This study
focused on a Gr Il intron located within thernl gene. The intron encoded HE (I-
Umal) represents a Mg2+ dependent endonuclease that requires both LAGLIDADG
domains for activity and recognizes a minimum target site of 14 bp and can provide

the Gr Il intron with a DNA based homing mechanism.

HEGs are viewed to be diversity-generating elements and can propagate e -
ciently in organellar genomes by a homing mechanism that is based on homologous
recombination. Their site-speci ¢ nature favors targeting conserved sequences and
they persist in the presence of repetitive genes or genomes (multi-copy) and in or-
ganisms where there are opportunities for vertical and horizontal transmission of
genetic elements (Hausner, 2012; Yan et al., 2018). For most cytoplasmic compo-
nents (including mitochondria and chloroplasts), inheritance tends to be uniparental,

ensuring uniparental inheritance of HEGs and their intron partners. However, so-
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called \super-mendelian" inheritance has been noted in uni- or bi-parental inheri-
tance systems in yeasts where introns can spread to the progeny e ciently due to
the potential of mitochondria originating from the two mating types fusing and in-
trons homing into intron-less alleles (Dujon, 2005). HEs catalyze intron mobility
in organelles and there are indications that nuclear genes may impact the mobility
and possible inheritance of mobile introns. A recent study on the impact of the
nuclear geneSXlla in the Cryptococcus neoformanspecies complex on mitochon-
drial inheritance and intron/HEG transmission showed that disruption of this gene
results in biparental mitochondrial inheritance and signi cant heteroplasmy and an
increase in the number of introns in the progeny. Thus, this sex-determining nuclear
geneSXlla appears to be critical for inhibition of the spread of HEGs in the mito-
chondrial genome and its absence leads to the over-transmission of HEG-containing
introns (Yan et al., 2018). This study shows that there are mechanisms that can

modulate the impact (or number) of organellar mobile elements.

Mobile Gr Il introns spread within and between genomes by a mechanism of
\retrohoming" in which the intron RNA inserts directly into a DNA site and is
reverse-transcribed by an intron-encoded RT (Kaer and Speek, 2012). Gr Il IEPs
are multifunctional due to the presence of several protein domains: the N-terminal
(NT) RT domain followed by the X (or maturase) domain. Some RTs also contain a
DNA-binding domain (DBD) and an endonuclease (EN) domain at the C-terminus

(CT) of the RT protein (Robart and Zimmerly, 2005).

In the retrohoming pathway, the basic steps include the release of the intron
RNA lariat from the transcript followed by the intron RNA binding of the intron
encoded RT protein to form a ribonucleoprotein (RNP) complex which can initiate
retrohoming. The RNP complex can scan for the DNA target site utilizing the RT
DBD and the EBS segments on the intron RNA. The EBS elements guide the RNP
to a homing site via base pair complementarity and the®3nd of the intron lariat

can generate a single-stranded cut at the double-stranded DNA target site. This
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single-stranded cut allows for the process of reverse splicing of the intron RNA into
the DNA homing site. For those RTs that have an EN domain, the RT will cleave
the complementary strand of the target site; this will generate a 3 prime end that
can be utilized as a priming site for the RT to start the reverse transcription of the
intron RNA into cDNA (Zimmerly et al., 1995a and b; Yang et al., 1996; Cousineau
et al., 1998). The intron RNA will eventually be replaced by the DNA repair system.
Retrohoming involves numerous host factors, such as components of the DNA repair
and recombination machinery, and DNA replication components (Liu et al., 2020;
Smith et al., 2005; Coros et al., 2009; Contreras et al., 2013; Garca-Rodrguez et
al., 2019).

Gr Il introns have diversi ed the genomes in all domains of life, and they are good
candidates for being the progenitors of the eukaryotic spliceosomal introns. Evidence
for their common ancestry is apparent from similarities between recently resolved
crystallography-based structures of the eukaryotic spliceosome and structures of Gr
Il intron IEPs and selected Gr Il intron RNAs. Shared features in RNA secondary
structural elements, metal ion binding sites, and parallels in splicing mechanism
have been discussed extensively in previous reviews (Qu et al., 2016; Novikova and

Belfort, 2017; Chan et al., 2018; Haack and Toor, 2020; Gupta et al., 2014).

Compared to plant organellar intron splicing, fungal mitochondrial intron splic-
ing is still poorly explored. The literature suggests that nuclear factors in synergy
with intron-encoded maturases, belonging to ATP-dependent helicases and tRNA
synthetases have direct impact on mitochondrial intron splicing through their associ-
ation with intron RNA. In addition, several nuclear encoded accessory factors might
drive the splicing impetus through translational activation, mitoribosome assem-
bly, and phosphorylation-mediated RNA turnover. The expression of mitochondrial
genes in fungi appears to be regulated primarily at the post-transcriptional level,
thus protein-assisted splicing of introns by nuclear and mitochondrial encoded mat-

urases are a means of mitonuclear interplay that could respond to environmental and
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developmental factors promoting phenotypic adaptation and potentially speciation.

Maturases are de ned as protein factors that can physically interact/contact the
intron RNA in order to facilitate the intron RNA to fold into a splicing competent
form. Splicing factors include all proteins/molecules that directly or indirectly pro-
mote splicing (includes maturases); this can also include components that enhance
the expression of factors that promote the splicing of introns. Mitochondria require
many nuclear-encoded factors for gene expression therefore organellar function is
linked with nuclear gene expression. This establishes extensive inter-compartmental
cross-talk that can integrate organellar gene expression into the cellular context
as in uenced by physiological, developmental and environmental cues (Cinget and

Belanger, 2020; Dujon, 2020; Hill, 2020; Nguyen et al., 2020).

Splicing of mitochondrial introns is a complex multi-step process that depends
upon the cross-talk between intron-encoded maturases and nuclear-encoded splic-
ing factors (Grivell, 1995). Multiple nuclear-encoded proteins appear to form a
complex where the primary splicing factor directly interacts with the intron RNA,
accessory proteins might aid in stabilizing these associations, optimizing steric, ther-
modynamic and kinetic conditions for the formation of splicing-competent folds, or
through indirect roles such as transcriptional and/or translational activation. Nu-
clear encoded maturases can be assigned into two major categories, the DEAD
box helicases/RNA chaperones and the tRNA synthetases. Among the DEAD-box
helicases, CYT-19 fromN. crassa and its yeast counterpart, Mss116p, have been
studied extensively for their role in splicing. Among the tRNA synthetases, TyrRS

(CYT-18) and LeuRS (NAM-2) have been extensively studied.

Aminoacyl-tRNA synthetases (aaRSs) are a conserved family of enzymes with an
essential role in protein synthesis: ligating amino acids to cognate tRNA molecules
for translation. In addition to their role in tRNA charging, aaRSs have acquired
non-canonical functions, including post-transcriptional regulation of mMRNA expres-

sion (Martinis et al., 1999a, b; Weiner and Maizels, 1999; Schimmel and Ribas de
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Pouplana, 2000; Pang et al., 2014; Garin et al., 2021). Studies suggest that the
aaRSs may use pre-existing protein motifs and modules, e.g. those that bind RNA,
to gain new activities, but aaRSs can also acquire extra domains or insertions to
confer or enhance secondary functions. Two mt tRNA synthetases, leucine [LeuRS
or NAM2 (Labouesse et al., 1985; Herbert et al., 1988; Labouesse, 1990)] and tyro-
sine [TyrRS or CYT-18 (Akins and Lambowitz, 1987; Kamper et al., 1992)], have
been shown to be required to facilitate Gr | intron splicing inS. cerevisiaeand N.
crassg respectively (Lambowitz and Perlman, 1990; Dujardin and Herbert, 1997;

Lambowitz et al., 1999).

The mt tyrosyl tRNA synthetase (TyrRS) from N. crassa (CYT-18 protein)
is a bifunctional Gr | intron splicing cofactor that is capable of splicing multiple
Gr | introns from a wide variety of sources by stabilizing the catalytically active
intron structures (Geng and Paukstelis, 2014). These synthetases are encoded by
nuclear genes and synthesized by cytosolic ribosomes; after translation, precursor mt
proteins are maintained in an unfolded form though associated with chaperones and
are translocated via an organelle-targeting signal to the mitochondria (Garin et al.,
2020). They show dual localization, facilitated by mt import, to function in tRNA
charging in both the cytosol and the mitochondria, and mt aaRS utilizes di erent
tRNA recognition and charging elements compared to their cytosolic counterparts.
Yeast mtTyrRS, which diverged from Pezizomycotina fungal mtTyrRSs prior to the
evolution of splicing activity, binds Gr | intron and other RNAs non-speci cally via
its CT domain (CTD), but lacks further adaptations needed for Gr | intron splicing.
Yeast mtTyrRS CTD can replace the CYT-18 protein to promote aminoacylation
but not Gr | intron splicing (Lamech et al., 2014). Another tRNA synthetase,
NAM2, which is a LeuRS fromS. cerevisiaeand S. douglasiiis also involved in
the splicing of the cobl4 intron (Herbert et al., 1988; Rho et al., 2002). These
synthetases contain a connective polypeptide (CP1) domain (Starzyk et al., 1987;

Hou et al., 1991) along with an intron-binding domain that has been shown to
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facilitate self-splicing independent of full-length tRNA synthetase.

Both Gr | and Gr Il introns encode proteins that can promote their mobility
and it is assumed in many instances these proteins can act as maturases that en-
courage the formation of splicing competent intron RNA folds (Lazowska et al.,
1980, 1989; Anziano et al., 1982; Weiss-Brummer et al., 1982; Goguel et al., 1992;
Szczepanek and Lazowska, 1996; Gimble, 2000; Geese and Waring, 2001; Bolduc et
al., 2003; Longo et al., 2005). Maturase activity has been demonstrated for a small
set of intron-encoded proteins (reviewed in Belfort, 2003; Cui et al., 2004; Caprara
and Waring, 2015; Edgell et al., 2011; McNelil et al., 2016; Zhao and Pyle, 2017;
Mukhopadhyay and Hausner, 2021) including mitochondrial Gr Il intron-encoded
RTs (Kennell et al., 1993; Lazowska et al., 1994; Moran et al., 1995; Zimmerly et
al., 1999; Robart and Zimmerly, 2005; Dai et al., 2008; Lambowitz and Zimmerly,
2011), and the consensus is that intron encoded proteins initially facilitated mobility
and maturase activity evolved later. Maturase activity evolved in response to drift
that introduced mutations within the intron sequence that might reduce splicing
e ciency (Toor et al., 2001; Scalley-Kim et al., 2007, Edgell, 2009; Edgell et al.,
2011; Megarioti and Kouvelis, 2020).

The shift from catalyzing intron mobility to intron RNA splicing required IEPs to
gain the a nity to bind to intron RNA. In the yeast cob bl3 maturase, a mutation
in the active site disrupted EN activity; this protein likely evolved from a DNA-
binding to an RNA-binding protein (Bassi et al., 2002; Bassi and Weeks, 2003;
Longo et al., 2005) and facilitated intron splicing at the expense of mobility. The
authors proposed a model for the evolution of the bl3 maturase in which they suggest
that initially the protein was an active DNA EN and invaded the target site and
subsequent mutations resulted in the evolution of RNA binding properties. Genes
encoding endonucleases spread rapidly in the genome and possibly the population
(by horizontal transmission) and may also insert into ectopic sites at lower frequency

because of exibility in DNA target site recognition. Once all possible homing sites
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have been occupied, there is little selective pressure on the EN activity and the
ORF sequence can accumulate mutations that may fortuitously result in maturase
activity. The protein is then e ectively co-opted to promote e cient splicing of its
own or related intron (Longo et al., 2005).

The interaction of intron-encoded and nuclear-encoded splicing factors are part
of the mitonuclear interplay that allow mitochondrial gene expression to respond
to nuclear cues in response to environmental and developmental signals (Visinoni
and Delneri, 2022). These interactions may also be part of mitochondrial-nuclear
co-adaptations that can result in phenotypic di erences and impact the so-called
\ tness landscape"” with regards to the nuclear-mitochondrial combinations that

can exist within a population (Dujon, 2020; Hill et al., 2020; Nguyen et al., 2020).

1.2.4 Homing Cycle and Other Evolutionary Speculations

The life cycle for the homing endonuclease genes (HEGs) commonly known as the
"homing cycle' was proposed (Goddard and Burt, 1999). According to this event, an
empty site within a genome is invaded from another organelle or organism by a Gr
| intron- or intein-associated HEG via horizontal transmission. Subsequently, the
homing mechanism stably replicates the Gr | intron or intein gene and its associated
ORF to identical loci in a recipient intron-less or intein-less cognate alleles. As these
elements appear to be neutral, there is a lack of selection so inactivation and eventual
elimination of the intron or the intein gene arises due to point mutations within the
HEG leading eventually to the loss of the HEG and intron. Thus an empty site is
regenerated and this step prepares the stage for the second invasion which continues
the cycle of invasion and loss.

Koonin et al. (2006) proposed that Gr | and Gr Il introns evolved in the pre-
cellular RNA world. According to this speculation, the primordial pool of primitive
genetic elements was conceptualized also as the source for the original lineages of

viruses and related sel sh elements. Moreover, it was also speculated that the mito-
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chondrial endosymbionts that gave rise to the eukaryotic organelles probably carried
with them mobile elements such as mobile introns and plasmids (Koonin et al., 2006;

Martin and Koonin, 2006; Hausner, 2012).

The process of intron homing appears to be widespread. Based on reviews (Lam-
bowitz et al., 1999), 30% of Gr | introns are estimated to contain internal ORFs and
a signi cant number of them are assumed to be mobile. Gr | intron homing, so far,
is the most wide-spread reported event compared to the homing exhibited by the
Gr Il intron. It is found in mitochondrial DNA of fungi, mitochondrial and chloro-
plast genomes of plants, algae and some protozoans as well as nuclear genomes of
slime molds, ciliates, algae, fungi, soft corals and sponges (Gimble, 2000; Hafez and
Hausner, 2012). In contrast, Gr | introns are less frequently encountered among bac-
teria (reviewed in Hausner et al., 2014). If present, they are predominately inserted
within structural RNA genes such as tRNA (Paquin et al., 1997; Rudi et al., 2002)
and rRNA genes (Salman et al., 2012), protein coding genes suchnedE genes in
some cyanobacteria (Meng et al., 1997; Fujisawa et al., 2018ydE and recA genes
in various Bacillus species (Tourasse et al., 2006; Ko et al., 2002), agellin gene
in a thermophilic Bacillus species (Hayakawa and Ishizuka, 2009, 2012). Gr | in-
trons are ancient, and have been in recently discovered in Archaea (Nawrocki et al.,
2018). Currently, there are three speculations for such scarcity of Gr | introns among
the prokaryotes. Homing is facilitated by the presence of multiple targets o ered
by repetitive DNAs or multi copy genomes such as chloroplast and mitochondrial
DNAs in eukaryotes with lower mutation rates (Hausner, 2012). The absence of
such multicopy targets in bacteria may be the rst factor that explains why mobile
introns such as Gr | introns are not so common amongst bacteria. Second, the ex-
tremely prevalent presence of primitive defense mechanisms, possibly, based on the
RNA interference principle and the newly discovered CRISPR/Cas defense system
in the bacterial genome might limit the spread of foreign DNA elements like mobile

Gr | introns (Barrangou, 2013; Hausner et al., 2014, Silas et al., 2016). Unlike the
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eukaryotic transcription and translation machineries which are compartmentalized,
insertion of 11 Gr | introns into the protein-coding genes in bacteria, which exhibits
coupled transcription and translation events may not be welcoming, the later is
supposed to interfere by providing lesser time in proper folding of the Gr | introns
to facilitate ribozyme formation and thus e cient splicing. This could be the third
factor that would ultimately lead to the elimination of such mobile introns from the
bacterial genomes (Ohman-Hecen et al., 1993; Edgell et al., 2000; Hausner et al.,
2014).

The coevolution of fungal mitochondrial introns and their corresponding HEs
(GIY-YIG and LAGLIDADG families) has recently been studied to propose a
model called the \aenaon hypothesis" which describes the invasion of ancestral free-
standing HEGs into introns through the evolutionary events of recombination, trans-
position, and HGT (Megarioti and Kouvelis, 2020). The coevolution of the HEGs
associated with introns is crucial in understanding the variability in the organellar
genomes. It has been observed that frequently intron encoded ORFs are fused to the
upstream exons of their host genes. The inter-dependence of LAGLIDADG and GIY
HEs with their upstream exons provides these ORFs access to this genetic ele-
ments that are required for their expression (Edgell et al., 2010; Guha et al., 2018).
The \aenaon model" combines characteristics of the \intron late" and \intron early"
theories (Koonin et al., 2006) proposing that there are ancestral introns and HEGs
with conserved site recognition throughout fungal evolution. Mitochondrial introns
have evolved bidirectionally, either, through migration to similar target sites but
with di erent actual locations (ectopic, for example, orthologous introns associated
with cox1 and cox2 genes) or through change in the intron RNA structure of their
compact ancestral form (expansion through addition of new hairpins or the less com-
mon, reverse reduction). The expansion or reduction in the RNA structure of the
introns themselves, is accompanied by the change in the overall architecture of the

mitochondrial genomes, with the persistence of certain ancestral intron forms along
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with the addition of new introns in the mitogenomes of higher fungi. Over time,
free-standing HEGs have also been replaced with intron-associated HEs (Brankovics
et al., 2018). Recent studies have shown that for LAGLIDADGS, minor amino acid
changes within the HEs active sites can cause the HE to target di erent sites, thus
allowing the HE plus their ribozyme host to transpose to new sites (Lamb et al.,
1983). The \aenaon model" proposes a dynamic coevolution pattern of introns and
HEGSs, resulting in the great diversity of intron complements as observed among the
fungal organellar genomes (Zubaer et al., 2018, 2021). These ndings may also be

relevant to non-fungal organellar genomes.

The genomes of fungal and plant mitochondria, chloroplast genomes of eubac-
teria, algae and plant encounter Gr Il intron homing (Belfort et al., 1995). Gr Il
introns have been recorded in early branching metazoans (reviewed in Hausner et
al., 2014; Huchon et al., 2015), however, they are rare in archaea (Rest and Mindell,
2003) and have not been found in the nuclear genomes of eukaryotes. It has been
suggested that Gr Il introns gave rise to spliceosomal introns and various types of
retroelements which are highly abundant in eukaryotes (Xiong and Eickbush, 1990).
It is interesting to note that spliceosomal introns are not known to be mobile (Lam-
bowitz and Zimmerly, 2011). The structural similarities between Gr Il introns and
spliceosomal messenger RNA (mRNA) introns in eukaryotic genome suggest that
they might be derived from once-mobile Gr Il introns (Weiner, 1993; Sharp, 1994,
Koonin et al., 2006). Engineered Gr |l introns invading ectopic sites in the eukary-
otic chromosome further support this theory (reviewed in Molina-Sanchez et al.,
2015). Archaeal introns are present within tRNA and rRNA genes, although they

have rare occurrence (Lykke-Andersen et al., 1997).

Two major events would have facilitated the transformation of Gr Il introns (or
a common ancestor) into spliceosomes. The rst would be fragmentation of a Gr Il
intron RNA into pieces (such as the bipartite and tripartite Gr Il introns observed in

plants), ultimately resulting in functional RNAs that would operate on splice sites in
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trans. In addition, the recruitment of splicing factors occurred to compensate for the
loss of RNA structural features that optimized autocatalysis of the splicing reaction
and to facilitate splicing reactions intrans-con gurations. Finally, which is mecha-
nistically dependent on the rst, would be the ability of Gr Il intron components to
function as multiple-turnover enzymes that catalyze splicing at numerous sites. One
interesting nding is the domestication of the Gr Il intron-encoded RT into splicing
factors such as the nuclear protein PrP8 which is an important component of the
spliceosomal machinery involved in removing nuclear spliceosomal introns (Dlakic
and Mushegian, 2011; Vosseberg and Snel, 2017). Other RT derived splicing factors
are the nuclear encoded nMAT1, nMAT2, nMAT3, nMAT4 that facilitate splicing

of introns in the mitochondrial genomes of the angiosperms (Mohr and Lambowitz,
2003; Malik et al., 2017), and matR (located in plant mitochondrial genomes) and

matK (located in plant chloroplast genomes) (Hausner et al., 2006).

The ability of an intron to transpose to new sites might rely on the acquisition of
novel target recognition sequences through accumulation of mutations in the IEPs.
Reverse splicing of intron RNAs into RNA sequences is less e cient as there is a
requirement for a reverse transcription step followed by recombination but the RNA
interactions (wobble, etc.) might be more relaxed compared to protein mediated
mobility. Homing endonuclease interactions with target sites is in part based on
indirect readout (i.e., not necessarily based on speci ¢ nucleotide bases interacting
with speci ¢ amino acids) so sometimes minor changes at the protein level can shift
the enzymes speci city to a new target site (Lamb et al., 1983; Lambert et al., 2016).
However, once a mobile intron has inserted into a new target site its persistence is
based on drift (neutral evolution) and natural selection (Gimble, 2000; Gogarten
and Hilario, 2016). If the element is neutral with regard to its impact on the host
genome it can accumulate mutations leading to degeneration of the IEP coding and
ribozymes sequences leading to the loss of the intron. Maintenance of an intron is

dependent on the correlation between the energy burden of housing the intron and
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possible advantages the intron may provide (Mullineux et al., 2011).

Goddard and Burt (1999) examined the distribution of HEGs and their host
introns in members of the Saccharomycetales. They noticed that HEGs along with
their intron partner move into a target site, but this is followed by the accumulation
of mutations in the HE ORF sequence leading to the loss of the ORF and eventually
the intron sequence is completely lost. This re-establishes the site for an ortholo-
gous HEG to reinvade this location. These observations were formulated into the
HE lifecycle where mobile introns are neutral elements that, due to lack of selection,
rapidly accumulate mutations, and degenerate. They can persist by outpacing drift
at their sequence level by moving into empty target sites or invading new sites. The
persistence within populations requires the opportunity for outcrossing, horizontal
and vertical transfers, and cytoplasmic transmissions (such as heterokaryon forma-
tion). The pattern of rapid spread through a population followed by degeneration
may be a common property of introns and other sel sh genetic elements due to a
lack of selection, however this balance can shift if introns provide bene ts, such as
acting as regulatory elements that can modulate gene expression, encoding essential
proteins, or having been co-opted to provide essential functions. Intron conservation
across some plant, metazoan, protozoan, and fungal organellar genomes would sug-
gest that introns may not always be merely neutral elementslrans-splicing introns
might be a more permanent feature that allows fragmented genes to be assembled
in trans at the RNA level. Introns encoding splicing factors (i.e., matK and matR)

that can act in trans are also integral components of organellar gene expression.

The original concept of Goddard and Burt's (1999) HE lifecycle has also been
applied to all types of mobile introns and has been modi ed as more organellar
genomes have been characterized with regard to their intron contents. It is assumed
that ribozyme-type introns originally existed as self-splicing introns that, in some
instances, acquired ORFs. In the case of Gr | introns, HEs provide a means of

more e cient mobility. In turn, HEs evolved maturase activity to promote e cient
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splicing ensuring the composite element minimizes its impact to the host genome
(Lambowitz et al., 1999). Composite introns as predicted by Goddard and Burt
(1999) can be gained and lost and regained due to drift. However, there are other
features of complex introns that are worth noting. Many intron sequences that
encode proteins are fused to the upstream exons of their host genes. This has been
referred to as “core creep’' where the intron ORF over time has incorporated upstream
intronic sequences to fuse in-frame to the upstream exon (Edgell et al., 2011). This
fusion would allow the intron-encoded protein to be more e ciently expressed, as it
gains regulatory sequences of the host gene that optimize translation (Edgell et al.,

2011; Guha et al., 2018).

The concept of core creep is also supported by the observation that there is a
bias of mitochondrial introns towards being so-called phase 0 introns (i.e., they do
not interrupt codons) (Zubaer et al., 2019, 2021). Intron insertion sites at phase 0
facilitate the fusion of intronic ORFs in-frame with the upstream exon. Composite
introns can expand by gaining additional ORFs or intron modules (Guha et al.,
2018), and there are instances of internal (non-fused) ORFs being expressed via AS
that generates a product that fuses the intron ORF sequence to the upstream exon.
This has been referred to splicing mediated core creep (Guha et al., 2018; Zubaer et
al., 2021) and it demonstrates the complexity of the intron ORFs co-evolving with
their intron host sequences and the host gene sequences for optimizing the expression
of IEP and minimizing their impact on the host genomes. It has been suggested
that the intron ORFs are essentially mutualistic towards their host introns and some
IEPs may impact the persistence of other introns (reviewed in Zubaer et al., 2018)
suggesting that drift is only one component that may explain the persistence and

distribution of organellar introns.

Organellar genomes in plant and fungi are highly dynamic because of the loss
and gain of mobile elements throughout evolution. Intron gain might occur due to

homing (Gr 1) or retrohoming (Gr 1), and also due to HGT, leading to expanded
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and in ated genomes. However, there are also instances of streamlining that can
be due to drift or selection which might be lineage speci c, where the cost of main-
taining introns impact tness. Among fungi, large-scale genome rearrangements
are often accompanied by accumulation of intergenic and intronic sequences, result-
ing in the increase in mitogenome size (Mower et al., 2010; Ye et al., 2020). For
example, the fungus€Endoconidiophora resiniferaboasts of an intron-rich mitochon-
drial genome due to large number of intron insertions in theox1 gene, partially
justi ed by the probable benet of introns as gene regulators contributing to their
persistence within a population (Zubaer et al., 2018). Large-scale intron loss events
were also recently reported among mitogenomes of ectomycorrhizal fungi belonging
to the genusBoletus which also helped explaining frequent gene position reversal

throughout evolution (Li et al., 2021).

Over the course of evolution, several genetic elements have moved by horizontal
transfer between chloroplast and mitochondrial genomes of heterokonts with re-
combinases likely promoting such gene exchange events. HGT between plants and
fungal organelles was rst demonstrated by the occurrence of @amx1 Gr | intron
in the vascular plant, Peperomia polybotrya(Vaughn et al., 1995). More recently,
sequential HGT events have been noted for the ancestors of the orchid subfamily,
Epidendroideae, which were obligate parasites on Basidiomycete fungi during early
development. Unlike the previously documented HGT event between fungi and
plants which involved transfer of a homing intron, this study documents the hori-
zontal transfer of sequence comprising up ® kbp involving at least a dozen fungal
genes remnants, along with their intronic and intergenic regions. Overall, almost a
third of the fungal genome was incorporated into the orchid genome, pointing at a
genome-scale chimerism between a land plant mitogenome and a fungus (Sinn and
Barrett, 2020). The dynamics of mitochondrial genome expansion and shrinkage are
complex and can substantially vary among members of di erent genera or among

species within the same genus. Extensive variation in content and size is seen among
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plants and fungi, owing to dynamic gains and losses of repetitive noncoding DNA
(intergenic spacers) and sel sh genetic elements (introns and transposable elements)
that have parasitized these genomes. Such gain and loss events are ampli ed in or-
ganisms with mutualistic lifestyles mainly guided by the need to eliminate potential

redundancies and streamline the genome.

1.2.5 Complex Introns and Alternative Splicing Possibilities

The term “twintron' was initially used to describe Gr Il introns inserted within other
Gr 1l or Gr Il (derived from Gr Il introns) introns; Gr Ill introns seem to have
evolved by Gr Il introns losing bits and pieces (Hong and Hallick, 1994). Later other
variations were identi ed, such as Gr Il in Gr I, Gr | within other Gr I, and lariat
capping twin ribozyme introns (Hafez and Hausner, 2015; Rudan et al., 2018). The
original de nition implied that the internal components splice out rst, allowing the
\outer" components to be spliced together and achieve a splicing competent RNA
fold. However, many di erent types of \nested" intron arrangements exist where
splicing of the internal intron is not essential for the splicing of the external intron
(Suzuki et al., 2013). It is still important for composite multiple intron-module
arrangements to achieve splicing competent folds for its various components (Deng
et al., 2016). In addition, intron and host genome encoded maturases or splicing
factors must be involved in resolving transcripts with complex introns.

Twintrons were rst described from Euglenachloroplast DNAs where thepsbF
gene which encodes thé-subunit of cytochrome b-559 contained a Gr Il intron
inserted within the structural domain V of another Gr Il intron (Copertino and
Hallick, 1991). A sampling of fungal mitochondriahad5 genes identi ed a complex
Gr I intron with two sets of Gr | intron core sequences in theAnnulohypoxylon sty-
gium, while a second complex intron was observed in tl&ad5 gene ofCryphonectria
parasitica, where a Gr | intron core encodes a LAGLIDADG ORF that is interrupted

by a Gr Il intron module (Zubaer et al., 2019). A similar arrangement was previ-
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ously characterized in the mitochondrial mS1247 intron in thens gene (Hafez et
al., 2013) and in thecob-506 intron (Guha et al., 2018). It has been speculated that
the ORF-less Gr Il intron, that in all cases was inserted in frame with regard to the
LAGLIDADG ORF, could be a regulatory element that determines the expression
of the IEP of the resident Gr | intron (Hepburn et al., 2021; Guha and Hausner,
2016). A variety of complex introns have been identi ed in fungal mitochondrial
genomes (Guha et al., 2018; Zubaer et al., 2018 and 2019; Hafez et al., 2013; Guha
et al.,, 2017). In some instances, complex introns composed of related introns may
allow for various compatible RNA folding arrangements which can facilitate AS en-
hancing the expression of IEPs. A recent review showed that many di erent types
of \nested" intron arrangements exist in both nuclear, prokaryotic, and organellar
genomes, and there might be many mechanisms whereby they can be spliced out

(Hafez and Hausner, 2015).

Zumkeller et al. (2020) reported ve instances of twintrons in the mitogenome
of lycophytes and hornworts, including an invasive \zombie" hypermobile Gr Il
intron (cox1i1149g2) in Lycopodiaceae that gave rise to two twintrons as an internal
intron inserted into itself and into a newly identi ed succinate dehydrogenasgsdh3)
intron (Takahara et al., 2002; Zumkeller et al., 2020). \Zombie" twintrons are
composed of multiple intron modules but splice as one complete unit. A novel
twintron con guration was reported in the mitochondrial genome inHypomyces
aurantius; in this fungus two Gr | introns were arranged side by side (tandem
arrangement) within the cox3 gene (Deng et al., 2016). With the rapid accumulation
of organellar genome sequences for fungi more mobile introns along with complex
intron con gurations are bound to be encountered (Deng et al., 2018; Zubaer et al.,

2021).

Twintron/complex introns o er new ribozyme sca olds that could be engineered
where the expression of intron-encoded ORFs can be regulated by the splicing of

nested ribozyme type components (Hafez and Hausner, 2015). An example can be
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found in the complex intron mS1247 from the thermophilic fungusChaetomium
thermophilum var. thermophilum in which the splicing of the internal Gr Il intron
reconstitutes a HE ORF of the external (resident) Gr | intron, facilitating its expres-
sion which, in turn, contributes to the mobility of the twintron to cognate intron-less
rns genes (Guha and Hausner, 2014). It was also demonstrated that this complex
intron could be expressed and spliced i&. coli; within E. coli, the expressions of
the intron encoded protein could be manipulated by modulation the splicing of the
internal Gr Il intron module by manipulating Mg2+ concentrations in the media
(Guha and Hausner, 2016). Essentially the internal intron module can be utilized
as an on{o switch for the expression of intron-encoded heterologous proteinskn
coli.

The study of complex introns is interesting from an evolutionary point of view,
with these con gurations evolving independently multiple times involving di erent
categories of introns, to generate complexity. These complex ribozymes my evolve
into platform of alternative splicing or as regulatory elements that can modulate
the expression of the host gene (Rudan et al., 2018; Chen et al., 2019). They may
represent intermediate phases that favor the formation of new composite mobile
elements and provide an avenue for introns that lack ORFs to achieve mobility by
essentially receiving a free ride from the resident intron that encodes a functional

HE.

1.3 Signicance of Studying Fungal Mi-
togenomes, Introns and Encoded Proteins

Across the Mycota, mitogenomes show variability due to recombination events pro-
moted by repeats and by the presence and activities of mobile elements such Gr
| and Gr Il introns and IEPs (Aguileta et al., 2014; Repar and Warnecke, 2017;

Wu and Hao, 2019; Fonseca et al., 2021). Mitochondrial introns are gained and
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lost and their impact on gene function and phenotypes is debatable (Goddard and
Burt, 1999; Chatre and Ricchetti, 2014; Rudan et al., 2018). Organellar introns
can be bene cial, as they encode proteins such as ribosomal proteins (rps3), amino-
transferases, and N-acetyltransferases anns-acting maturases (Hausner et al.,
2006; Wai et al., 2019). In fungi, mitochondrial introns have been associated with
fungicide resistance, a recent example being Gr I-D introns associated with tbg
tochrome b (cob genes in the mitogenomes of 169 fungal species studied by Cinget
and Belanger (2020). Previously Grasso et al. (2006) have hypothesized that the
presence of aob Gr | mitochondrial intron blocked the mutation involved in the
resistance against quinone outside inhibitors (Qol) fungicides (Grasso et al., 2006).
Presence of Gr | introns in certain positions within thecob gene of fungi appeared to
prevent mutations in the anking exons in order to maintain sequences required for
the P1 and P10 interactions that are required for intron splicing. This sets a con-
straint on mutations arising that are responsible for fungicide resistance. Overall,
the correlation between this resistance phenotype and the Gr | intron is depen-
dent on the presence of compatible homing sites in the mitogenomes and transient

displacement of this intron (Cinget and Belanger, 2020).

The presence of an ORF-less Gr Il Al intron inserted in thens gene of the
chestnut-blight fungus Cryphonectria parasitica appears to induce hypovirulence
(Baidyaroy et al., 2011). This study showed that this intron spliced ine ciently re-
sulting in a low production of mitochondrial ribosomes. In addition, it was demon-
strated that the attenuated-virulence trait and the splicing-defective intron can be
transferred asexually via hyphal contact from hypovirulent (intron) donor strains
to virulent recipients. Hypovirulence results in the fungus infecting its host tree
without causing detrimental consequences to the host. The attenuation of virulence
is bene cial for the pathogen population as it prevents the extinction of the host

species which, in turn, prevents the extinction of the pathogen.

Introns in general have been viewed as possible vehicles for regulating gene ex-
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pression, as their removal can be a rate-limiting step for the expression of the genes
that contain them (Rose, 2019). A study on yeast showed that the persistence of
self-splicing mitochondrial introns is facilitated by an evolutionary lock-in, wherein
the host genome has adapted to primordial invasion of introns in a way that subse-
guent intron loss could be deleterious (Rudan et al., 2018). The tness of intron-less
yeast strains was compared with the wild-type intron-rich strains and it was found
that the strain without mitochondrial introns has altered mitochondrial morphol-
ogy, gene expression, and metabolism impacting its growth and life span. Another
example of introns serving as regulatory genetic elements, comes from the hexacoral
mitochondrial Gr | introns associated with thenad5 and cox1 genes. Here, the
introns appear to have been domesticated and gained novel host-speci ¢ functions

beyond self-splicing (Johansen and Emblem, 2020).

Recently, Liu and Pyle (2024) have demonstrated the signi cance of Gr | introns
that function as independent RNA processing units and splice with high e ciency
in human pathogenic fungi such a€andida albicans These introns have stably
integrated within important housekeeping genes in the mitochondria, and contribute
to the tness of the systemic pathogen. Similarly, highly reactive Gr Il intron
splicing has been noted in human pathogenic fungi that function in mitochondrial
regulatory network and host adaptation (Liu and Pyle, 2021). Such studies are
paramount to the development of RNA-forward informatic tools for investigating
human health and disease and exploring the potential of these robust self-splicing

introns as anti-fungal drug targets.

It is interesting to note that if introns are indeed bene cial (Belfort, 2017; Rudan
et al., 2018) for ne-tuning mitochondrial gene regulation, it is not based on specic
introns, instead the mitogenome intron complement is composed of various introns
(located at di erent sites) that are functionally redundant. The reliance on nuclear
factors for organellar intron splicing impacts mitonuclear compatibilities (or incom-

patibilities) and potentially imposes reproductive barriers, thereby they could be
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promoting speciation events (Dujon, 2020). There are still many speculations that
need to be validated with regards to mitonuclear interactions and the associated
"cross talk" that impact mitogenome sequence diversity and gene expression (Wu

et al., 2022).

1.4 Research Aims and Objectives

The overall hypothesis for this research is that fungal mitogenome sizes correlate
with the number of introns and large mitogenomes harbor many introns, includ-
ing complex arrangements. Some complex introns can follow alternative splicing
pathways depending on their structural RNA interactions and intron-encoded open
reading frames.

The general aim of this work was to explore fungal mitochondrial genomes and
transcriptomes to generate annotated genome maps and validate the annotations.

The three speci c aims/objectives were:

1. To detect interesting genetic elements such as complex introns and plasmids,
investigate intron insertion sites and gene synteny through comparative mi-

togenomics for the members of the Ophiostomatales.

2. To gain insights on the complex introns in thecob and cox3 genes and their
possible alternative splicing pathways in the mitochondrial transcriptome of
two strains of Ophiostoma ips Tto investigate the evolutionary position of

fungi belonging to Ophiostomatales through phylogenetic studies.
To ful ll the above aims, the strategies were:

1. Generating mitogenome maps from selected fungal strains based on annotated

Whole Generation Sequencing data

2. Aligning the RNA Sequencing reads dD. ips strains WIN(M) 1478 and 1480,

to the annotated reference genomes to detect rare splice forms
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3. Conducting phylogenetic analysis by using the concatenated dataset of amino

acid sequences representing the core proteins
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General Materials and Methods
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