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Abstract

Spliceosomal introns interrupt the coding sequence of eukaryotic genes and are removed from the
primary transcript by the the spliceosome. Recently, a new type of spliceosomal intron was found in the
genomes of six fungal species. These newfound introns were called introner-like elements (ILEs).They
were found in hundreds of near-identical copies in unrelated genes, suggesting that they are able to
proliferate within genomes. Because the majority of intron gains in fungi could not be associated with
other types of intron duplication, it is suggested that ILE multiplication is the main mechanism behind
intron gain in fungi. It is hypothesized that the mechanism behind ILE multiplication is similar to the
retro-homing of self-splicing group Il introns. In this research, experiments were carried out to assess the
mobility of ILEs and the mechanism behind ILE multiplication. A genetic screen was performed to assess
the mobility of ILEs from Cladosporium fulvum and Zymoseptoria tritici in the Saccharomyces cerevisiae
temperature sensitive prp2-1 mutant. However, this assay did not work properly because the ILEs were
not spliced from the primary transcript. This is probably caused by a splicing incompatibility, in which the
S. cerevisiae spliceosome is not able to recognize ILEs from C. fulvum and Z. tritici. To assess the self-
splicing ability and ribozyme activity of ILEs, several in vitro experiments were set up. In the self-splicing
assays, sfGFP RNA molecules containing introns from C. fulvum and Z. tritici were incubated under
various conditions. Self-splicing events could not be detected for the combinations of ILEs and
experimental conditions that were tested. In the ribozyme activity assays, ILE RNA molecules from C.
fulvum and Z. tritici were mixed with target DNAs and incubated under various conditions. No ribozyme
activity was observed for the combinations of ILEs, target DNAs and experimental conditions that were
tested. Gel electrophoresis was used to detect both self-splicing events and ribozyme activity. It is
possible that these processes were taking place at a very low rate, making them undetectable by gel
electrophoresis.



1. Introduction

1.1 Intron classification

1.1.1 The mosaic structure of genes

Introns are non-coding sequences that interrupt the coding sequence of genes. They are removed from
transcribed pre-mRNA by a process called splicing. Based on the way they are spliced, introns can be
divided into different groups. Group | and Il self- splicing introns are spliced by RNA catalysis (Lilley,
2010). Archaeal- and spliceosomal introns are respectively spliced by tRNA splicing endonucleases
(Lykke-Andersen et al., 1997) and the spliceosome (Rogozin et al.,, 2012). Here, group |l self-splicing
introns and spliceosomal introns will be adressed because they share a similar splicing mechanism.
Because of this similarity, it has been suggested that group Il self-splicing introns are the predecessors of
spliceosomal introns (Cavalier-Smith, 1991; Roy and Gilbert, 2006).

1.1.2 Self-splicing introns

Group Il introns are mainly found in the mitochondria and chloroplasts of plants and fungi (Dai and
Zimmerly, 2003). More recently, they have also been found in several eubacterial- and archaebacterial
genomes (Robart and Zimmerly, 2005). While group Il introns are mostly present within protein-coding
genes, they have also been found in rRNA and tRNA genes. Self-splicing of a group Il intron occurs
through two consecutive transesterification reactions, using an adenine residue within the intron as the
initiating nucleophile. Subsequently, the intron is excised in the form of a lariat. Group Il introns act as
mobile elements that can insert into intronless alleles in the genome through a process called
retrohoming. This process requires site-specific DNA endonuclease and reverse transcriptase enzymes,
which are encoded by the group Il intron itself (Guo et al., 1997). First, the DNA endonuclease cuts a
specific site in the recipient DNA. The excised group Il intron is then reverse spliced into the exon
junction, after which the complementary strand is synthesized by reverse transcription. This reverse
transcription is primed by the antisense strand of the cleaved target DNA (Zimmerly et al., 1995).

1.1.3 Spliceosomal introns in eukaryotes

In contrast to self-splicing introns, spliceosomal introns only occur in the nuclear genome of eukaryotes
and require help from the spliceosome to be excised from transcribed pre-mRNA (Rogozin et al., 2012).
The spliceosome is a complex ribonucleoprotein that recognizes introns, removes them from the primary
transcript and ligates the adjacent exons (Will and Lilhrmann, 2011). The site where the 5’ end of the
intron is cut is called the donor splice site. Almost always, the sequence of the donor splice site ends with
a highly conserved GU. The site where the 3’ end of the intron is cut is called the acceptor splice site, and
almost always ends with a highly conserved AG (Burset et al., 2000). Other cis elements facilitating the
splicing process include a branch point sequence and polypyrimidine tracts (Kupfer et al., 2004). After
recognition of a spliceosomal intron, the different subunits of the spliceosome sequentially assemble
along the splice sites and two successive transesterification reactions take place. Similar to the splicing of
group Il introns, an adenine residue within the intron is used as the initiating nucleophile for those
reactions. The intron is then released from the pre-mRNA in the form of a lariat (Will and Lihrmann,
2011). Although spliceosomal introns were initially named “junk” DNA, various functions have been
discovered ever since. These functions include expanding protein diversity and regulating gene
expression (Le Hir et al., 2003).



1.2 The origin of spliceosomal introns

1.2.1 Intron gain and loss analysis

Intron size and density are highly variable between eukaryotic genomes. Eukaryotic genomes are
commonly classified as either intron-poor or intron rich. The intron-poor group consists mostly of
unicellular organisms, while the intron-rich one includes animals, plants and some fungi (Rogozin et al.,
2012). Although spliceosomal introns have been studied for more than 30 years, their origin remains
elusive. When researchers began to compare the intron-exon structures of orthologous genes of plants
and animals, a strong conservation of intron position became apparent (Fedorov et al., 2002). This
finding implies that higher eukaryotes did not accumulate introns in their genomes during evolution, but
that their ancestors were also intron rich. Therefore, the rates of intron gain and loss must have been in
approximate balance in the evolution of higher eukaryotes. When the evolution of gene architecture was
reconstructed for several major groups of eukaryotes, it was suggested that intron-poor species
originated from intron-rich ancestors as well. This finding implies that intron loss is the driving force
behind the evolution of many eukaryotic lineages, while episodic intron gain only took place in a few
major branches (Csuros et al., 2011). An intron gain and loss analysis indicated that the intron content of
fungal genomes is rather balanced, suggesting that intron gains are still occurring to a large extent in this
kingdom (Koonin, 2009).

1.2.2 Mechanisms of intron gain and loss

Two mechanisms of intron loss have already been identified, namely reverse transcriptase mediated
intron loss (RTMIL) and genomic deletion. In the RTMIL model, a given gene is transcribed and an intron
is spliced out. Reverse transcriptase then converts this spliced transcript into cDNA. Finally,
recombination between this cDNA and the original genomic intron leads to loss of the intron. In the
other model, a (nearly) exact genomic deletion is responsible for the loss of an intron (Roy and Gilbert,
2006). Several mechanisms have been proposed to explain intron gains, including intron transposition,
transposon insertion, tandem genomic duplication, intron gain during double-strand break repair,
insertion of a group Il intron, intron transfer and intronization (Yenerall and Zhou, 2012).

In the mechanism of intron transposition, intron gain occurs through reverse splicing of an intron into its
own- or another mRNA molecule. Subsequently, the mRNA needs to be reverse transcribed, and inserted
into the genomic DNA through recombination with its original locus (Yenerall and Zhou, 2012) (Figure
1a). The process of reverse splicing has been proven in vitro using a mutant that is unable to release
MRNA from the spliceosome (Tseng and Cheng, 2008). However, there is a problem with the intron
transposition mechanism called the “rate paradox” (Roy and Irimia, 2009). The mechanism behind intron
transposition is identical to the mechanism behind RTMIL, the only difference being that RTMIL does not
need reverse splicing. Because reverse splicing is an extremely rare event, it is expected that there are
much more introns lost through RTMIL than introns gained through intron transposition. However, there
are several fungal lineages in which intron gains and losses are more or less balanced (Roy and Gilbert,
2006). In such lineages, introns are gained at a rate that cannot be explained by the intron transposition
mechanism.

Transposon insertion and tandem genomic duplication are both mechanisms of intron gain that rely on
the duplication of an AGGT sequence. In the transposon insertion mechanism, a transposable element is
inserted in this AGGT sequence. The AGGT sequence is then duplicated at both sides of the transposon,
generating both a donor- and an acceptor site as a result (Figure 1b). In tandem genomic duplication,
these splice sites are generated by the duplication of an exonic fragment containing AGGT sequence



(Figure 1c). Of all seven proposed mechanisms of intron gain, tandem genomic duplication is the only
one that has been proven in vivo (Hellsten et al, 2011).
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Figure 1. The seven proposed mechanisms of intron gain. Strong consensus donor and acceptor sites
(following a single point mutation) are highlighted in yellow (Yenerall and Zhou, 2013).

Double-strand break repair by non-homologous end joining (NHEJ) is associated with the insertion of
short stretches of exogenous DNA (Yu and Gabriel, 1999). When it was found that short repeats were
flanking 43% of the introns gained in Daphnia pulex, it was suggested that NHEJ could be one of the
mechanisms behind intron gain (Li et al., 2009). In this mechanism, the short stretch of inserted
exogenous DNA would function as a splicable intron (Figure 1d).



Because of the remarkable similarities between group Il- and spliceosomal introns, it has been suggested
that they are evolutionary related (Cavalier-Smith, 1991; Roy and Gilbert, 2006). Intron gain might take
place through the insertion of a group Il intron into genomic DNA after self-splicing. Mobile group I
introns encode for reverse transcriptase and can insert specifically into intronless alleles (Figure 1e). This
process is called retro-homing and has already been proven in vitro for the yeast mtDNA group Il introns
all and al2 (Zimmerly et al., 1995). However, a more recent in vivo experiment showed a strong decrease
in expression of the nuclear gene CUP1 after the insertion of a group Il intron (Chalamcharla et al., 2010).
Therefore, it is improbable that group Il intron insertion into a nuclear gene is one of the mechanisms
behind recent spliceosomal intron gain (Yenerall and Zhou, 2012).

In intron transfer, an intron is first gained by a paralog. Subsequently, the intron is transferred to an
intron-less location in its sister paralog through recombination, yielding an extra intron (Figure 1f). A
problem with this model is that it does not give any explanation for the gain of the initial intron in the
paralog (Yenerall and Zhou, 2012). In the model of intronization, an exonic sequence is converted into an
intron by random point mutations (Irimia et al., 2008) (Figure 1g). Although this is theoretically possible,
the chance of two splice sites, a branch point sequence and polypyrimidine tracts all being generated by
random point mutations is very low. Therefore it is improbable that this mechanism is a major
contributor to intron gain.

The majority of intron gains in fungi cannot be associated with any of these proposed mechanisms
(Collemare et al., 2013). Most of them are based on rare events like reverse splicing. Moreover, tandem
genomic duplication is the only mechanism that has been experimentally proven. Although they may
contribute to intron gain to some extent, they are unable to explain the large intron gains in higher
eukaryotes that were observed during evolution.

1.3 Mobile spliceosomal introns

1.3.1 Near-identical introns in Micromonas

About 10.000 near-identical introns were found in isolate CCMP1545 of the green algae Micromonas
pusilla. Because spliceosomal introns are not conserved at the sequence level (Roy and Irimia, 2009), this
discovery suggests that these introns were recently gained. These near-identical introns were named
introner elements (IEs) and make up about 9% of the CCMP1545 genome. IEs were found within introns
of unrelated genes and almost extended to their donor- and acceptor splice sites. It is probable that
transcription was involved in their proliferation because they were always found on the coding strand of
genes. The IEs did not possess any known characteristics of transposable elements. Also, IEs were not
found in M. pusilla isolate RCC299 (Worden et al., 2009).

1.3.2 Introner-like elements in fungi

Recently, hundreds of near-identical introns were also found in unrelated genes of the Dothideomycete
fungus Zymoseptoria tritici (Torriani et al., 2011). After analyzing the genomes of several other fungi with
a BlastN-based method, similar near identical-introns were detected in the genomes of five more fungal
species (Cladosporium fulvum, Dothistroma septosporum, Mycosphaerella fijiensis, Hysterium pulicare
and Stagnospora nodorum )(van der Burgt et al.,, 2012). These newfound near-identical introns were
called introner-like elements (ILEs), named after the IEs found in M. pusilla. ILEs present in each of the
fungal genomes were categorized in one to eight different clusters based on sequence similarity.
Subsequent analysis showed that all elements within a given cluster were derived from a common
ancestor. Moreover, a comparison between the ILE clusters in the different fungal species with a
similarity matrix suggested that they were derived from a single ancestral element (van der Burgt et al.,
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2012). It was found that ILEs possess the typical splicing features that are also found in regular
spliceosomal introns (RSIs). Indeed, EST and RNAseq data confirm that ILEs are spliced. They can be
distinguished from RSIs because they are longer and their predicted secondary structures are more
stable due to the presence of three stem loops. By aligning related ILEs, it was shown that the hairpin
structures of ILEs are highly conserved by compensatory mutations. However, a positive correlation was
found between sequence length, pairwise identity and stability, suggesting that ILEs are subject to
degeneration. This degeneration will eventually cause ILEs to lose their stable secondary structures and
ability to multiply, making them indistinguishable from RSls. Dating of multiplication events showed that
ILEs cannot be distinguished from RSls after 100.000 years of degeneration (van der Burgt et al., 2012).
Because ILEs were found in hundreds of near-identical copies in unrelated genes, it is highly probable
that they are able proliferate within genomes. Indeed, it was shown that ILEs account for up to 90% of
recently gained introns in these six fungal species. Altogether, these findings suggest that ILEs could be
the predecessors of RSls in at least six fungal species. Because the majority of intron gains in fungi have
not been associated with other types of intron duplication, ILE multiplication is hypothesized to be the
main mechanism behind intron gain in fungi (Collemare et al., 2013).

1.3.3 Proposed mechanism of ILE multiplication

The current models of intron gain are unable to explain the high ILE content of at least six fungal species.
Therefore, a new model was suggested in which the specific characteristics of ILEs are taken into
account. In this hypothetical mechanism, ILE multiplication occurs through a mechanism similar to retro-
homing of self-splicing group Il introns. A gene containing an ILE would first be transcribed (Figure 2.1),
and the ILE would be excised from the primary transcript either by self-splicing or by the spliceosome
(Figure 2.2). The predicted stable secondary structure of ILEs and their strong conservation suggest that
an RNA intermediate is involved in the multiplication process (Figure 2.3). It is thought that the excised
ILE then recognizes and cuts a specific region in the recipient DNA (Figure 2.4). The presence of
conserved nucleotides in loops could indicate such ribozyme activity. Different ILEs were located at the
same loci in different isolates of Z tritici and sister species indicating parallel gains (van der Burgt,
unpublished data), suggesting that ILEs tend to insert into specific hotspots. Subsequent synthesis of the
complementary strand could occur through a DNA-primed reverse transcription mechanism similar to
group Il intron insertion. Just like IEs, ILEs are always present on the coding strand of genes (Worden et
al., 2009) indicating that reverse transcription might be involved in this process. However, ILEs do not
encode for any proteins so an exogenous reverse transcriptase would be needed in this case. An
alternative to this DNA primed reverse transcription could be RNA-mediated DNA repair (Figure 2.5).
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Figure 2. Proposed mechanism of ILE multiplication. A gene containing an ILE is transcribed (2.1), after which
the ILE is spliced from the primary transcript (2.2). The ILE then undergoes a conformational change (2.3) cuts the
recipient genomic DNA (2.4) and is inserted into the exon junction. Subsequently, DNA-primed reverse
transcription or RNA-mediated DNA repair takes place (2.5) after which the complementary strand is synthesized
(2.6).
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2. Research objectives

Spliceosomal introns interrupt the coding sequence of eukaryotic genes and are removed from
transcribed pre-mRNA by a complex ribonucleoprotein called the spliceosome. Their functions include
expanding protein diversity and regulating gene expression (Le Hir et al., 2003). Although spliceosomal
introns have been studied for more than 30 years, their origin remains elusive. Recently, a new type of
spliceosomal intron was discovered in the genomes of six different fungal species, including
Cladosporium fulvum and Zymoseptoria tritici (van der Burgt et al., 2012). These so called introner-like
elements (ILEs) were found in hundreds of near-identical copies in unrelated genes. Similar abundant
near-identical introns were previously discovered in the green alga Micromonas pusilla, in which they
were named introner elements (IE) (Worden et al., 2009). ILEs possess the typical splicing features that
are found in regular spliceosomal introns (RSIs), but can be distinguished because they are significantly
longer and their predicted secondary structures are more stable. However, ILEs are subject to strong
degeneration in length and sequence, eventually making them indistinguishable from RSls. Because ILEs
were found in hundreds of near-identical copies in unrelated genes, it is thought that they are able
proliferate within genomes. Indeed, it was shown that ILEs account for up to 90% of recently gained
introns in six fungal species (van der Burgt.,, 2012). Several mechanism to explain intron gains in
eukaryotes have already been proposed, but most of them are based on rare molecular processes that
occur at low frequency and lack experimental evidence (Yenerall and Zhou, 2012). Therefore, the
observed intron gains in fungi cannot be associated with any of these proposed mechanisms (Collemare
et al., 2013). It is hypothesized that ILE multiplication is the driving force behind intron gain in at least six
fungal species. Although the mechanism of ILE multiplication is still unknown, it is hypothesized that it
may occur through a mechanism similar to retro-homing of self-splicing group Il introns (Roy and Irimia,
2009).

To unravel the mechanism behind ILE multiplication, an active element has to be identified. The
identification of an active ILE could be hard, because fast degeneration turns them into RSls. However,
ILEs are still expected to be active in C. fulvum and Z. tritici. The highest number of ILEs was found in C.
fulvum, many of which have a high identity to each other. In Z. tritici, a single gains analysis provides
evidence for recent ILE multiplication events (van der Burgt et al., 2012).

To address the mobility of ILEs, a genetic screen was designed specifically aimed at the identification of
new insertion events in Saccharomyces cerevisiae (Ochoa Tufifio, 2013). The self-splicing- and ribozyme
activity of ILEs from both Z. tritici and C. fulvum will be assessed in vitro. To test self-splicing ability,
different ILEs will be inserted into sfGFP and incubated under various conditions. Self-splicing events can
then be detected on gel. To test ribozyme activity, different ILEs will be mixed with target DNA and
incubated under various conditions. Whether or not this target DNA is cut can also be detected on gel.
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3. Materials & Methods

3.1 Bait plasmid construction

Two PCR reactions were performed to amplify the URA3 promoter and coding sequence from the pEYA2
vector (provided by Dr. Colin Lazarus). The primers VO32 and VO33 (Table 1) were used to amplify the
URA3 promoter. To amplify the URA3 coding sequence, the primers VO2, VO3, V04, VO6, V013, VO15,
V016 and VO17 were used in combination with JC164 (Table 1). In both PCRs, 50 ng of pEYA2 DNA was
combined with Phusion® Flash High-Fidelity PCR Master Mix (Thermo Scientific). The used PCR conditions
were 1 min 98°C, 30 cycles of 1 sec 98°C, 5 sec 60°C, 15 sec/kb 72°C and a final step of 1 min at 72°C. Bait
sequences with tails homologous to the URA3 promoter (Table 2) were previously synthesized. Each bait
sequence, the URA3 promoter and coding sequence were used in a ratio 1:1:1 (10:50:100 ng) to perform
a double-joint PCR. The PCR was performed using Pfu DNA Polymerase (Promega) to assemble the
fragments. The used PCR conditions were 2 min 95°C, 15 cycles of 1 min 95°C, 10 min 60°C, 2:20 min
72°C and a final step of 5 min at 72°C. The assembled fragment was then amplified using the primers
V032 and V033 (Table 1). 5 ul of target DNA was combined with Phusion® Flash High-Fidelity PCR
Master Mix (Thermo Scientific). Two PCR reactions were performed to amplify the AOX1 promoter and
terminator sequences from the pPIC9 vector, using JC165, VO34, VO35 and VO36 as primers. Both PCRs
were performed using Phusion® Flash High-Fidelity PCR Master Mix (Thermo Scientific). pEYA2 vector
DNA was digested using Ndel and EcoRV. In the reaction mixture, 10 pl of pEYA2 vector DNA was mixed
with 2 pl of buffer D (Promega), 1 ul of Ndel (Promega), 1 pl of EcoRV (Promega) and 6 ul of H,0. The
mixture was incubated at 37°C for 1 hour. The URA3-bait-URA3, AOX1 promoter, AOX1 terminator and
cut pEYA2 fragments were all purified from gel. The bands were cut from the gel and 3 volumes of 6M
sodium iodide were added for each 1 volume of gel slice. The agarose was melted at 60°C, after which 40
pl of resuspended silica powder was added to the mixture. This mixture was incubated for 10 min at
55°C. The resulting silica powder/DNA complex was then spun down, washed and resuspended in 10-20
ul H,0. The tubes were then incubated at 60°C for 8 min and centrifuged, after which the supernatant
was transferred into a new tube.

The URA3-bait-URA3, AOX1 promoter, AOX1 terminator and digested pEYA2 fragments were then
assembled through homologous recombination in yeast (Gibson et al., 2008). Four overnight cultures
were started for the Aura3 yeast mutant in 50 ml of YPD medium (10 g yeast extract, 20 g peptone and
20 g D-glucose) at 30°C and 230 rpm. The next day, 2 mL of each culture was diluted in 50 mL of YPD and
grown for five hours. The cells were pelleted, washed and resuspended in sterile water. For each
reaction, 50 pL of yeast cells were mixed with 50 pL of boiled salmon sperm DNA (2 pg/uL), 32 uLof 1 M
lithium acetate, 240 pL of freshly made 50% PEG 4000 (Sigma-Aldrich) and 300 ng of each fragment. The
samples were first incubated at 30°C for 30 minutes and then at 45°C for 15 minutes. Subsequently, the
cells were pelleted, resuspended and plated on yeast synthetic drop-out medium (1.7 g yeast nitrogen
base without amino acids (Fluka), 5 g ammonium sulphate, 5 g casein hydrolysate (Fluka), 20 mg adenine
(Sigma) and 20 g glucose per 1000 ml). After 3 days of incubation at 30°C, recombinant plasmids were
isolated from the yeast colonies using a Zymoprep™ Yeast Plasmid Miniprep Il Kit (Zymo Research). For
each construct, 5 pL of isolated plasmid was mixed with 50 pL of chemically competent DH5a cells and a
heat shock was performed at 42°C for 45 seconds (Sambrook et al., 1989). The transformed cells were
plated on LB/chloramphenicol medium (10 g tryptone, 5 g yeast extract, 10 g NaCl, 35 pg/mL
chloramphenicol) and incubated at 37°C. Two resistant colonies per construct were picked to start
overnight cultures in LB medium supplemented with 35 pug/mL chloramphenicol. Recombinant plasmids
were isolated from the cultures using a Plasmid Mini Kit (QIAGEN) and sent for sequencing (Macrogen).
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Table 1. List of primers used in this study. Bold letters indicate overlapping regions or restriction sites.

Number Sequence

Vo2 TTTGGATCCGCTCTCGAGATCCTCTCGAAAGCTACATATAAGGAACGTGC
VO3 ACATGATCGCGTTCGAGCACATTCCTCGAAAGCTACATATAAGGAACGTGC
Vo4 AGATGGAGGGGGCCGGCTTTCGCGTTCGAAAGCTACATATAAGGAACGTGC
VO6 ATGGGTATTGGAAACCTCATCTTGTCGAAAGCTACATATAAGGAACGTGC

V013 atgatccaaggtggtgacccaacc TCGAAAGCTACATATAAGGAACGTGC

V015 TTTCCCGCAGCGATGATTACTCGTTCGAAAGCTACATATAAGGAACGTGC
VO16 ATCAAAGGAATCTACGGGATGAATTCGAAAGCTACATATAAGGAACGTGC
VO17 GCTACCCCAAACGAATCCCAACAGCTCGAAAGCTACATATAAGGAACGTGC
V032 AGCGGAAGTGTATCGTACAG

V033 CATGATTTATCTTCGTTTCCTGCAG

VO34 AATTAACTTCAGCCTCTGGCGCGCCATCTTCTCAAGTTIGTCGTTAAAAGTCG
VO35 CGCGCCAGAGGCTGAAGTTAATTAAGCGGCCGCGAATTAATTCGCCTTAGACATG
V036 TAATACGACTCACTATAGGGGATTAAGCTTGCACAAACGAACTTCTCAC
JC164 ACTGTTATTTTTCAGATCTTACCGCTGTTGAGATCCAG

JC165 CAACAGCGGTAAGATCTGAAAAATAACAGTTATTATTCGAG

JC200 TAATACGACTCACTATAGGgtaagcaaactgaagggtgctag

JC201 TAATACGACTCACTATAGGgtgagtaaatccgaagggcagaag

1C202 TAATACGACTCACTATAGGgtacgcaccactacacgatctatg

JC203 CTAAACATCATATATCAGTAC

JC204 TAATACGACTCACTATAGGgtaagaaattgaagtgcagaag

JC205 TAATACGACTCACTATAGGgtaagaaaaccgaagggcagaag

JC206 TAATACGACTCACTATAGGgtaagtagaccggaagggagagcg

JC207 CTATCAAAGCCGAAGAGGC

JC208 TAATACGACTCACTATAGGGatgagcaaaggcgaagaactgtttac

JC209 GGTAATGCCCGCCGCGGTC

qcf01-R  CTAAAAGCAAAGGGTACAAG

qcf02-R  CTAAACAGAAGGGTGTTAGC

gmg01-R CTGCAAAGCAAAGCGTATAA

gmg02-R CTAAAACAGAAGGGCAGAAG

Table 2. List of Introner-Like Elements (ILEs), Regular Spliceosomal Introns (RSIs) and bait sequences

used in this study. Cf refers to Cladosporium fulvum and mg refers to Zymoseptoria tritici. Cf01, cf02, mg01 and
mg02 are ILEs. CfRSI02 and mgRSI02 are RSls. Bold letters indicate overlapping regions.

Mame

ci

cilZ

ciR5 2 =

migii ::ttabu};:ttt;cttt;:q,

mglZ appCChgaget WMHWWWWWW

mgRSK2 -,E t,u,a:},,aa;;;a;a;:gt toiccagotgooaigaccagoottogateagetagggatytacatoyacttcacBacootgoointiegottigs
bait<D1011 cigeaggaaacgaa gataaatcatgTATATTCCCGA COGEETGECATGEOCTCGT

bait-c1020 cigcaggaa acgaa gataaatcatgsicstcaagascticatyatcoaaggggtgaccoaace

baitcDZ043 cigeaggaaacgaa gataaatcatgTTCGTTAGETACCGEGLAGTGCAATETGAAGGLGTA

bait<D3014 cigcaggaaacgaagataaatcatgCTCATCA CACCATGGAATTTTCCOCGCAGCGATGATTACTCGT

bait-c03030 cigeaggaaacgaagataaatcatgGATGOGATCAAAGGAATCTACGGEATGAAT

oait-z070ET cigoaggazacgaagataaatcatgCACTEETETAGGCTACCCCAARCGAATOOCAACAGT

baitmgléT cigecaggaaacgaagataaatcatggoostoatcticticggogigttastgascgogtitogatoogotctogagatoot

baitmg214 cigcaggaaacgaagataaateatggoscticgeagoggiggogggagacatstegogttcgagoacatton

bait-mgZi4 W ENEIE 3
bait-mgZ72 cigcaggaaacgaa gataaatr.atg"xaa;:sqtsat;;ttt:t stiggast

bait-mg32E cigeaggaaacgaagataaateatggacatcscogototatgacatacoogiooatgticatyggtatipgasaccteatelty

bait-mg331 cigcaggaaacgaagataaatcatgoistotpotyggagoscgaigooctonatgac
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3.2 Mobility assay

The expression vectors pBait02043-cf01, pBait02043-cf02, pBait02043-cfRSI, pBait331-mg01, pBait331-
mg02 and pBait331-mgRSI were available in the laboratory (Ochoa Tufifio, 2013). The first part of the
vector’s name refers to the bait sequence that it contains, and the second part refers to the ILE/RSI that
is cloned in it (Table 2). For example the expression vector pBait02043-cf01 contains the bait sequence
“bait-cf02043” and the ILE cfO1. Those vectors were transformed into the temperature sensitive prp2-1
yeast mutant (provided by Pr. Lihrmann). Prp2-1 yeast cells were cultured overnight in YPD medium (10
g yeast extract, 20 g peptone and 20 g D-glucose per 1000 ml) at 25°C and 230 rpm. The next day, the
cells were pelleted, washed and resuspended in sterile water. For each reaction, 50 uL of prp2-1 cells
were mixed with 50 pL of salmon sperm DNA (2 pg/uL), 150 ng of plasmid DNA and 250 pL of freshly
made 50% PEG 4000. The mixture was incubated at 42°C for 15 min and electroporation was performed
(1,5 kV, 25 uF, 200 ohm). Subsequently, the cells were pelleted, resuspended and plated on yeast
synthetic drop-out medium. Resistant colonies were screened by colony PCR using the primers JC208
and JC209 (Table 1). The colony PCRs were performed using GoTaq® DNA Polymerase (Promega). The
used PCR conditions were 2 min 95°C, 40 cycles of 1 min 95°C, 1 min 60°C, 1 min 72°C and a final step of
5 min at 72°C.

Positive prp2-1 transformants were cultured overnight in 25 mL of BMGY (10 g yeast extract, 20 g
peptone, 100 mL 1M potassium phosphate buffer pH 6.0, 100 mL 10x YNB, 2 mL 500x biotin, 100mL 10x
glycerol per 1000 ml) supplied with 200 pg/mL ampicillin at 25°C and 230 rpm. The next day, cultures
were diluted to an OD of 1.0 in 6 mL of BMMY (BMGY medium in which the 10x glycerol is replaced by
10x methanol) supplemented with 200 ug/mL ampicillin. Every day the cultures were supplemented with
1% methanol. Samples of 1 mL were taken at 6, 24 and 48 hours after induction. The cells were pelleted
and screened under long UV light (365 nm) for GFP fluorescence. RNA was extracted from the samples
using a NucleoSpin RNA extraction kit (Macherev-Nagel). Subsequently, cDNA was synthesized from the
resulting RNA samples using a M-MLV reverse transcriptase kit (Promega). A mixture containing 2 ul of
oligo DTs and 13 pl of RNA sample was incubated at 70°C for 5 minutes. After cooling the mixture on ice,
5 pl of 5x reaction buffer, 1,25 pl of dATP, 1,25 ul of dCTP, 1,25 ul of dGTP, 1,25 ul of dTTP, 0.5 ul of
RNAsin and 1 pl of NLV-RT were added. The samples were then incubated at 37°C for 60 minutes. A RT-
PCR was then performed on the resulting cDNA samples using the primers JC208 and JC209 (Table 1).
GoTaq® DNA Polymerase (Promega) was used to perform the RT-PCR.

3.3 In vitro transcription

SfGFP genes containing the ILEs cf01, cf02, cfrsi, mg01, mg02 and mgrsi (Table 2) were amplified from
the corresponding expression vectors using JC208 and JC209 (Table 1) as primers. GFP without any insert
was also amplified from pFLAG-NLS-sfGFP using the same primers. The ILEs/RSIs cf01, cf02, cfRSI, mg01,
mg02 and mgRSI (Table 2) were amplified from the corresponding expression vectors using JC200, JC201,
JC202, JC203, JC204, JC205, JC206, JC207, qcf01-R, qcf02-R, qmg01-R, and gmg02-R (Table 1) as primers.
Phusion® Flash High-Fidelity PCR Master Mix (Thermo Scientific) was used to perform all the PCRs. 7 pL
of unpurified PCR product was used to perform in vitro transcription with the HiScribe™ T7 In
Vitro Transcription Kit (New England Biolabs) following the manufacturer’s recommendations. The ILEs
within sfGFP and the synthetic molecules were respectively incubated for 4 hours and overnight at 42°C.
Ethanol precipitation was used to purify the resulting RNA samples.

3.4 In vitro self-splicing assay
500 ng of the amplified ILEs within sfGFP was mixed with 5 uL 2x reaction buffer (80 mM Tris-HCI, 200
mM MgCl, and 2 M NH,CI) and RNAse free water (to 10 uL). GFP without any insert was also tested as a
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control. This mixture was incubated at 45°C, after which it was run on gel. The self-splicing assay was
performed using MgCl, concentrations of 10 and 100 mM, pH 7.5 and 8.5, incubation temperatures of
25°C and 42°C and incubation times of 0, 60 and 180 minutes.

3.5 In vitro ribozyme activity assay

The bait sequences cf02043 and mg331 (Table 2) were amplified from the corresponding bait vectors
using the primers V032 and JC164 (Table 1). The forward and reverse strand were also amplified
separately using asymmetric PCR. To amplify the forward strand, 1 puL of 10 nM V032 was used in
combination with 1 pL of 0.1 nM JC164. The reverse strand was amplified by combining 1 pL of 10 nM
V032 with 0.1 pL of 1 nM JC164. The PCR reactions were performed using GoTag® DNA Polymerase
(Promega).

10 pmol of the amplified ILEs/RSIs was incubated at 65°C for 2 minutes. It was then cooled on ice for 2
minutes, and incubated at 37°C for 5 minutes. 500 ng of the target DNA was incubated at 95°C for 5
minutes. The amplified ILEs/RSIs were then mixed with the target DNA, 20 ul of 2x reaction buffer (200
mM KCI, 100 mM Tris-HCl and 10 mM MgCl,) and RNAse free water (to 40 pL). This mixture was
incubated at 37°C, after which it was run on gel. The ribozyme activity assay was performed using
double- and single-stranded target DNA, circular and linear target DNA, MgCl, concentrations of 2 and 20
mM, pH 7.5 and 8.5 and incubation times of 0, 30, 60 and 120 minutes and overnight.
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4. Results

Introner-Like Elements (ILEs) are a new type of spliceosomal introns that appear to multiply in unrelated
genes in at least six fungal species (van der Burgt et al., 2012). Because the majority of intron gains in
fungi could not be associated with other types of intron duplication, ILE multiplication is suggested to be
the main mechanism behind intron gain in fungi (Collemare et al., 2013). However, the mechanism is still
unknown. A proposed mechanism for ILE multiplication is similar to retro-homing of self-splicing group Il
introns, which are ribozyme RNA molecules that insert directly into double-stranded DNA (Guo et al.,
1997; Zimmerly et al., 1995). The aim of this research is to prove the mobility of ILEs in vivo, and assess
the self-splicing- and ribozyme activity of ILEs in vitro. ILEs present in the genomes of C. fulvum and Z
tritici were grouped in different clusters based on sequence identity. It is expected that active elements
are long and share a high pairwise identity. Therefore, the consensus sequence of the ILE clusters cf01,
cf02, mg01 and mg02 will be used in all experiments. The abbreviations cf and mg refer to C. fulvum and
Z. tritici respectively.

4.1 Mobility assay

In order to prove the mobility of ILEs in vivo, a genetic screen has been developed to identify new
insertion events. Destination vectors for a mobility assay in Saccharomyces cerevisiae were previously
constructed (Ochoa Tufifio, 2013) (Figure 3). Because ILE insertion events are expected to be rare, it is
necessary to make use of a positive selection marker. However, the selection marker gene will be
disrupted when an ILE is inserted into it. Therefore the URA3 gene was chosen to serve as a dual
selection marker. The URA3 gene encodes for the enzyme orotidine-5’-phosphate decarboxylase that is
involved in the biosynthesis of uracil, but is also responsible for the conversion of 5-fluoro-orotic acid (5-
FOA) into 5-fluoroacil, which causes cell death by interfering with DNA and RNA metabolism (Boeke et
al., 1987). Therefore, S. cereviseae cells expressing the URA3 gene will be uracil prototroph and 5-FOA
sensitive. When the URA3 gene is disrupted, the yeast cell will lose uracil prototrophy and gain 5-FOA
resistance. The destination vector also contains the methanol inducible alcohol oxidase (AOX) promoter
and terminator. The gateway cassette is used to clone ILEs within sfGFP into the vector through LR
reactions. After the expression vectors have been transformed into S. cereviseae, expression of these
ILEs within sfGFP can be induced by the addition of methanol. In order to increase the chance of an ILE
inserting into the URA3 gene, different bait sequences corresponding to ILE insertion hotspots were
cloned downstream of the start codon of the URA3 gene (Ochoa-Tufifio, 2013). A bait sequence is a short
stretch of 30-60 nucleotides that has been identified as containing several different introns, including
ILEs, in the same or different isolates of one or more given species.

ATG

terminator

AOXprom Gateway

Figure 3. Destination vector for ILE mobility assay in yeast (Ochoa Tufifio, 2013).

The features of this destination vector include an URA3 promoter and coding sequence interrupted by a bait
sequence and a methanol inducible alcohol oxidase (AOX) promoter followed up by a gateway cassette and a
terminator. The gateway cassette consists of a chloramphenicol resistance gene and the lethal ccdB gene, flanked
by attR recombination sites.
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ILEs are typical spliceosomal introns (van der Burgt et al., 2012), meaning that they are spliced from the
primary transcript. Therefore, the insertion of an ILE into a gene should not disrupt gene function. To
solve this problem, the genetic screen will be carried out in the temperature sensitive yeast mutant
prp2-1. This mutant suffers from a splicing defect at temperatures above 30°C (Kim et al., 1999). When
the prp2-1 mutant is transformed with an expression vector, grown at 25°C and sfGFP expression is
induced by the addition of methanol, the ILE inserted into sfGFP should be spliced from the primary
transcript resulting in the production of a functional sfGFP protein. The excised ILE can then insert into
the bait sequence. Subsequently, ILE insertions can be detected by growing the yeast colonies on 5-FOA
at restrictive temperature. When an ILE is inserted into the bait sequence, URA3 translation will be
prevented by an early stop codon, causing the S. cereviseae cells to lose uracil auxotrophy and gain 5-
FOA resistance. Survival of a colony indicates the capture of an ILE in the URA3 gene.

The expression vectors pBait02043-cf01, pBait02043-cf02, pBait02043-cfRSI, pBait331-mg01, pBait331-
mg02 and pBait331-mgRSI were already available in the laboratory (Ochoa Tufifio, 2013). Prp2-1 mutant
cells were transformed with these vectors and selected on a medium without uracil. The transformation
was only successful for pBait02043-cf01 and pBait331-mg02. Transcription of sfGFP containing the ILEs
was induced by culturing the transformant prp2-1 cells at 25°C in the presence of methanol. Samples
were taken at 0, 6, 24 and 48 hours after incubation (hai). These samples were centrifuged and the
pellets were screened under UV light. As expected, no GFP signal was detected in any of the samples at 0
hai. Because the prp2-1 strain does not suffer from a splicing defect at 25°C, it was expected that the ILEs
would be spliced and the prp2-1 cells would produce a functional GFP protein, resulting in fluorescence
in the 6, 24 and 48 hai samples. However, no GFP signal could be detected in any of them. To check that
SfGFP containing ILEs was indeed expressed, RNA was isolated from the samples to perform RT-PCR. The
PCRs were also carried out using the RNA samples as a template to check for genomic DNA
contamination (Figure 4). On the gel bands of 816 and 869 bp were visible for the RNA control of the
samples pBait02043-cf01 6 hai, 48 hai and pBait331-mg02 24 hai respectively, indicating that they were
contaminated with genomic DNA. Similar bands were visible for the samples pBait02043-cf01 24 hai and
pBait331-mg02 6 hai. The size of the bands corresponds to the size of the sfGFP molecule that still
contains the ILE. In case of a splicing event, the PCR fragment would have been smaller. Therefore it can
be concluded that sfGFP containing an ILE is indeed expressed in the samples pBait02043-cf01 24 hai and
pBait331-mg02 6 hai, but the ILE is not spliced from the primary transcript. No band was visible for
pBait331-mg02, probably because the cDNA concentration in this sample was too low.
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Figure 4. RT-PCR on prp2-1 transformants.

Prp2-1 transformants carrying the expression vector pBait02043-cf01 or pBait331-mg01 were grown at 25°C and
transcription of sfGFP containing the ILEs was started by the addition of methanol. Samples were taken at 6, 24 and
48 hours after incubation (hai). RNA was extracted from the samples and used to perform RT-PCR. To check for
genomic DNA contamination, RNA controls were also included. An 1kb step ladder (Promega) was used. Bands of
816 and 869bp are visible for the RNA control of the samples pBait02043-cf01 6 hai, 48 hai and pBait331-mg02 24
hai respectively, indicating genomic DNA contamination. The size of the bands corresponds to the size of the sfGFP
molecule that still contains the ILE. Bands of the same size are visible for the samples pBait02043-cf01 24 hai and
pBait331-mg02 6 hai, indicating that the sfGFP is indeed expressed in those samples, but the ILE is not spliced from
the primary transcript. In case of a splicing event, a band of 740bp corresponding to the size of sfGFP without an ILE
is expected.

4.2 In vitro self-splicing assay

Group Il introns are suggested to be the predecessors of spliceosomal introns (Cavalier-Smith, 1991; Roy
and Gilbert, 2006) and it has been hypothesized that ILEs multiply through a mechanism similar to the
retro-homing of group Il introns. This raises the question if ILEs are self-splicing. Therefore, an in vitro
assay was set up to test the self-splicing ability of ILEs. Experimental conditions were based on previous
in vitro self-splicing assays conducted on group Il introns (Hebbar et al., 1992). The optimal self-splicing
temperatures for group IIA and group IIB self-splicing introns in yeast are respectively 42°C and 45°C,
while reactions are essentially devoid at 30°C (Hebbar et al., 1992). Self-splicing activity was observed in
group IIB introns at Mg”* concentrations of 10mM, while group IIA introns required much higher Mg**
concentrations (Hebbar et al., 1992). sfGFP RNA molecules containing the ILEs cf01, cf02, mg01 and
mg02 were obtained using in vitro transcription. Subsequently, they were mixed with a 2x reaction
buffer and incubated at the previously described conditions. In addition, a different temperature (25°C)
and Mg”* concentration (100mM) were tested because ILEs might require slightly different conditions.
Although pH does not seem to play a significant role in self-splicing of group Il introns (between 6,5 and
8,5; Hebbar et al., 1992), pHs of 7,5 and 8,5 were tested. Samples were taken at various time points and
run on gel to screen for self-splicing events (Figure 5). A single band can be observed for all samples,
which corresponds to the size of the sfGFP molecule containing an ILE. If a self-splicing event would have
taken place in one of the samples, multiple bands of smaller sizes would have been present on the gel.
Therefore, it can be concluded that no self-splicing event took place in any of the samples.
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Figure 5. In vitro self-splicing assay.

SfGFP RNA containing either cf01, cf02, mg01 or mg02 were mixed with a 2x reaction buffer. MgCl, concentrations
of 10mM and 100mM, incubation temperatures of 25°C and 42°C and incubation times of 0, 60 and 180 minutes
were tested. Also, pHs of 7,5 (A) and 8,5 (B) were tested. The samples were run on gel to screen for self-splicing
events. A 50bp step ladder (Promega) was used as a reference. For the samples cf01, cf02, mg01 and mg02 single
bands with respective sizes 816bp, 866bp, 855bp and 869bp are visible on the gel. These sizes correspond to sfGFP
still containing an ILE, indicating that no self-splicing event took place.
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4.3 In vitro ribozyme activity assay

If ILEs do indeed multiply through a mechanism similar to retro-homing of self-splicing group Il introns,
cutting of the recipient DNA is an essential step. Therefore, an in vitro assay was set up to test if ILEs
possess ribozyme activity. The bait sequences cf02043 and mg331 were amplified from the
corresponding expression vectors using both normal and asymmetric PCR (Poddar, 2000), resulting in
double- and single-stranded target DNA respectively. Circular target DNA was also included in the
experiment. The ILEs c¢fO1 and mg01 were amplified from their corresponding expression vectors and
transcribed into RNA. Subsequently, they were mixed with the various target DNAs and incubated under
various conditions. The optimal conditions for in vitro ribozyme assays with group Il introns have
previously been defined as 20mM MgCl,, pH 6,5-8,5 and temperatures of 30°C-37°C (Zimmerly et al.,,
1995). Because it is possible that ILEs behave somewhat different from group Il introns, it was decided to
test a concentration of 2mM MgCl, in addition to the 20mM MgCl, concentration. Although pH does not
seem to play a significant role in ribozyme activity of group Il introns (between 6,5 and 8,5) several pHs
within this range have been used in successful in vitro ribozyme activity assays (Zimmerly et al., 1995; Liu
et al.,2002). Therefore it was decided to test both pHs of 7,5 and 8,5. It was decided to use an incubation
temperature of 37°C for all assays because that is the most commonly used temperature in previous in
vitro ribozyme activity experiments (Zimmerly et al.,, 1995; Liu et al., 2002). Samples were taken at
various time points and run on gel to detect ribozyme activity (Figure 6). For the assays using plasmid
target DNA (Figure 6a) two bands are visible on the gel. Those two bands represent different
conformations of the plasmid, namely the supercoiled- and open-circular conformation (Voordouw et al.,
1978). If the target DNA would have been cut, a single band of about 7,4 kb corresponding to the
linearized vector would have been present on the gel. For the assays using linear target DNA (Figure 6b)
single bands of about 1,5 kb were visible on the gel both for cf02043 and mg331. These bands
correspond to the size of the uncut targets. If the target DNA would have been cut, two bands of 1100 bp
and 350 bp would have been present on the gel. Therefore it can be concluded that none of the target
DNA was cut in any of the samples.
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Figure 6. In vitro ribozyme activity assay using circular (A) and linear DNA (B) as a target.

The ILEs cf01 and mg01 were mixed with cf02043 and mg331 respectively. Samples were mixed with a 2x reaction
buffer and incubated at 37°C. MgCl, concentrations of 2mM and 20mM, pHs of 7,5 and 8,5 and incubation times of
0, 30, 60, 180 minutes and overnight (o/n) were tested. The samples were run on gel to check for ribozyme activity.
A: the ILE mg01 was incubated with mg331 double-stranded plasmid DNA as a target. On the gel, two bands
corresponding to two conformations of the plasmid are visible for all the samples, indicating that the target DNA
was not cut. B: the ILEs cfO1 and mg01 were incubated with linear ¢cf02043 and mg331 DNA as a target. Double-
stranded and single stranded (forward and reverse) target DNA was tested. The MgCl, concentration was 20mM.
On the gel, single bands are visible for all the samples, indicating that the target DNA was not cut. If the target DNA
would have been cut, multiple bands of a smaller size would have been present on the gel.
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5. Discussion

5.1 Mobility assay

The characteristics of ILEs suggest that they are mobile genetic elements that are able to proliferate
within genomes. It is hypothesized that they are the predecessors of RSIs in at least six fungal species
(van der Burgt, 2012). To assess the mobility of ILEs in vivo, a genetic screen has been developed (Ochoa
Tufifio, 2013). This screen makes use of a construct containing the dual selection marker URA3 with a
bait sequence cloned downstream of its start codon. The construct also contains ILEs/RSIs within sfGFP
under the control of the methanol inducible alcohol oxidase (AOX) promoter. Constructs containing
different combinations of ILEs and bait sequences were transformed into the S. cerevisiae prp2-1
mutant, which suffers from a splicing defect at restrictive temperatures. After inducing sfGFP expression
in the prp2-1 transformants under permissive temperature, it was expected that the ILE would be spliced
from the primary transcript, resulting in a functional sfGFP protein and fluorescence. However, no sfGFP
activity could be detected in any of the samples in the first 48 hours after the transcription was started.
The RT-PCR results suggested that sfGFP containing the ILEs was indeed expressed, but the ILE was not
spliced from the precursor RNA. When the ILE is not spliced from the precursor RNA, an early stop codon
within the ILE prevents sfGFP from being translated. This explains why no sfGFP fluorescence could be
detected in any of the samples. A possible explanation for the absence of splicing is that the S. cerevisiae
spliceosome is not able to recognize introns from C. fulvum and Z. tritici. While the ability of eukaryotes
to splice introns has been conserved throughout evolution, the signals by which they are recognized
have differentiated considerably. At some point, the splicing mechanisms of distantly related species can
become incompatible with each other (Iwata and Gotoh, 2011). For example, introns from the rabbit 8-
globin gene were shown not to be spliced in S. cerevisiae either (Beggs et al., 1980). In another study in
S. cerevisiae, four introns were shown not to be spliced from the A. oryzae glucoamylase gene (Innis et
al., 1985).

The finding that ILEs are not spliced from the primary transcript in S. cerevisiae allows for a different
mobility assay. Because ILEs are not spliced, the insertion of an ILE into the bait sequence should disrupt
the URA3 gene. There is no need to work with the temperature sensitive prp2-1 mutant anymore. S.
cerevisieae cells can be transformed with a similar expression vector in which the ILEs are not inserted
into sfGFP. In this way, the ILEs are produced directly after which they can insert into the bait sequence.
Insertion events can then be detected by culturing the S. cerevisieae cells on 5-FOA. The genome of S.
cerevisiae is known to contain only 294 introns, none of which can be identified as ILEs (Neuvéglise et al.,
2011). It is possible that S. cerevisiae lacks one or more proteins that are essential to splice ILEs.
Therefore, another approach is to carry out a similar mobility assay in an eukaryotic organism with a
genome that contains ILEs. Because there is evidence for recent ILE multiplication events in Z tritici
(Torriani et al., 2011; van der Burgt et al., 2012), this fungus is very well suited for a follow up screen.
Because ILEs are spliced in Z tritici, the prp2-1 mutation should be introduced to make the assay work.

5.2. Mechanism of ILE multiplication

The proposed mechanism for ILE multiplication is based on the retro-homing mechanism of self-splicing
group Il introns. However, it is not known if ILEs are self-splicing like group Il introns or if they require the
help of the spliceosome to be spliced from the precursor RNA. Also, cutting the recipient DNA is an
essential step if the multiplication mechanism of ILEs resembles the retro-homing of group Il introns.
Therefore, in vitro assays were set up to research the self-splicing ability and ribozyme activity of ILEs.
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5.2.1 Splicing mechanism

Previous research on the self-splicing ability of ILEs in vivo suggested that ILEs are not self-splicing (Ochoa
Tufiflo, 2013). sfGFP containing different ILEs and RSIs was expressed in the prokaryotic bacteria E. coli.
Because this organism lacks the spliceosome, only self-splicing introns are able to splice from the primary
transcript. The results of this experiment showed that the sfGFP genes containing the ILEs or RSls were
expressed, but not translated into a functional protein. The introns were not spliced from the primary
transcript, causing the translation to be abolished by an early stop codon in the ILEs/RSIs. Similarly, ILEs
were also not spliced during the mobility assay in S. cerevisiae, providing further evidence that ILEs are
not self-splicing. An in vitro assay was set up to further address the self-splicing ability of ILEs. In this
assay, sfGFP RNA molecules containing different ILEs were incubated under different conditions. The
experimental conditions were based on in vitro self-splicing assays on group Il introns (Hebbar et al.,
1992). On gel, single bands were visible for all samples, indicating that none of the ILEs was spliced from
the sfGFP RNA. In case of a self-splicing event, multiple bands of a smaller size would have been present
on the gel. These results provide further evidence that ILEs are not self-splicing. Self-splicing assays with
SfGFP-cf01 and sfGFP-mg01 were only carried out at pH7,5, while pH8,5 was only tested for sfGFP-cf02
and sfGFP-mg02. To confidently conclude that ILEs are not self-splicing, both pHs should be tested.
Moreover, additional ILEs should be tested in addition to cf01, cf02, mg01 and mg02. Lastly, it is possible
that self-splicing events did take place during the assays but the efficiency was so low that they could not
be detected on gel. To check if this is the case a northern blot could be used. This method is much more
sensitive because it makes use of a hybridization probe (Alwine et al., 1977).

5.2.2 Ribozyme activity

In the in vitro ribozyme activity assay, ILEs were mixed with different types of target DNA including
plasmids, double-stranded linear DNA and single-stranded linear DNA. The mixture was incubated under
various conditions based on previous in vitro ribozyme activity research (Zimmerly et al., 1995; Liu et
al.,2002). On gel, double bands were visible for the samples using plasmids as target DNA. These two
bands correspond to two different conformations of the plasmid DNA, indicating that the target DNA
was not cut. If the target DNA would have been cut, a single band corresponding to the size of the
linearized plasmid would have been present on gel. For the assays using linearized DNA as a target, single
bands where visible on the gel for all the samples, indicating that the target DNA was not cut. If the
target DNA would have been cut, multiple smaller bands would have been present on the gel. The results
of this assay could not confirm that ILEs possess any ribozyme activity. However, this is not enough to
conclude that ILEs do not possess any ribozyme activity. The only tested plasmid/ILE combination was
mg331-mg01. Additional plasmid/ILE combinations should be tested, not only from Z. tritici but also from
C. fulvum. Single stranded target DNAs were only tested under a MgCl, concentration of 20mM, because
this concentration was previously described as the optimal concentration for in vitro ribozyme assays
with group Il introns. However, it is possible that ILEs behave somewhat different from group Il introns.
Therefore the assays should also be carried out using a MgCl, concentration of 2mM. The only
combinations of linear target DNA and ILEs that were tested where mg331-mg01 and cf02043-cf01.
Additional combinations should be tested before drawing a final conclusion on the ribozyme activity of
ILEs in vitro. Lastly, it is possible that target DNAs were cut during the assays but the efficiency was so
low that it could not be detected on gel. To check if this is the case a Southern blot could be used. This
method is much more sensitive because it makes use of a hybridization probe (Southern, 1975).
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6. Conclusion and perspectives

ILE multiplication is the main mechanism behind intron gain in at least six fungal species (van der Burgt.,
2012). The purpose of this study was to unravel the mechanism behind ILE multiplication. This
mechanism is hypothesized to be similar to the retro-homing of self-splicing group Il introns. However,
this study suggests that ILEs are not self-splicing like group Il introns, but require help from the
spliceosome to be excised from the primary transcript. Although additional research is needed to
confirm this, it would explain the fact that ILEs harbor typical splicing features that are also found in RSls.
An essential step in the proposed mechanism of ILE multiplication is the cutting of the recipient genomic
DNA. It was hypothesized that ILEs are able to recognize and cut specific regions in the target DNA.
However, this study suggests that ILEs do not possess such ribozyme activity. If this is indeed the case,
the recipient DNA is probably cut in a different way. For example, it is possible that an exogenous
restriction enzyme is involved in the process. Organisms whose genomes do not contain ILEs like S.
cerevisiae will most likely lack such a protein, meaning that future in vivo mobility assays should be
performed in a fungus with a genome that possesses ILEs.
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