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Preface 

At present, not enough is known about the evolutionary significance of RNA splicing and 

programmed DNA elimination. This knowledge gapôs persistence is curious given the contribution 

that these two eukaryotic processes make to the generation of variants that can become substrates of 

natural selection. The work described in this thesis aims to fill this gap.  

This thesis is comprised of three studies, each of which probe into the potential impact that 

RNA splicing or programmed DNA elimination has on the evolution of protein-coding genes. Two of 

the studies have been published in the peer-reviewed journals G3 and Nucleic Acids Research 

(Chapters 2 and 4, respectively). The third study has been submitted to G3 (Chapter 3). The 

observations described in these chapters jointly imply that the properties of modern protein-coding 

genes can only be thoroughly understood through a clarification of the relative role played by natural 

selection and intracellular processes. 

Chapter 2: mRNA-associated processes and their influence on exon-intron structure in 

Drosophila melanogaster, Gildas Lepennetier and Francesco Catania, 2016, G3: Genes, Genomes, 

Genetics, pages 1617-1626, volume 6, issue 6. I obtained and analysed the data, conducted the 

statistical analyses, and produced the figures/tables. FC and I wrote the manuscript. Reprint 

permission: see page 94. 

Chapter 3: Splicing and cleavage and polyadenylation interact antagonistically 

throughout the transcription cycle across eukaryotes. Gildas Lepennetier and Francesco Catania 

2016, submitted to G3: Genes, Genomes, Genetics. I obtained the data, conducted the statistical 

analyses, and produced the figures/tables. FC and I wrote the manuscript.  

Chapter 4: Cis-acting signals modulate the efficiency of programmed DNA elimination 

in Paramecium tetraurelia. Diana Ferro, Gildas Lepennetier, and Francesco Catania, 2015, Nucleic 

Acids Research, pages 8157-8168, volume 43, issue 17. I participated in the data collection and 

analyses. FC, DF and I wrote the manuscript. I share the first authorship with DF. Reprint 

permission: see page 94. 
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Abbreviations 

CBC Cap-binding complex 

DNA Deoxyribonucleic acid 

DSA DNA strand asymmetry 

EJC  Exon-junction complex 

IES Internal eliminated sequences 

NMD Nonsense-mediated mRNA decay 

nt Nucleotide(s) 

PAS Polyadenylation signals 

pol II RNA polymerase II 

SF Splicing factors 

Poly-A Polyadenylation 

RNA Ribonucleic acid 

snRNP Small nuclear ribonucleoproteins 

mRNA Messenger RNA 

pre (m)RNA Precursor messenger RNA 

tRNA Transfer RNA  
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Abstract 

The complexity and the plasticity of eukaryotic genomes is fascinating. Eukaryotic protein-

coding genes, for example, contain sequences that regulate or bear the instructions for protein 

synthesis (exons) but also non-protein coding sequences (spliceosomal introns). The introns are 

removed via the process of RNA splicing prior to protein synthesis. RNA splicing is not always 

perfect therefore regions that are inaccurately processed potentially generate functional variation 

every time genes are transcribed. Why do genes contain noncoding sequences that are eliminated as 

soon as they are processed? And where do introns and exons come from? Questions regarding intronsô 

origin(s) and the reasons for their existence persist and become even more relevant when one 

considers that more than 15% of human diseases are caused by mutations that can be linked to defects 

in RNA splicing. 

The severe genome rearrangements that eukaryotes such as mammals or ciliates undergo 

provide yet another example of genome complexity and plasticity. Developmentally regulated 

genome rearrangements are of great importance. For humans, they initiate the V(D)J recombination 

process by which antibody genes are produced. In the ciliate Paramecium, genome rearrangements 

aid the regeneration of functional somatic genes after sexual reproduction and lead to the excision of 

intervening germline sequences that are known as Internal Eliminated Sequences (IESs) from the 

whole genome. The process by which IESs are excised in ciliates ð known as programmed DNA 

elimination ð is occasionally imperfect. Therefore, programmed DNA elimination (like RNA 

splicing) holds the potential to generate functional variation every time a new somatic genome is 

regenerated. Recently published theoretical arguments propose that these two processes may 

contribute significantly to the evolution of protein-coding genes in eukaryotes. Here, we evaluate 

some key predictions of these arguments.  

As a first step, we tested a proposition that takes its origin from two previously published 

models, the intronization and U1-dependent definition. This proposition is that splicing factors (SFs) 

and cleavage and polyadenylation factors (CPFs) compete during transcription for access to 

neighbouring or overlapping binding sites. Were this hitherto untested proposition substantiated, 

CPFs would most likely impact splicing. Better knowledge about these interactions could have 

important consequences, e.g., for the design of more effective therapies against splicing-associated 

genetic disorders or for the construction of models for the evolution of gene architecture and 

expression. Our findings are consistent with the hypothesis that ð across multicellular and single-

celled eukaryotes ð CPFs and SFs interact antagonistically throughout the transcription cycle.  
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Continuing to focus on the intronization and U1-dependent definition models, we tested a 

second prediction which has been entirely neglected to date: that the crosstalk between factors 

promoting RNA splicing and other co-transcriptional processes help shape gene architecture. Our 

findings are consistent with this idea. They indicate that mRNA-associated processes could impose 

significant constraints on exon-intron structure in Drosophila (our case study).  

Finally, to investigate the extent to which DNA-level (rather than RNA-level) splicing plays a 

role in moulding eukaryotic gene structure, we set out to characterize the signals that affect the 

excision of IESs in Paramecium. In addition to corroborating previously published findings that the 

IES termini contain cis-acting excision signals, we find that the degree of complementary base pairing 

between IESsô termini supplies a quality measure for these cis-acting signals. Our findings are 

suggestive of a scenario where the fortuitous occurrence of cryptic excision signals in the 

Paramecium genome can engender DNA variants which, as is known for ciliates, may be passed on 

to the next sexual generations via RNA-mediated epigenetic mechanisms.  

The observations and propositions illustrated in this thesis offer new insight into some of the 

fundamental questions concerning the origins and the evolution of gene structure in eukaryotes and 

provide several pointers for future investigations. They lend support to a model wherein the interplay 

between intracellular processes 1) facilitates the emergence of ñspliceableò sequences, and 2) plays a 

major role in shaping the properties of introns and exons. By fine-tuning the strength of RNA and 

DNA-level splicing signals, natural selection modulates the amount of splicing errors. It also 

facilitates the coexistence of antagonistic intracellular processes, ultimately determining the structural 

properties of eukaryotic genes.  
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Chapter 1 
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1. Introductory elements 

Living organisms are divided in three domains ï bacteria, archaea and eukarya (Darwin 1859; 

Woese, Kandler, and Wheelis 1990) (Figure 1). Eukaryotes ð the focus of this thesis ð are a very 

diverse group of single-cell and multicellular species. They may be distinguished from bacteria and 

archaea by features including the presence of a nucleus and protein-coding genes interrupted by 

noncoding sequences known as spliceosomal introns. A long-standing interrogation exists about how 

to explain eukaryotesô complexity that ranges from single-cell to multicellular organisms. The 

presence of introns in protein-coding genes may partially explain this complexity. 

Protein-coding genes can be represented as a portion of a large string (Figure 2). A promoter 

region typically surrounds the geneôs transcription start site(s) and is recognized by transcription 

initiation factors. Sequence motifs in the promote region serve to recruit the RNA polymerase II, a 

large and complex enzyme that transcribes DNA into precursor messenger RNA or pre-mRNA until 

the terminator region is reached. Exons are the regions that carry the information required for protein 

synthesis. One or more spliceosomal introns may interrupt the gene sequence but are removed by the 

spliceosome once transcribed in a co-transcriptional process known as RNA splicing. The promoter 

region, the exonic sequences and the intronic sequences (alongside various epigenetic modifications; 

e.g., CpG methylation, acetylation of histone residues) contain information required for gene 

regulation. Matured mRNAs are exported out of the nucleus and translated into a protein sequence(s). 
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Figure 2. Eukaryotic gene structure, simplified representation. Rights and reprint permission: see page 90. 

Figure 1. Tree of life. Eukaryotes are coloured in red, archaea green and bacteria blue. Rights and reprint 

permission: see page 90. 
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2. RNA splicing 

2.1. Anatomy of a spliceosomal intron 

A multitude of genetic and epigenetic signals guide the process of RNA splicing during 

transcription. Key splicing signals reside within the spliceosomal introns and are targeted by several 

proteins and U-rich small nuclear ribonucleoproteins (snRNP), which together form the spliceosome 

(Figure 3). Situated at the very beginning of an intron is the donor splice site (or 5Ë splice site). This 

signal is recognized and bound by the U1 snRNP (U1 hereafter), which triggers spliceosome 

assembly. The branch point is an adenosine situated upstream of the intron 3Ë end and is recognized 

by U2 snRNP. The polypyrimidine tract ð which resides between the branch point and the intron 3Ë 

end ð is an uracil and/or cytosine-rich region targeted by one of the U2AF sub-units of the U2 

snRNP. Finally, the acceptor splice site (or 3Ë splice site) is situated at the 3Ë end of an intron and is 

bound by U5, among other factors. 

 

 

 

 

2.2. Exonization and intronization 

RNA splicing is not an entirely accurate process. Furthermore, transcriptome analyses reveal 

that the categorization of intragenic sequences in introns or exons is not as straightforward as is 

typically thought. For example, exons may be excluded entirely or partially from mature mRNAs as 

a by-product of alternative (rather than constitutive) splicing. Likewise, (sections of) introns may be 

retained in mature mRNAs, thus performing like exonic sequences. In these circumstances, how do 

we distinguish between exons and introns? The separation between exons and introns may become 

even fuzzier over evolutionary time. Specifically, exonic regions in one species may perform as 

Figure 3. Anatomy of an intron at the RNA level. The 5Ë and 3Ë splice site (in the figure: 5ËSS and 3ËSS respectively) 

flank the branch point (bp) and the polypyrimidine tract (Py). Modified from Sharp, 1994. Rights and reprint 

permission: see page 91. 
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intronic regions in other species or vice versa (Lev-Maor et al. 2008; Alekseyenko, Kim, and Lee 

2007; Irimia et al. 2008). These observations suggest that a binary classification of intragenic 

sequences into exons or introns does not suffice over evolutionary time (Catania, Gao, and Scofield 

2009). 

Several experimental findings and theoretical arguments support the view that the gradual 

conversion of exons to introns and vice versa is possible and may explain at least a fraction of 

observed intron/exon gains. This conversion process implies that exons and introns are two possible 

outcomes of a particular nucleotide sequence, consistent with the ambiguous nature of alternatively 

spliced sequences (Figure 4). Two models, exonization and intronization, build upon these ideas: 

The exonization model proposes that exons can be generated from non-coding sequences 

(Parma et al. 1987; Schmitz and Brosius 2011). This conversion may occur, for example, after a 

sequence duplication (Zhang 2003) or a transposable element insertion (Lev-Maor et al. 2003; Sorek 

et al. 2004; Schmitz and Brosius 2011; Fedoroff 2012). Provided that the conversion event does not 

disrupt the open reading frame, the cell may handle the foreign sequence using alternative and initially 

unused (cryptic) splice sites. In this view, alternative splicing may (or may not) become constitutive 

over evolutionary time (Catania and Schmitz 2015).  

 

 

 

 

The intronization model, on the other hand, proposes that exonic sequences hold the potential 

to convert into intronic sequences (Catania and Lynch 2008). This model further proposes a specific 

mechanism for how this conversion could take place, which integrates the intracellular environment 

with the population genetic environment. The intronization model consists of three phases. One, a 

Figure 4. Intronization and exonization are seen as gradual processes wherein alternative splicing reflects the 

transition between intronic and exonic regions. Inspired from Catania et al. 2009. Rights and reprint 

permission: see page 91. 
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DNA mutation fortuitously creates an in-frame stop codon (premature termination codon, or PTC) in 

a coding exon. Two, the activation of cryptic splice sites surrounding the PTC make the alternative 

removal of this region possible. It is worth noting that the sequential order of these two phases is not 

fixed. Three, the existence of a PTC-free isoform may rescue the gene function (or create a new 

function) at the cost of losing the region flanked by the cryptic splice sites. The production of this 

new isoform could increase with time if stronger splice signals evolve. To date, numerous 

intronization events have been documented, for example in C. elegans and its relatives (Irimia et al. 

2008), humans (Kang et al. 2012) or fission yeast (Zhu and Niu 2013).  

2.3. Splice site recognition 

During transcription, the spliceosome targets specific regions of the nascent transcript for 

elimination. Errors in this operation may produce non-functional ï even toxic ī mRNA variants. How 

does the spliceosome recognize its target sequence with nucleotide precision? Several factors are 

thought to determine/facilitate splice site recognition, including splice site strength (Green 1991; 

Roca, Sachidanandam, and Krainer 2005), presence and relative position of splicing enhancers and 

silencers (Blencowe 2000; X. H.-F. Zhang, Leslie, and Chasin 2005), RNA polymerase II processivity 

(Proudfoot, Furger, and Dye 2002), nucleosome positioning (Tilgner et al. 2009) and histone 

modifications (Luco et al. 2010; De Conti, Baralle, and Buratti 2013). RNA secondary structure may 

also play an important role in splice site recognition (Buratti and Baralle 2004) and so may the GC-

content differential between introns and adjacent exons (Amit et al. 2012) or the vicinity to the cap-

binding complex (Lewis et al. 1996).  

The aforementioned factors are typically thought to guide the spliceosome in a defined 

manner. Specifically, two complementary models for splice site recognition have been proposed more 

than 20 years ago and are accepted today: intron and exon definition (De Conti, Baralle, and Buratti 

2013). In intron definition, the spliceosome recognizes the splice sites across the intron, provided 

that this intron is not too large (e.g., <250 nt, Figure 5)(Fox-Walsh 2005). A key prediction of this 

model is that the mutational disruption of a 5Ësplice site leads to intron retention. Furthermore, a 

mutation at the 3Ësplice site may lead to the skipping of the next exon (the spliceosome will recognize 

the next functional 3Ë splice site), consistent with experimental findings (Guo, Lo, and Mount 1993; 

Talerico and Berget 1994). In exon definition (Robberson, Cote, and Berget 1990; Berget 1995), the 

spliceosome assembles across the exon. This mechanism is expected to operate in species/genes with 

sufficiently large introns. According to this model, a mutation at the 5Ësplice site leads to the skipping 

of the previous exon (rather than to intron retention) (Tsukahara, Casciato, and Helfman 1994). 
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Although intron and exon definition can account for virtually all of the current experimental findings, 

some aspects of these hypothetical mechanisms have yet to be clarified. For example, it is generally 

assumed that exon definition has replaced intron definition in ñhigherò eukaryotes, a proposition that 

mainly rests on the observed increased intron length of vertebrate species. Also, although it has been 

suggested that intron and exon definition may both take place within a species and along the same 

gene (McGuire et al. 2008; Talerico and Berget 1994), how this alternation would occur is not fully 

understood (Sharma et al. 2008). Finally, some very large introns may be recognized in several steps 

of recursive splicing, in Drosophila and vertebrates (Burnette et al. 2005; Duff et al. 2015; Sibley et 

al. 2015). At present, it is unclear how intron and/or exon definition may account for recursive 

splicing. 

 

 

 

  

Figure 5. Intron and exon definition models. Curved lines represent introns, dark blocks represent are exons and 

globular elements represent units of the spliceosome (U2AF65 in orange, U2AF35 in green, U1 snRNP in purple). The 

arrows indicate the recognition mechanism: across the intron in the case of the intron definition model, and across the 

exon in the exon definition model. The size of the introns, in base pairs (bp), should bear on which of the two splice site 

recognition mechanisms is employed. From De Conti et al., 2013. Rights and reprint permission: see page 92. 
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2.4. Interactions between mRNA-associated processes  

RNA splicing is not an isolated process. On the contrary, observations that support the view 

that transcription is tightly interconnected with splicing and other intracellular processes (Maniatis 

and Reed 2002; Neugebauer 2002) have accumulated. Some of the documented relationships between 

transcription, splicing and other mRNA-associated processes are listed below: 

¶ The cap binding complex, which is added to the 5Ë end of nascent transcripts, promotes 

the recruitment of U1 to cap-proximal 5Ë splice sites (Lewis et al. 1996; Pabis et al. 2013). 

¶ The RNA polymerase II stimulates splicing via recruitment of splicing enhancing factors, 

such as SR proteins (N. Fong and Bentley 2001; Das et al. 2007). 

¶ Splicing stimulates transcription elongation (Fong Y. W. and Zhou 2001). 

¶ The U1 bound to canonical 5Ësplice sites suppresses proximal polyadenylation signals 

(Gunderson, Polycarpou-Schwarz, and Mattaj 1998; Tikhonov, Georgiev, and 

Maksimenko 2013). The suppressive effects of U1 are known as telescripting (Kaida et al. 

2010). 

¶ 3Ë end processing is positively coupled with splicing (Kyburz et al. 2006; Millevoi et al. 

2006). 

¶ Polyadenylation signals and 5Ësplice sites in the vicinity of the transcription start site 

influence the direction of transcription. Antisense RNAs are rapidly cleaved and 

polyadenylated whereas the recruitment of U1 at transcription start sites promote 

transcription in the sense direction (Almada et al. 2013).  

¶ Splicing enhances nuclear export (Luo and Reed 1999).  

The list above illustrates only a small part of the extensive network of interactions between 

mRNA-associated processes in the eukaryotic cell. These interactions are the focus of a multitude of 

experimental and computational studies, which attempt to provide insights into the details of these 

molecular dynamics, but the evolutionary significance of this molecular crosstalk is much less 

studied. To date, the hypothesis that said interactions may play a role in shaping gene architecture has 

been largely neglected. This possibility is a specific prediction of the U1-dependent definition model. 
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2.5. U1-dependent definition 

The U1-dependent definition model is an attempt to link major trends that have been observed 

for gene architecture with those of gene expression. For example, the insertion of optimally spliced 

introns at the gene 5Ëend typically enhances the level of gene expression in animals and plants (Callis, 

Fromm, and Walbot 1987; Rose et al. 2008). Also, in many species introns reside preferentially at the 

gene 5Ëend (Lin 2005). Furthermore, first introns are typically larger than downstream introns 

(Bradnam and Korf 2008). In one last example, splicing and terminal cleavage and polyadenylation 

are described as positively coupled processes, with the canonical polyadenylation site (AAUAAA) 

stimulating last intron splicing (Misra and Green 2016). These observations (and others, see Catania 

and Lynch, 2013) must somehow be connected. The U1-dependent definition proposes an explanation 

for how these connections can be achieved. The modelôs central idea is that splicing factors (SFs) and 

cleavage/polyadenylation factors (CPFs) compete throughout the transcription cycle for access to 

overlapping or neighbouring binding sites (Catania and Lynch 2013). Splicing wins over cleavage 

and polyadenylation when the local molar ratio of SFs to CPFs is sufficiently increased locally. It 

follows that by virtue of their splicing-enhancing effects, structures such as the cap-binding complex 

at the gene 5Ë end or optimal splice sites are likely to disfavour local CPF recruitment. When SFs are 

dominant, splicing is efficient and so is mRNA 3Ë end processing. Otherwise, constitutive splicing is 

perturbed and alternative splicing or alternative polyadenylation prevails (Tian and Manley 2016). 

The U1-dependent definition model links changes in gene structure to changes in gene 

expression. Additionally, it advantageously connects gene structure and expression with the 

mechanism for splice site recognition. The mechanism that emerges from U1-dependent definition, 

while distinct from the exon and intron definition mechanisms, unites these two models. To be 

specific, U1-dependent definition posits that the spliceosomeôs unit of recognition is neither the intron 

nor the exon. Rather, it is the intron and its following exon. Under this model, U1s recognize and 

bind to two consecutive 5Ë splice sites during transcription. Aspects of both an exon and its upstream 

intron (e.g., length, 5Ësplice site strength) would influence the selection of the intervening 3Ë splice 

site. It is worth noting that the excision of terminal exons is problematic for the exon definition model 

in that these exons lack one splice site. Under U1-dependent definition, excision of the first intron is 

favoured by the cap binding complex, which may assist splicing by virtue of its splicing-enhancing 

effects. The recognition of the terminal exon, on the other hand, is favoured by 3Ë end processing 

signals, which may help the splicing of the last intron by sequestering CPFs (and thus increasing the 

SFs to CPFs ratio at that last intron) (Figure 6).  
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3. Programmed DNA elimination 

During an individualôs lifetime, the eukaryotic genome may undergo important 

reorganizations that can heavily influence the phenotype. In Taeniopygia guttata (zebra finch) or in 

Bradysia flies, for example, the decision to eliminate a chromosome determines the individualôs sex 

(Pigozzi and Solari 1998; Goday and Esteban 2001). In addition to chromosome elimination, 

chromatin diminution can also take place. This type of developmentally regulated genome 

rearrangement can also occur in humans and other jawed vertebrates during the formation of 

functional antibody genes (De Villartay 2002; Schatz 2004). 

Ciliates are excellent systems for studying the developmental process of chromatin diminution 

(Austerberry, Allis, and Yao 1984; Mochizuki 2010; Gratias et al. 2008; Lepere et al. 2008; Kapusta 

et al. 2011). First, ciliates house both the germline and the somatic nucleus in the same cytoplasm. 

This co-localized nuclear dimorphism greatly facilitates the study of the process of germline-to-soma 

differentiation. Second, the process of chromatin diminution ð which in ciliates is better known as 

programmed DNA elimination ð involves not a few genes but rather the whole nuclear genome. 

Important for the purpose of the work described in this thesis, the process of programmed DNA 

elimination is not entirely accurate (Duret et al. 2008). The (imperfect) removal of hundreds of 

Figure 6. Model for the interactions between splicing factors and cleavage/polyadenylation factors. BS: (overlapping) 

binding site. From Catania and Lynch, 2013. Rights and reprint permission: see page 92. 
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germline-specific regions facilitates the detection of patterned variations through large-scale 

comparative analyses, which can provide insights into the regulation of this process as well as its 

evolutionary significance (Catania et al. 2013). 

3.1. Genomic rearrangements in Paramecium 

In Paramecium, the somatic nucleus (macronucleus, or MAC) is regenerated from the 

germline (micronucleus, or MIC) at each event of sexual reproduction. In Paramecium tetraurelia, 

the best characterized species of the genus, the MAC is composed of >150 chromosomes with 

~40,000 genes (Aury et al. 2006). In this species, the MAC genome is highly redundant, with an 

estimated ~800 copies for each gene. Approximately 45,000 Internal Eliminated Sequences (IESs) 

must be removed from the developing somatic nucleus for the regeneration of a functional MAC 

(Arnaiz et al. 2012; Swart et al. 2014). IES removal is thought to take place while the MAC genome 

is being amplified (Duharcourt, Keller, and Meyer 1998). PiggyMac ð a domesticated piggyBAC 

transposase ð carries out this DNA-level splicing process (Baudry et al. 2009). About 77% of the 

IESs detected in P. tetraurelia interrupt exons, it follows that failure to precisely remove IESs from 

the developing MAC is potentially lethal (Arnaiz et al. 2012; B®termier and Duharcourt 2015). IESs 

are often shorter than 50 bp, so one may expect retention to be occasionally tolerated and functional. 

Indeed, imperfect IES excisions have been detected, both within and outside of coding exons (Duret 

et al. 2008; Arnaiz et al. 2012; Catania et al. 2013). 

Although the factors regulating IES excision have yet to be fully elucidated, both genetic and 

epigenetic factors are known to influence it. Regarding the genetic regulation, cis-acting signals reside 

at the IES termini. In particular, all IESs are flanked by TA-dinucleotides, only one of which remains 

in the somatic genome after excision. TA-disrupting mutations hinder IES excision (Mayer and 

Forney 1999). Additionally, said TAs are part of 8-bp inverted and loosely conserved repeats. 

Although it is clear that nucleotides in these terminal repeats (other than the TAs) play a role in IES 

excision, little is known about the exact mechanism of action. It has been argued that IESs with a 

terminal repeat consensus that is similar to the consensus of Tc1/mariner transposable elements ð 

which are thought to be the ancestors of P. tetraurelia IESs (Arnaiz et al. 2012) ð are better excised. 

However, this hypothesis has not been formally tested. 

With regard to the epigenetic regulation, short and long non-coding RNAs are thought to guide 

IES excision as described in the scan RNA model (Figure 7) (Prescott, Ehrenfeucht, and Rozenberg 

2003; Mochizuki and Gorovsky 2004; Lepere et al. 2008; Nowacki, Shetty, and Landweber 2011). 
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This model consists of a few steps, which are fully consistent with a relatively large body of 

experimental evidence. They are: 

¶ The MIC genome is bi-directionally transcribed upon sexual reproduction. 

¶ The transcribed RNAs are processed in small double-strand RNAs called scnRNAs and 

transported to the maternal MAC (which undergoes degradation in the meantime). 

¶ In the maternal MAC, the scnRNAs that match long noncoding RNAs may be deactivated. 

As a consequence of this operation, the remaining scnRNAs reflect MIC sequences that 

are not found in the MAC. 

¶ The active scnRNAs travel to the newly developing MAC and target germline-specific 

sequences for removal. 

 

 

 

Figure 7. The scnRNA model described in four steps. Mic: micronucleus. IES: internal eliminated sequence. dsRNA: 

double stranded RNA. Mac: Macronucleus. From Mochizuki 2004. Rights and reprint permission: see page 93. 
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3.2. Macronuclearization and micronuclearization 

The process of IES excision is neither fully perfect (i.e., IESs can be at least partially retained 

in the developing MAC) nor precise (e.g., somatic DNA regions can be fortuitously excised when 

flanked by cryptic excision signals). These errors suggest that at any point in time a screening of the 

MAC genome should uncover sequences that are alternatively spliced at some number of MAC loci, 

consistent with previous findings (Duret et al. 2008; Catania et al. 2013). It is possible that over 

evolutionary time some of these alternative DNA-splicing variants give rise to new somatic or 

germline configurations. More specifically, in addition to being mere noise, events of alternative 

splicing could reflect the first step of a gradual conversion between somatic and germline sequences. 

Following the same logic of the intronization and the exonization models that are described above for 

the origins of spliceosomal introns and exons, germline and somatic DNA sequences could be less 

distinct than traditionally thought. Their interconversion could even be desirable for Paramecium in 

the presence of new ecological opportunities. These ideas have been recently summarized in two 

mechanisms termed Macro- and Micronuclearization (Catania and Schmitz 2015): 

¶ Macronuclearization (MIC-to-MAC conversion) refers to the constitutive integration of 

IESs in the MAC genome. This integration could result from mutations disrupting or 

weakening IES excision signals.  

¶ Micronuclearization (MAC-to-MIC conversion) refers to the constitutive elimination of 

somatic DNA regions. This excision can be facilitated by the optimization of flanking 

cryptic excision signals.  

4. Overview 

This introduction provides the background knowledge on RNA splicing, programmed DNA 

elimination, and theoretical arguments maintaining that these two processes hold the potential to 

affect properties of the eukaryotic genes. On the basis of this information, Chapter 2 and Chapter 3 

focus on RNA splicing in Drosophila and other multicellular and unicellular eukaryotic species. 

Chapter 4 concerns programmed DNA elimination in the single-celled ciliate P. tetraurelia. 

Supplementary material, if existing, is compiled at the end of the thesis.  
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